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Abstract

The production, evolution and dissipation of the magnetic field on the Sun is a

fascinating field of research in solar physics. Apart from this, the magnetic field

play a major role in processes like solar eruptions such as flares and coronal mass

ejections. Prediction of such eruptions on the Sun requires the precise information

of the magnetic field and associated dynamics. Spectropolarimetry is a powerful

diagnostic tool to understand such dynamics associated with the magnetic field. The

solar telescope at Kodaikanal equipped with a high dispersion spectrograph provides

an opportunity to measure the magnetic fields through spectropolarimetry with an

addition of a polarimeter.

As part of this thesis work a dual-beam polarimeter was designed, fabricated and

installed as a backend instrument to the spectrograph at Kodaikanal Tower Tele-

scope (KTT) for the spectropolarimetric observations on the Sun. The polarimeter

consists of a Polarizing beam displacer (PBD) and two waveplates out of which one

acts as a quarter- and other as a half- waveplate at the design wavelength (λ6300).

In chapter 1, we discuss about the modulation/demodulation scheme suitable for

this polarimeter setup is discussed. Out of various schemes studied for the mea-

surement of a general polarization state of the light using this polarimeter, an eight

stage modulation scheme was found to be appropriate Nagaraju et al. [2007]. This

scheme requires eight successive intensity measurements to obtain one set of Stokes

parameters, viz I, Q, U and V . In this scheme, the four Stokes parameters are



weighted equally in all the eight stages of modulation resulting in total polarimetric

efficiency of unity. The gain table error inherent in dual beam system is reduced by

using the well known beam swapping technique ([Donati et al., 1990, Semel et al.,

1993, Bianda et al., 1998]. The wavelength dependent polarimetric efficiencies of

the polarimeter in measuring Stokes parameters due to the chromatic nature of the

waveplates are studied in detail. Laboratory experiments were carried out in order to

verify the wavelength dependence of the efficiencies of the polarimeter. The modula-

tion scheme presented in this chapter produces better Stokes Q and V efficiencies for

wavelengths larger than the design wavelength whereas Stokes U has better efficiency

in the shorter wavelength region.

The observational setup for simultaneous spectropolarimetry and imaging of a

region-of-interest (ROI) along with data reduction and analysis procedures are de-

scribed in chapter 3. The dual-beam polarimeter setup described above is placed in

front of the spectrograph slit. For simultaneous imaging, a part of the beam entering

the polarimeter is channeled in the perpendicular direction using a non-polarizing

beam splitter. The images are obtained in wide wavelength band in the redder side

of the visible spectrum. The band width of the filters used for imaging is about

800 Å. Spectroplarimetric data reduction involves regular dark and flat corrections.

Further these data are accounted for polarimeter and telescope responses. The data

are corrected for polarimeter response using the calibration data obtained almost on

daily basis during the observations. The telescope response is corrected using a tele-

scope model developed by Balasubramaniam et al. [1985] and Sankarasubramanian



[2000]. Further, residual cross-talks among Stokes parameters are corrected using a

statistical method [Sanchez Almeida and Lites, 1992, Schlichenmaier and Collados,

2002].

The data analysis procedures discussed in this chapter include the COG method

for LOS velocity and magnetic field measurements, Milne-Eddington inversion for de-

riving vector magnetic field at the photosphere and weak-field-approximation method

to derive vector magnetic field at the chromosphere.

In chapter 3, we also describe the experiments that were carried out to character-

ize the measurements at KTT. An experiment was carried out to measure the spectral

resolution of the spectrograph at KTT as well as to optimize the slit width. A He-Ne

laser source (6328 Å) was used fofor this experiment. It was found through this ex-

periment that the slit width of 48 µ is optimum for the spectrograph setup at KTT

and the corresponding spectral resolution is 32.47 mÅ. From another experiment to

study the behavior of the noise in the polarization data with respect to the exposure

time, it was found that the noise in the measured Stokes parameters is mostly limited

by the photon noise. It was confirmed through this experiment that the precision

in the polarization measurement can be achieved better than 0.1 % by increasing

the exposure time implying that the polarimeter is photon starved. However, the

polarimetric calibration accuracy is limited to 0.3% for Stokes-Q, 0.36% for Stokes-U

and 0.34% for Stokes-V parameter, which is mostly attributed to the uncertainty in

the retardance of the calibration retarder. The photospheric magnetic field mea-



surements at KTT matches very will with that of space based spectropolarimetric

measurements by Hinode after a spatial smearing of Hinode data by 5.12′′ × 5.12′′.

Spectropolarimetric observations of several active regions have been carried out

around Hα (λ6563) spectral region. This wavelength region contains two lines which

can be used to study the magnetic coupling between the photosphere and chromo-

sphere. Out of two lines in this wavelength region, one is Hα itself, which forms

at the chromospheric heights, and the other is Fe I line at 6569 Å, which forms at

the photospheric heights. Since the wavelength separation between these two lines is

only 7 Å, it was possible to record them simultaneously by the charge coupled device

(CCD) detector available at KTT. Hence the analysis of these two lines provides

co-temporal and co-spatial information at photosphere and chromosphere.

In chapter 4, structuring of magnetic field at the photosphere and chromosphere

is discussed above three active regions viz., NOAA 10875 (AR1), 10940 (AR2) and

10941 (AR3). The umbra of AR1 possess 3 to 4 light bridges with partially sur-

rounded penumbra. However, it is an isolated sunspot. AR2 consists of a relatively

round and simple sunspot but, surrounded by the activity which exhibit opposite

polarity to the main sunspot. On the other hand, AR3 is an isolated, simple and

round sunspot. For all three sunspots analyzed in this thesis, the magnetic field mea-

sured at the photosphere is consistent with the well known distribution, meaning,

the field strength is strongest in the central umbra and decreases gradually towards

the periphery of the sunspot. On the other hand, field inclination is close to local



vertical and gradually increases along the radius of the sunspot. The magnetic field

topology inferred through Hα observations above these sunspots are consistent with

the X-ray and EUV structures. The EUV structures observed by SOHO/EIT show

highly complicated structures, while AR2 exhibit loop structures with one of their

foot points located in the main sunspot and other in the nearby activity. On the

other hand, AR3 exhibit fountain like structure which is typical of a simple isolated

sunspot.

In chapter 5, the velocity stratification at the photosphere and chromosphere

above the active regions AR1, AR2 and AR3 is discussed. All the three spots studied

in this chapter exhibit the velocity structure which is consistent with the well known

Evershed effect at the photosphere. But, at the chromosphere, velocity structure

is consistent with the inverse Evershed effect only in AR1, where as AR2 and AR3

do not exhibit any such systematic pattern. They show mix of up- and downflows

distributed in a random manner. A possible explanation for this is discussed in this

chapter.

The velocity gradients at the photosphere and chromosphere are studied using

the bisector technique applied to Stokes-I profiles of Fe i line at λ6569 and Hα

respectively. The velocity gradients are derived using the differences in wavelength

positions of line wing and core side bisectors. At the photosphere, a strip of negative

velocity gradients are observed around the central penumbral region.



From the bisector analysis of Hα Stokes-I profiles, a monotonic increase in the

velocity gradients towards the central umbra is observed in all the three spots. The

magnitude of the velocity gradients of all the three spots are comparable and show

similar kind of functional form with respect to the magnetic field strengths though

the magnetic field topology above these spots are different from each other. However,

the velocity maps corresponding to the individual bisectors with respect to central

umbra show different structures for these spots. The velocity structures at lower and

higher layers above AR1 are similar, where as flow reversal is observed for AR2, with

lower layers showing redshifts and higher layers showing blue shifts with respect to

the central umbra. The change over from redshifts to blueshifts is gradual. Above

AR3, the velocity pattern at the higher layers is more or less similar to that of lower

layers. At few locations, AR3 exhibit flow reversals.

In this chapter we also discuss about the results from Stokes-V amplitude asym-

metries. The amplitude asymmetries are smaller in the umbral photosphere com-

pared to the penumbral photosphere. In the umbral chromosphere, the Stokes-V

amplitude asymmetries are larger compared to their photospheric counterparts. Pos-

sible explanations for this larger amplitude asymmetries in the umbral chromosphere

are discussed. One interesting point observed regarding the distribution of the am-

plitude asymmetry over the sunspots studied in this thesis is that, large number

of points have positive amplitude asymmetry for positive a polarity sunspot and

negative amplitude asymmetry for negative a polarity sunspots.
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Chapter 1

Introduction

Sun is the nearest star and a major energy source for life on the Earth. Thus the

energy output from the Sun is very important in sustaining life on the Earth. This

energy output, generally known as the total solar irradiance, is known to vary with

time and is well correlated with the sunspot cycle [Foukal et al., 2006, Tapping et al.,

2007]. Sunspot cycle (also known as solar cycle) is a periodic variation of sunspot

number with time and the period of variation is ≈ 11 years [Solanki, 2003]. The

variation in the total solar irradiance is small (≈ 1%) and this may not have imme-

diate effect on the activities on the Earth [Foukal et al., 2006]. But, the activities

like sudden burst of energy from the Sun can have considerable impact on our daily

activities. These sudden bursts of energy, known as solar eruptions, are generally

associated with the magnetic fields. They are maximum during the solar maximum.

1



The energetic particles released during these eruptions can, when they are Earth

directed, disrupt telecommunications, failure of power grids, problematic to human’s

space activities and etc. The prediction of the energetic phenomenon on the Sun

has tremendous usefulness in preventing these damages. Also, in a more general

sense, the activities on the Sun have direct impact on weather forecast on the Earth.

Prediction of these phenomena requires a detailed knowledge of the magnetic field

related dynamics in the solar atmosphere and interior.

1.1 Velocity and Magnetic Fields in Solar Atmo-

sphere

The systematic study of the magnetic fields on the Sun was started around 1611

by Galileo by using the then newly invented telescope. But, it was not known

until the discovery of George Ellery Hale in 1908 that the sunspots are regions of

strong magnetic field [Hale, 1908]. Since then, the magnetic field has become firmly

established as the root cause of the sunspot phenomenon. Sunspots are relatively

cool and appear dark on the surface of the Sun. Each sunspot is characterized by

a dark core, the umbra, and a less dark halo, the penumbra. More complicated

distribution of the magnetic field (appears as cluster of dark regions on the visible

surface of the Sun) is collectively known as active region. Sunspots are the major

constituents of active regions. Other activities like pores, sunspots with partially



developed penumbra can also be part of the active region. Pores are dark regions

which are relatively smaller compared to sunspots without the penumbra. In rare

cases, isolated sunspots are observed which are also called in general as active regions.

Also, it has been fairly well established that the magnetic field is distributed all over

the surface of the Sun but, on much smaller scales than the sunspots. The faculae,

network, G-band bright points form part of such small scale structures. In this

thesis we concentrate only on the magnetic phenomenon confined to active regions,

particularly sunspots.

As noted above, a sunspot can be broadly divided into two regions viz., umbra

and penumbra. But, the high spatial resolution observations have revealed that these

regions themselves are highly structured and exhibit very complicated magnetic field

configuration at all heights in the solar atmosphere. For example, umbral dots-

relatively bright and tiny dots in the umbral region and light bridges-relatively bright

and fairly wide lanes dividing the umbra into two parts, are some of the fine structures

of the umbra which exhibit reduced magnetic field strength. The origin or formation

of these fine structures is a topic of hot debate in current solar physics research (see

a recent review by [Scharmer et al., 2007]).

Sunspots are called so only if the umbra is surrounded by the penumbra, other-

wise it is called as pore. Penumbra possess bright and dark filamentary structures

with varied magnetic field strengths and inclinations. Even though, high resolution

observations have started to reveal more and more finer structures of penumbra,



the question of penumbral formation is yet to find a satisfactory answer. One of

the most important properties of penumbra is the Evershed flow which has daunted

researchers for almost a century since the time of its discovery. Evershed flow was

discovered in 1908 by John Evershed using a spectrograph at Kodaikanal [Evershed,

1909]. Evershed flow is predominantly a radial horizontal outflow of plasma from

sunspot to the surroundings. Recent high resolution observations have revealed that

the flows are confined to dark filaments of penumbra which are locally horizontal

and exhibit weaker field strength compared to ambient field [Weiss, 2006]. Also, the

Evershed flow is height dependent. In the photosphere, the flow decreases rapidly

with the height. Above the temperature minimum the flow reverses. This is known

as inverse Evershed effect [St. John, 1913].

There are various mechanisms/models proposed to explain the Evershed flow.

One of the mechanisms proposed is the siphon flow mechanism for both the photo-

spheric and chromospheric Evershed flows [Meyer and Schmidt, 1968, Thomas and

Montesinos, 1993]. In this mechanism, the driving force of the motion is the gas

pressure difference between two foot points of a magnetic loop exhibiting different

field strengths. Since the presence of the magnetic field reduces the gas pressure, the

plasma is expected to flow from weak field or field free region towards the stronger

field region. The observations can be easily explained by the siphon flow model in the

chromosphere as the flow is towards the stronger magnetic field region, the sunspot.

However, we encounter difficulties for a similar kind of scenario in the photosphere.

Following the same reasoning as above, the flow should be directed toward the spot



even at the photosphere, but the opposite is observed. In order to overcome the diffi-

culties, we have to assume that the outer footpoint of the loop ends up in an intense

magnetic feature, which however is difficult to verify observationally and appears to

contradict the fact that the magnetic field strength in the penumbra drops rapidly

outwards [Solanki, 2003].

Another mechanism proposed to explain the Evershed flow is the moving flux

tube model [Schlichenmaier et al., 1998a,b]. In this model a part of the thin penum-

bral flux tube, which ends up lying horizontally at the surface, starts below the

surface at the outer magnetopause of the sunspot. It reaches the surface due to

buoyancy and carries hot gas along with it. The excess pressure due to the high

temperature of the gas at the up-stream footpoint of this tube accelerates the gas

outward along the horizontal part of the flux tube. The flow starts as hot gas in the

inner penumbra and cools rapidly during its passage toward the outer penumbral

boundary. However, this model also faces a similar problem as that of siphon flow

model which requires the upflowing footpoint possess weaker field strength than the

downflowing footpoint. Also, it was shown by Thomas [2006] that the sea-serpent

flow configurations suggested by this model [Schlichenmaier, 2003] are gravitationally

unstable.

The discovery of dark cores in the bright penumbral filaments with the help

of high resolution observations [Scharmer et al., 2002] prompted another model for

penumbra known as gappy penumbral model [Spruit and Scharmer, 2006]. These



dark cores contain the major part of the Evershed flow. According to Spruit and

Scharmer [2006], the dark cores are nothing but the nearly field free regions below

the visible surface. The darkness of the cores is explained as the result of locally

enhanced gas pressure associated with the gaps combined with an overall drop of tem-

perature with height. It has been shown recently by Scharmer et al. [2008] through

3D radiation-magneto-hydrodynamical simulation that the Evershed flow represents

the horizontal-flow component of overturning convection in gaps with strongly re-

duced field strength. This model is still in the preliminary stages of development and

yet to explain all the observed properties of penumbra. The filamentary structures

produced in this simulation are much shorter than observed length of the filaments

[Rimmele and Marino, 2006, Rimmele, 2008]. Simultaneous measurements of veloc-

ity and magnetic field with high spatial resolution are required further to verify these

models and understand the dynamics that take place in the sunspots.

As noted above, despite a number of unresolved issues, significant progress in

understanding the sunspot dynamics has been achieved at the photospheric heights.

However, sunspot at the photosphere is just a cross-section of a large scale magnetic

structure whose foot points are believed to be anchored at the base of the convection

zone and their structures extending upto corona and beyond. At the chromosphere

and corona, understanding of the plasma dynamics associated with the magnetic

field is yet to achieve the kind of maturity that is achieved at the photosphere. This

is because the simultaneous measurements of velocity and magnetic field at these

heights are rare.



Many authors in the past have studied the plasma flow in the chromosphere

and above. Beckers [1964], Maltby [1975], Georgakilas et al. [2003] have observed

in Hα filtergrams, that the gas flow in chromosphere is confined to dark channels.

Dialetis et al. [1985], Alissandrakis et al. [1988] and Dere et al. [1990] have reported

that the flow is almost horizontal in the superpenumbra but becomes increasingly

vertical (downflows) towards the umbra. However, Abdussamatov [1971] and Lites

[1980] report actually upflows. Lites [1980] have interpreted these upflows as due

to the umbral flashes. Choudhary et al. [2002] have also reported upflows near the

neutral lines. In some cases both down- and upflows within a sunspot are observed

[Kjeldseth-Moe et al., 1988, Brynildsen et al., 1999, 2001]. Recently, Lagg et al.

[2007] have reported the downflows up to the speed of 40 kms−1 in the vicinity of

a growing pore through high resolution observations in He i (λ10830) triplet. Their

two magnetic component inversion reveal that these downflows always coexist with

a second atmospheric component almost at rest (or slow) within the same resolution

element.

There are quite a number of magnetic field measurements that have been carried

out in the chromosphere and low corona. However, only in rare cases the magnetic

fields are derived by taking into account the radiative transfer effects, which is in-

evitable at these heights [Socas-Navarro, 2005, Solanki et al., 2003]. See a recent

review on this topic by Harvey [2006] and for more comprehensive review by Solanki

[2003]. A general conclusion on the magnetic field distribution from these reviews is

that the magnetic field is more homogeneous in the upper atmosphere. It can be fol-



lowed over a larger distance in the upper atmosphere and decreases more slowly with

distance from the sunspot axis. We mention here about some of the intriguing obser-

vations which are more relevant to this thesis. Strong magnetic field concentration

in lower corona which is as large as 1800 G has been reported by White et al. [1991].

This strong field region is offset from photospheric umbra. Some more authors have

also found evidence for equally strong fields in the upper chromosphere and lower

corona (see Solanki [2003] for more details). Recent observations by Balasubrama-

niam et al. [2004], Hanaoka [2005] in Hα have indicated the quicker weakening of

line-of-sight (LOS) field strengths in the umbral chromosphere. We will see in chap-

ter 4 that how the magnetic field distribution at the chromosphere is affected by its

distribution at the photosphere. Some authors have even reported the reversal of

magnetic polarity with respect to its photospheric counterpart above flaring sunspot

umbrae [Wang and Shi, 1992, Dara et al., 1993, Li et al., 1994]. It was shown in a

simple yet more elegant way by Sanchez Almeida [1997] that a weak core emission

can cause reversal in the Stokes-V signal which in turn is responsible for the po-

larity reversal observed in the magnetograms. Later this was confirmed by Briand

and Vecchio [2003] and Balasubramaniam et al. [2004] through spectropolarimetric

observations.

Simultaneous measurement of velocity and magnetic field at different heights,

namely the photosphere, chromosphere and corona is crucial to understand the onset

of solar eruptions. Typically, the active regions which show complex magnetic field

distribution give rise to solar eruptions such as flares, coronal mass ejections (CMEs)



(e.g., Aschwanden [2005], Schrijver [2007], Schrijver et al. [2008]). It is believed that

these eruptions are produced when the opposite polarity magnetic fields interact and

partially energized by the electric current developed during this interaction. When

the opposite polarity fields are forced to move towards each other they will be stressed

and free energy will be generated. These stressed fields tend to reconfigure themselves

to minimum potential configuration during which enormous amount of energy will

be released. This process is called magnetic reconnection. But the key mechanism

which produces these stressed fields is not understood yet though there are various

models proposed [Sturrock, 1989, Sterling and Moore, 2004, Antiochos, 1998, Mackay

and van Ballegooijen, 2006]. Verifying these models requires a detailed knowledge

about the stratification of velocity and magnetic fields in the solar atmosphere (e.g.,

Socas-Navarro [2005]).

Apart from the issues mentioned above, the magnetic field measurement is im-

portant to address the problems related to chromospheric and coronal heating (see

the reviews by Erdélyi [2005], Erdélyi and Ballai [2007]).

As discussed above, simultaneous measurement of velocity and magnetic field at

different heights in the solar atmosphere is important to address various issues in the

solar physics. Lot more efforts are needed both from observation and theoretical side

to understand the magnetic related dynamics in the solar atmosphere. Our aim in

this thesis is to study in detail the velocity and magnetic structuring, simultaneously

at the photosphere and chromosphere through spectropolarimetric observations.



1.2 Remote Sensing of Solar Magnetic Fields: Zee-

man Diagnostic

Zeeman effect is one of the most widely used solar magnetic diagnostics on the Sun

since the time of Hale [1908]. The essence of Zeeman effect is the splitting of bound

energy levels in the presence of external magnetic field (Figure 1.1). This splitting of

energy levels results in number of spectral lines depending on the J (the total angular

momentum) value of the energy levels involved in the transitions. The splitted lines

are shifted symmetrically about the original wavelength position of a given spectral

line. For illustration purpose we have considered a simple case, the normal Zeeman

effect to show the splitting of spectral lines in the presence of magnetic field and their

polarization properties (Figure 1.1). In this example we have considered a spectral

line formed due to transition between the atomic energy levels having total angular

momentum values J = 1 and J = 0. In the absence of magnetic field there is only

one spectral line. In the presence of external magnetic field there are three lines.

The displacement of the spectral lines is directly proportional to the magnetic field

strength, square of the wavelength and the effective Landé-g factor of the atomic

transition [Stix, 2004]. In other words, the wavelength separation is given by

∆λB = 4.67× 10−13gBλ2, (1.1)

where, ∆λB and λ are expressed in Å and B in G.



The spectral lines displaced on either side of the line are generally known as σ

components and the lines (line) which are at the line center are known as π compo-

nents. Splitting of spectral lines in the solar spectrum around λ5250 in a sunspot

region is shown in Figure 1.2.

From the measurement of the splitting, one can get the direct estimation of

the field strength but not its inclination. However, the polarization information

contained in the spectral lines can be used to infer the field inclination. Zeeman effect

produces a characteristic polarization in spectral lines depending on the orientation

of the field with respect to the LOS. When the field is along the LOS then, only the σ

components will be seen and are circularly polarized in opposite sense of rotation with

each other. For this reason they are usually termed as σ±. When the field is inclined

in perpendicular direction, the radiation emitted will be fully linearly polarized with

the π components polarized along the field direction and σ components polarized in

the perpendicular direction. For the field inclination in an arbitrary direction, they

are elliptically polarized. Hence, the measurement of the polarization in spectral

lines gives full information on vector properties of the magnetic field.

1.3 Solar Polarimetry

Measurement of line polarization is an essential step towards remote sensing of the

solar magnetic fields. The instrument used for measuring the polarization is known



Figure 1.1: Demonstration of the normal Zeeman effect along with the polarization
properties of a spectral line when the magnetic field is parallel and perpendicular to
the LOS. The dark dot indicates the magnetic field pointing towards the observer
(longitudinal Zeeman effect) and the arrow represents the magnetic field perpendicu-
lar (transverse Zeeman effect) to the observer. This example is for an absorption line.
For an emission line, the sense of rotation for circular polarization will be opposite.



Figure 1.2: Sunspot image with spectrum around 5250 Å correspond to the slit
position, seen as dark vertical line on the image, observed on 4th July 1974, at Kitt
Peak National Observatory.

as polarimeter. Before going into the details of the polarization measurement, it is

important to understand what are the essential measurements required to extract

the polarization information, because, the detectors are sensitive to the light but,

not to its polarization properties. That means, the polarization information should

be imprinted on to the intensity. The general state of partially polarized light is rep-

resented through the Stokes parameters [Stokes, 1852, Chandrasekhar, 1960] which

are defined in terms of intensities modulated using the appropriate optical devices.

Often they are termed as Stokes-I, Q, U and V parameters. Stokes-I represents

total intensity, Q and U represent linear polarization and V represent circular polar-

ization (see Chandrasekhar [1960], Rees [1987] for details). To get more insight into

the practical definition of Stokes parameters in terms of measurable quantities, we

reproduce here the definitions given in Rees [1987], without going into the details of

formal mathematical definitions which can be found in Chandrasekhar [1960] as well

as in Rees [1987].



Imagine six intensity measurements with the following polarizer angle (θ) settings

with and without a retarder of retardance ε:

ε = 0 (no retarder)

θ = 0,
π

4
,
π

2
,
3π

4

so the device transmits only linearly polarized light at these respective orientations;

and

ε =
π

2

θ =
π

4
,
3π

4

so the device transmits respectively right and left circularly polarized light. The

corresponding intensities are represented as I1, I2, I3, I4, I5, and I6.

I1 = Itrans(0, 0)

I2 = Itrans(π/2, 0)

I3 = Itrans(π/4, 0)

I4 = Itrans(3π/4, 0)

I5 = Itrans(π/4, π/2)

I6 = Itrans(3π/4, π/2)

(1.2)



Then the Stokes parameters are defined as,

I = I1 + I2

Q = I1 − I2

U = I3 − I4

V = I5 − I6 (1.3)

In other words, Stokes-Q is the difference in intensities measured with the polarizer

along and perpendicular to a chosen reference, Stokes-U is the difference in intensi-

ties measured with the polarizer at 45o and 135o and Stokes-V is the difference in

intensities corresponding to right and left circular polarization. Stokes-I can be a

summation of either I1 and I2, or I3 and I4 or I5 and I6.

As it is clear from equation 1.3 that each Stokes parameter is defined in terms of

difference in intensities measured at different times or by different detectors at the

same time by suitably modulating the input light. Forming the difference of inten-

sity measurements obtained at different times may introduce spurious polarization

because of the change in intensity due to various reasons (for eg. variation in the

intensity of source itself, or intensity fluctuation due to varying sky transparency

and etc). In astronomical observations, the fluctuation caused due to atmospheric

variation is one of the major contributor to the spurious polarization. However, these

effects could be reduced using a fast modulation scheme. In other words, measuring

the intensities at the faster rate (> 1 kHz) the atmospheric induced effects could be



minimized [Stenflo and Povel, 1985, Lites, 1987]. In the limit where the modulation

of the polarization is much more rapid than the seeing fluctuations (i.e. for frequen-

cies > 1kHz), seeing induced cross-talk is not of concern. Faster modulation has been

realized through Zurich IMaging POLarimeter (ZIMPOL; Povel et al. [1991], Stenflo

et al. [1992]). Through this it has been possible to achieve the precision in polar-

ization measurement close to 10−5 × Ic, where Ic is the continuum intensity, along

with the polarization free telescope THEMIS [Arnaud et al., 1998]. One of the main

limitations of this kind of schemes is the requirement of a specially designed CCDs.

Slightly slower modulation scheme was suggested by Lites [1987] based on rotating

waveplate on the order of few hundred Hz. This option is used, for instance, by

ASP (Elmore et al. [1992], POLIS (Beck et al. [2005]), and SPINOR (Socas-Navarro

et al. [2006]). These polarimeters are dual-beam systems about which more details

are discussed in the following section.

In dual-beam polarimetry, the spurious polarization introduced by the inten-

sity fluctuations is reduced by recording simultaneously the orthogonally polarized

beams. For e.g., practically no spurious Q is introduced if the intensities I1 and I2 of

Eq. 1.3 are recorded simultaneously. This can be achieved using a polarizing beam

splitter which produces two orthogonal linearly polarized beams. It was shown by

Lites [1987] that in dual-beam system, the seeing induced cross-talks among Stokes

parameters are factors of 3-5 smaller than in single beam system. Also, in ideal

condition there is no loss of photons, because both orthogonal polarized beams are

recorded. However, in dual beam polarimetry two beams need to be recorded onto



two different detectors or different pixels of the same detector. If the detectors/pixels

responses are not uniform then spurious polarization will be introduced because of

the so called gain table errors. This has been overcome by using a beam-swapping

technique [Donati et al., 1990, Semel et al., 1993, Bianda et al., 1998].

Significant progress has been achieved in understanding of magnetic dynamics on

the Sun in the past two decades from the success of the ground based observations

with the help of polarimeters such as Advanced Stokes Polarimeter (ASP; Elmore

et al. [1992]), Zurich IMaging POLarimeter (ZIMPOL; Stenflo et al. [1992]), La

Palma Stokes Polarimeter (LPSP; Mártinez Pillet et al. [1999]), Diffraction Limited

Stokes Polarimeter (DLSP; Sankarasubramanian et al. [2004]), in the visible wave-

lengths and Tenerife Infrared Polarimeter (TIP; Mártinez Pillet et al. [1999]), in near-

infra-red (NIR) wavelengths. Also, space based magnetometry such as Michelson

Doppler Imager (MDI) on board SOlar and Heliospheric Observatory (SOHO/MDI;

Scherrer et al. [1995]) for LOS magnetic field measurements, spectropolarimeter as

part of Solar Optical Telescope onboard Hinode (Hinode/SOT; Kosugi et al. [2007],

Lites et al. [2007]).

It would be of interest to note here that the first measurements of the magnetic

field at Kodaikanal was due to Bhattacharyya [1969], who built a longitudinal mag-

netograph to map the general magnetic field of the Sun. His technique was similar to

that of Babcock’s, in using an electro-optic modulator (ADP crystal) to alternately

chop the right and left circular polarized components of the Zeeman broadened lines.



At the exit of the spectrograph the wings of the spectral line Fe I λ5250.22 as well

as the line center were isolated to simultaneously measure the magnetic and velocity

fields.

The first spectropolarimeter at Kodaikanal was built by Balasubramaniam [1988].

A quarter waveplate (QWP) followed by a polaroid were used as polarization ana-

lyzer. The QWP and the polaroid can independently be turned by a mechanical wheel

arrangement about the direction of the incoming beam. The system was hooked on

to the slit assembly during the polarimetric observations. The Stokes profiles used

to be recorded in six successive combinations with a 35 mm camera at the exit of

the spectrograph. Later on Sankarasubramanian [2000] has developed a polarimeter

which uses the same principle but with film camera replaced by a CCD camera and

the rotation of the polaroid was automatized through a stepper motor. Both these

polarimeters are so called single beam polarimeters. As it was discussed, in single

beam polarimeters efficiency is less and the polarisation accuracy is vulnerable to

fluctuations in the input intensity mostly produced by the Earth’s atmospheric tur-

bulence. For this purpose, a dual beam polarimeter has been fabricated and installed

at Kodaikanal for spectropolarimetric observations [Nagaraju et al., 2007, 2008b].



1.4 Radiative Transfer

The energy generated in the core of the Sun through nuclear fusion is transported to

surface and get radiated away in various forms. From core to about 0.7R� (R�-the

radius of the Sun), the energy is transported through radiative means and from 0.7R�

to the surface of the Sun, it is through convective means. In the solar atmosphere,

the energy transport is through radiative transfer. The very fact that the existence

of the temperature gradient in the solar atmosphere is the cause of spectral line

formation through radiative transfer suggest that they sample a range of heights

in the solar atmosphere. Hence the detailed analysis of these lines will result in a

wealth of information on the physical conditions in the solar atmosphere. To derive

meaningful physical parameters from the spectral lines, it is important to take into

account the radiative transfer effects.

Pioneering work in formulating polarized radiative transfer equation (RTE) was

by Chandrasekhar [1960] and later Unno [1956] formulated the polarized radiative

transfer in a magnetic medium including the Zeeman effect. In this case the mag-

neto optical effects were neglected and the equations were formulated in a restricted

geometry. More general treatment was given by Rachkovsky [1962] including the

magneto-optical effects. Quantum mechanical treatment of radiative transfer was

by Degl’Innocenti and Degl’Innocenti [1972]. Later on Jefferies et al. [1989] have

revised the whole formulation of the radiative transfer equation (RTE) by clarifying

the confusions regarding the sign conventions. Their formulation was based on classi-



Figure 1.3: A diagram showing the LOS coordinate system in which the magnetic
field, B is inclined at an angle γ with respect to Z-axis. The LOS is along the Z-axis.
The azimuth of the field is represented by χ in this coordinate system.

cal theory of electrodynamics. They also discuss the similarity between the classical

and quantum theories.

Polarized radiative transfer equation can be written in a LOS coordinate system

(Figure 1.3) with Z-axis along the LOS (see for eg., Jefferies et al. [1989]) as,

dI

dz
= −K(I− S) (1.4)

where I = (I, Q, U, V )T is the Stokes vector with T representing the transpose, K is

the absorption matrix and S is the source function.



Often in the photosphere, the atmosphere is considered to be in local-thermodynamic-

equilibrium (LTE) and also plane parallel. Thus the source function in equation 1.4

is assumed to be Planckian. Further to solve RTE, usually it is assumed as a linear

function of height. On the other hand, the structure of absorption matrix is more

complicated through which one has to derive the connection between the Stokes

parameters and the atmospheric parameters.

K =



κI + κc κQ κU κV

κQ κI + κc κ′V −κ′U

κU −κ′V κI + κc κ′Q

κV κ′U −κ′Q κI + κc


.

where κc is continuum opacity. The line opacities are defined through

κI =
1

2

[(
κr + κl

2

)
(1 + cos2γ) + κpsin

2γ

]
,

κQ =
1

2

(
κp −

κr + κl

2

)
sin2γcos2χ,

κU =
1

2

(
κp −

κr + κl

2

)
sin2γsin2χ,

κV =

(
κr − κl

2

)
cosγ, (1.5)

κ′Q =
1

2

(
κ′p −

κ′r + κ′l
2

)
sin2γcos2χ,

κ′U =
1

2

(
κ′p −

κ′r + κ′l
2

)
sin2γsin2χ,

κ′V =

(
κ′r − κ′l

2

)
cosγ.



The absorption and magneto-optic coefficients κ and κ′ are given by

κ(v) = κ0H(a, v) (1.6)

κ(v)′ = κ02F (a, v),

where

H(a, v) =
1

π

∫ +∞

−∞

e−y2
dy

(v − y)2 + a2
(1.7)

F (a, v) =
1

2π

∫ +∞

−∞

(v − y)e−y2
dy

(v − y)2 + a2
.

with κp, κ′p are evaluated with v = (ν − ν0)/∆νD and κlr, κ′lr evaluated with v =

(ν ∓ νL − ν0)/∆νD = v ∓ vb, with vb = νL/∆νD. The Larmor frequency is given

by νL = eB/4πmc with e-the electron charge, m-the electron mass, c-the speed

of light and B-the magnetic field strength. The quantities ν0 and ν represent the

frequency points of line center and frequency points within the line, ∆νD represent

the Doppler width and a represent the damping parameter of the atomic transition.

The magnetic field information is incorporated in RTE through absorption matrix

elements (see Eq. 1.6). In the equation 1.6 the symbols γ and χ represent the field

inclination and azimuth of the magnetic field, respectively, in the LOS co-ordinate

system (see Figure 1.3).

One can easily notice that the Stokes profiles depend on the atmospheric param-



eters in a highly non-linear form through absorption matrix and the source function

vector. To disentangle these effects, least-squares inversion techniques based on an-

alytical or numerical solutions of the RTE are needed which will be discussed in

section 1.5. In the following section we will see under certain assumptions how to

connect the polarization information to the magnetic field parameters in a simpler

way.

1.4.1 Weak Field Approximation

If the splitting of spectral lines due to Zeeman effect is smaller compared to its

Doppler broadening (vb < 1) then H(a, v ± vb) can be written in terms of a Taylor

series as

H(a, v ± vb) ≈ H(a, v)± vbH
′(a, v) +

v2
b

2
H ′′(a, v) + ....... (1.8)

By neglecting the higher order terms the RTE simplifies in such a way that the

Stokes parameters are disentangled and following relations can be derived [Jefferies

et al., 1989, Jefferies and Mickey, 1991].

V (v) = vbcosγ
∂I

∂v
(1.9)

Q(v) = −
(

vbsinγ

2

)2
H ′′(a, v)

H ′(a, v)

∂I

∂v
cos2χ (1.10)

U(v) = −
(

vbsinγ

2

)2
H ′′(a, v)

H ′(a, v)

∂I

∂v
sin2χ (1.11)



1.5 Inversion Techniques

The information on the properties of solar magnetic atmosphere is contained in the

observed Stokes profiles emerged from it. Extracting this information is not easy,

because the observed profiles depend on the atmospheric parameters in a highly

non-linear manner through the absorption matrix and the source function vector

(Eq. 1.4). Least-squares inversion techniques (ITs) based on analytical or numerical

solutions of the radiative transfer equation have been the most reliable means of

converting polarization spectral information into meaningful atmospheric parameters

(see reviews on this topic by Del Toro Iniesta and Ruiz Cobo [1996], Socas-Navarro

[2001] and Bellot Rubio [2006]). These methods compare the observed Stokes profiles

with synthetic profiles emerging from an initial guess model atmosphere. The misfit

is used to modify the atmospheric parameters until the synthetic profiles match the

observed ones. This procedure yields a model atmosphere capable of explaining the

measurements, within the assumptions and limitations of the model.

Pioneering work on the development of ITs is by Harvey et al. [1972] and Auer

et al. [1977] usually known in the literature as Unno-fitting technique. They have

used Marquardt method to solve the inversion problem. Their method was based on

Unno’s solution of the RTE which neglected the magneto-optical (MO) effects. They

have assumed Milne-Eddington model atmosphere in which magnetic field vector

and the velocity along LOS are constant with depth. This technique was later on

generalized by Landolfi et al. [1984] to include MO effects. Further, Skumanich and



Lites [1987] improvised this method by including a free parameter for the influence

of scattered light, and/or the unresolved character of observations. Fraction of this

parameter is considered as magnetic fill factor. The technique was later extended to

account for some NLTE effects by Lites et al. [1988].

Despite the results presented in this thesis are based on the IT which assumes

Milne-Eddington atmosphere, for the sake of completeness we mention here about the

other ITs which are most commonly in use. The IT proposed by Landi Degl’Innocenti

and Landolfi [1982], Landolfi [1987], Ruiz Cobo and del Toro Iniesta [1992] are based

on so called response functions, and hence the acronym SIR (Stokes Inversion based

on Response functions), which takes into account the gradients in the physical pa-

rameters such as velocity, magnetic field and etc. This technique was generalized to

include non-LTE effects by Socas-Navarro et al. [1998, 2000].

Sanchez Almeida [1997] has developed an IT to recover the microstructured mag-

netic atmospheres (MISMA) by fitting Stokes profiles. These model atmospheres

incorporate small-scale (on the scales smaller than the mean free path of the pho-

tons) fluctuations of the magnetic field vector, the velocity, the temperature and

etc.



1.6 Motivation for the Thesis

It was seen in the beginning of this chapter that most of the issues in solar physics re-

quire the accurate measurement of velocity and magnetic fields. Spectropolarimetry

is one of the most powerful techniques to accurately measure them. High disper-

sion and high resolution spectrograph installed at KTT [Bappu, 1967], can be used

to its full potential by adding a polarimeter to this spectrograph. In the past, the

polarimeters were built and used at KTT by Balasubramaniam [1988] and Sankara-

subramanian [2000]. However, the accuracy of these polarimeters was limited be-

cause they are single beam systems. Towards the aim of achieving better efficiency

and accuracy in the measurement of the polarization, a dual beam polarimeter has

been fabricated and installed at KTT. Chapters 2 and 3 of this thesis describe the

polarimeter setup and its characterization.

Measurement of the magnetic field at the photosphere is relatively well estab-

lished. Achieving the same in the chromosphere and corona is very rare [Solanki

et al., 2003, Socas-Navarro, 2005, Lagg, 2007]. The reasons for this are: (i) there

are very few spectral lines available for chromospheric studies in the visible wave-

length region-the spectral range in which the instrumentation is relatively easy (easy

availability of the polarization optics, CCD detectors and etc.), (ii) converting the

polarization information in the spectral lines to meaningful physical parameters is

not well established, (iii) the solar atmosphere is not in thermodynamic equilibrium

which can be assumed locally at the photosphere. In this regard, simultaneous mea-



surement of the magnetic field at the photosphere and chromosphere will help in

understanding the measurements at the chromosphere. Once the reliability of field

measurement in the chromosphere is established then this will be an important input

to understand the dynamics that take place in the higher layers of the solar atmo-

sphere. The effort in this thesis is to establish the reliability of the magnetic field

measurement in the chromosphere through Hα spectropolarimetry in conjunction

with the simultaneous measurement of the photospheric magnetic field.



Chapter 2

An Efficient Modulation Scheme

for Dual-Beam Polarimetry

2.1 Introduction

In classical electromagnetic theory, the properties of light may be described in terms

of the electric wave vector (E) in the plane perpendicular to the direction of propaga-

tion (e.g., Born and Wolf [1999]). Detectors are sensitive only to the intensity, which

is the square of amplitude of E, but not to its amplitude or phase, which together

define the state of polarization viz. linear, circular or in general elliptical. Hence

all the polarimetric techniques are based on the basic principle of introducing the

28



information of polarization (through altering amplitude and/or phase of E) into the

intensity of the transmitted light. This is called polarization modulation or simply

the modulation. A simple polarimeter consists of a number of retarders or waveplates

(usually, one or two) followed by a linear analyzer (nothing but a linear polarizer).

The retarders modify the polarization state of the incoming light in an adequate way

such that the analyzer only transmits, at the end, the desired component of the elec-

tric field. A number of measurements varying the retarders (either their retardance

or their orientation) makes it possible to obtain a set of intensities from which one

can retrieve efficiently the polarization state of the input light. This process is called

modulation scheme. Most commonly, the number of measurements obtained are se-

quential. In this case, the orientation of the analyzer is fixed. In some cases, linear

polarization measurements are done through sequential measurements by orienting

the analyzer at appropriate angles. Further, to measure the circular component of

the light a retarder with an appropriate retardance is used in combination with the

analyzer (see Eq. 1.3). The later polarimeters are not preferred because of the com-

plications such as optical aberrations and polarization dependent fringes introduced

due to the use of different optics for different measurements. Most of the polarime-

ters used in solar observations perform with fixed orientation of the analyzer. One

such polarimeter has been built and installed at KTT for spectroplarimetric obser-

vations on the Sun as part of this thesis work. The developed polarimeter consists of

a zero-order quarter wave (R1), a zero-order half wave (R2) retarder at λ6300 and

Polarizing Beam Displacer (PBD) as analyzer. The retarders R1 and R2 are the

first and second elements of the polarimeter, as seen by the incoming light, followed



by the PBD. The PBD has an extinction ratio < 10−3 with respect to a polarizing

Glan-Thomson prism (GTP) in the wavelength range λ4000− 7000.

Polarimetric accuracy is one of the most important goals in modern astronomy.

It is limited since most optical elements encountered by the light on its path from

the source to the detector, can alter its state of polarization (for eg. telescope optics,

imaging system, grating, etc). Apart from these, variation in sky transparency, image

motion and blurring due to the atmosphere are a major concern in high precision

ground based solar polarimetry. The effect of atmosphere, which is commonly known

as seeing induced effect, can be reduced by fast modulation schemes [Stenflo and

Povel, 1985]. The modulation frequencies in these schemes are generally higher

than seeing fluctuations, which is ≈ 1 kHz [Stenflo and Povel, 1985, Lites, 1987].

Large format CCDs, which are required to cover reasonable spectral and spatial

range, will pose difficulty in reading out the data at kHz speed. Stenflo and Povel

[1985] demonstrated a scheme whereby rapidly modulated signal is demodulated

by optical means, thereby avoiding the need to read the detectors at a rapid rate.

Lites [1987] proposed a rotating waveplate modulation scheme as an alternative to

minimize the seeing induced cross-talk among Stokes parameters. He has shown

that faster the rotation rate of the modulator, lower the cross-talk among Stokes

parameters. Seeing induced cross-talk levels of a dual beam system are factors 3-

5 smaller than that of a single beam system. However, in dual beam system, the

error introduced due to flat field residual is a matter of concern in high precision

polarimetry. A plausible solution to the above mentioned problem can be found



by using a mixed scheme in which spatial and temporal modulations are performed

(Elmore et al. [1992], Mártinez Pillet et al. [1999], Sankarasubramanian et al. [2004]).

The gain table uncertainties are avoided using the beam swapping technique (Donati

et al. [1990], Semel et al. [1993], Bianda et al. [1998]). Beam swapping is nothing

but the interchange of orthogonal states of polarization by introducing appropriate

retardance to input light at a suitable orientation of the retarders.

With the available optical components, a simple and effective way of measuring

Stokes parameters is to use a half waveplate (HWP) along with PBD for linear polar-

ization measurements and a quarter waveplate (QWP) along with PBD for circular

polarization measurements as explained in Bianda et al. [1998]. This modulation

scheme is based on the beam swapping technique suggested by Donati et al. [1990].

However, this way of modulation will introduce a possible differential optical aber-

rations between the linear and circular polarization measurements due to different

optical elements encountered by the light. Using both the waveplates during all

stages of measurements or using a single retarder with an appropriate retardance

can avoid the differential aberrations [Lites, 1987, Elmore et al., 1992]. A modula-

tion scheme which uses both R1 and R2 in all stages of measurements is worked out

in this thesis towards the goal of achieving a better efficiency and accuracy in the

polarization measurements.



2.2 Modulation

As explained in chapter 1, a single measurement is not sufficient to determine all

four Stokes parameters of the incoming radiation (see Eq. 1.3). Depending on the

setup, a number of measurements obtained by varying the orientation of retarders

are required to determine them with the best possible efficiency and accuracy. Since

at a given wavelength the retardance of the retarders is fixed, different modulations

of the incoming radiation is possible only through orienting the retarders at different

angles. To avoid seeing induced cross-talks among Stokes parameters Polarizing-

Beam-Displacer (PBD) is used as a polarization analyzer. This implies the recording

of the orthogonally polarized beams on to two different detectors or different pixels

of a large detector. Gain table uncertainties will be introduced while combining the

two beams. Beam swapping is a powerful technique to minimize flat field induced

errors [Donati et al., 1990, Semel et al., 1993, Bianda et al., 1998]. Another important

point one should be concerned is about the slow measurements. There are various

reasons for slow measurement such as slower readout of CCD, slower rotation of the

waveplates and etc. This means, to obtain one set of Stokes parameters the time

taken are invariably longer compared to the seeing induced fluctuations and hence

requires a well balanced modulation scheme. Balanced modulation scheme means

the modulated intensities should be a function of all the input Stokes parameters

with equal efficiency for all of them. A modulation scheme which incorporates all

these features is worked out and is discussed below.



The input polarization is modulated on to intensity by using the waveplate ori-

entations given in Table. 2.1.

Modulation Orientation of Orientation of
stage QWP(R1) HWP(R2)
1 22.5 0
2 22.5 45
3 67.5 45
4 67.5 90
5 112.5 90
6 112.5 135
7 157.5 135
8 157.5 180

Table 2.1: Orientation of Waveplates, expressed in degrees, for different stages of
modulation.

The modulated intensities I± = (I±1 , I±2 , I±3 , I±4 , I±5 , I±6 , I±7 , I±8 )T , where T repre-

sents transpose operator, can be written in terms of input Stokes parameters as

I± = g±O±Sin, (2.1)

where ± indicate two orthogonally polarized beams emerging out of the polarimeter.

Sin = [I, Q, U, V ]T is the input Stokes vector to the polarimeter. The matrices O±

are known as modulation matrices. The multiplication factor of the two orthogonally

polarized beams g±, known as the gain factor, is a product of transparency of the

corresponding optical path and the detector gain factor. The polarimeter Mueller

matrices of respective beams can be obtained by multiplying the Mueller matrices

of retarders (MR1 and MR2) and PBD (M±
P ) in the order M±

PMR2MR1
1 (Stenflo

1See appendix A for details on the Mueller matrices



[1994], del Toro Iniesta [2003]). The modulation matrices O± are constructed by

arranging the first row of the analyzer matrix of the respective beam for each of the

measurement steps (see del Toro Iniesta [2003]).

The theoretical modulation matrices O± at the design wavelength are given by,

O± = 0.5



1.0 ±0.5 ∓0.5 ±0.707

1.0 ∓0.5 ±0.5 ∓0.707

1.0 ∓0.5 ∓0.5 ∓0.707

1.0 ±0.5 ±0.5 ±0.707

1.0 ±0.5 ∓0.5 ∓0.707

1.0 ∓0.5 ±0.5 ±0.707

1.0 ∓0.5 ∓0.5 ±0.707

1.0 ±0.5 ±0.5 ∓0.707



.

It is to be noted here that the four Stokes parameters are modulated on to

intensity in all the eight stages of measurements. Also, each Stokes parameter is

weighted equally in all the eight stages of measurements. Matrices O± show that the

alternate measurements are obtained by swapping the orthogonally polarized beams

(seen as sign change in the corresponding Stokes parameters).

According to del Toro Iniesta and Collados [2000], an optimum modulation matrix



(O) should satisfy the condition that the efficiency matrix defined through

A = OTO, (2.2)

should be diagonal. The efficiency matrices (A) corresponding to O± in Eq. 2.1 are

indeed diagonal. The maximum efficiencies of the modulation scheme in measuring

Stokes-I, Q, U , V are 1.0, 0.5, 0.5, 0.707, respectively, at the design wavelength. The

total polarimetric efficiency is
√

0.52 + 0.52 + 0.7072 = 0.9999, which is close to unity

as expected since the absolute values of all the elements in a given column are same

(del Toro Iniesta and Collados [2000], del Toro Iniesta [2003]). The values of matrix

elements O± are not the same at different wavelengths because of the chromatic

nature of the waveplates used in the polarimeter and hence the maximum efficien-

cies of modulation scheme in measuring Stokes-Q, U, V are different (Figure 2.2).

However, the total polarimetric efficiency will remain close to unity at least in visible

wavelength range.

For comparison, the maximum efficiencies of some of the well known polarimeters

are given below: ASP-(1.0, 0.546, 0.41, 0.659), ZIMPOL-(1.0, 0.474, 0.467, 0.534),

TIP-(1.0, 0.617, 0.41, 0.659), POLIS-(1.0, 0.494, 0.464, 0.496) at their respective de-

sign wavelengths. In the above examples, only TIP has a total polarimetric efficiency

close to unity.



2.3 Demodulation

It is discussed in the previous section about an efficient way of modulating the input

light such that the modulated intensities are functions of all the input Stokes param-

eters with a good efficiency. It is also important to retrieve the Stokes parameters

from the modulated intensities in an equally effective way. The process of retriev-

ing the Stokes parameters from the modulated intensities is called as demodulation.

The demodulation of the input Stokes parameters from the modulated intensities

presented here involve the following steps. As a first step, the signal vectors (S±)

of the orthogonally polarized beams are constructed from the modulated intensities

(Eq. 2.1) using the equation,

S± = DI±/8. (2.3)

Where the matrix D is defined as,

D =



1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

1.0 −1.0 −1.0 1.0 1.0 −1.0 −1.0 1.0

−1.0 1.0 −1.0 1.0 −1.0 1.0 −1.0 1.0

1.0 −1.0 −1.0 1.0 −1.0 1.0 1.0 −1.0


.

One can see from the matrix D that, to derive signal vectors, all the eight stage

intensity measurements are considered with equal weights. Hence the derived input

Stokes parameters will be well balanced with respect to changes, if there are any,

during the measurements. The derived Stokes parameters will be an average over



the time taken for the eight stages of modulation.

The second step involves combining the signal vectors of the orthogonally polar-

ized beams after correcting for the gain factors g±. Combining the two orthogonally

polarized beams is essential to reduce the seeing induced spurious polarization. Gain

table corrections can be done either by regular flat field procedure or normalizing the

elements of signal vectors to their respective first element (i.e. S±/S±(0)). Since the

regular flat field procedure limits the polarimetric precision and to make use of the

advantage of the beam swapping technique incorporated in the modulation scheme,

second method is used to derive the combined signal vector. The components of the

signal vector (S′) of the combined beam can be written as

S ′(1) = S+(1) + S−(1) (2.4)

S ′(2) = S+(2)/S+(1)− S−(2)/S−(1)

S ′(3) = S+(3)/S+(1)− S−(3)/S−(1)

S ′(4) = S+(4)/S+(1)− S−(4)/S−(1)

where S ′(i), i = 1, 2, 3, 4, are the elements of S′. The indices i = 1, 2, 3, 4 correspond

to the Stokes parameters I, Q, U and V , respectively.



However, the flat field corrections are essential for the total intensity about which

more details are given in chapter 3. With the definitions of Eq. (2.4), the signal vector

of the combined beam can be written in terms of the input Stokes vector as (Stenflo

[1984], Gandorfer [1999]),

S′ = MS′in. (2.5)

Where S′in = [I, Q/I, U/I, V/I]T is the input Stokes vector and M is a 4× 4 matrix

known as the response matrix of the polarimeter. The theoretical response matrix

at the design wavelength is given by

M =



1 0 0 0

0 0.5 0 0

0 0 0.5 0

0 0 0 0.707


.

The third and final step involves obtaining the input Stokes vector (S′in) from

Eq.(2.5).



2.3.1 Polarimetric Efficiency

The efficiency of the polarimeter in measuring respective Stokes parameter is defined

as (Beck et al. [2005])

εi =

√ ∑
j=1,4

M2
ji. (2.6)

where i = 1, 2, 3, 4 corresponds to Stokes - I, Q, U , V respectively. Since the

response matrix M in Eq.(2.5) is diagonal, the efficiency in the Eq. (2.6) will be

simplified (using Eq. 2.5) to

εi = |S ′(i)/S ′in(i)|. (2.7)

We would like to note here that the response matrix M in Eq.(2.5) is diagonal

at all the wavelengths considered here. However, at the wavelengths away from

the design wavelength, the signals S±(0) in Eq. (2.3) are not just proportional to

input Stokes-I but with a small contribution from the input Stokes-Q. If the signal

vectors (S±) of orthogonally polarized beams are combined without normalizing to

their respective Stokes-I signal then this cross-talk term will not appear in the signal

vector (S′) of the combined beam. But, the flat fielding is essential to remove the

gain factors g±. In this paper the signal vectors are combined in such a way that

the Stokes-Q, U, V signals are normalized to Stokes-I signal in order to remove the

gain factors. This results in an over estimation of efficiency εQ. This over estimation

is about 1.8% at λ4500, 0.15% at λ5000, 0.65% at λ5500, 0.24% at λ5890, 0.1% at

λ6563 and 0.6% at λ7000. These wavelengths are chosen because, the efficiencies are



Figure 2.1: Block diagram of an experimental setup used to study the polarimet-
ric efficiency. The symbols in the figure are S-monochromator, A-mount holding a
1mm square aperture, L1 and L2-lenses(f=25cm), GTP-Glan Thomson prism used
to produce linear polarization, R-QWP used along with GTP to produce circular
polarization, R1 and R2- Half and Quarter waveplates which forms a part of the
polarimeter, PBD-polarizing beam splitter, W- CCD window.

measured at these wavelengths through an experiment presented in the next section.

In regular solar observations the Stokes-Q signal is smaller than Stokes-I at least by

an order of magnitude and hence the cross-talk from Q to I will be often negligible.

2.3.2 Laboratory Experiment

The efficiency of the polarimeter is different for different wavelengths due to the

chromatic nature of the retarders used in the polarimeter. If the polarimeter is to

be used at different wavelengths then it is important to understand its performance

at the desired wavelength. The variation of the efficiency factor for different input

Stokes parameters is studied by carrying out laboratory experiments.

The experimental setup is shown in Fig.2.1. The light from the monochroma-

tor was set at a desired wavelength and then passed through a 1 mm rectangular



aperture. This rectangular aperture was imaged on to a CCD detector using a two

lens system with an effective focal length of 12.5 cm. The polarimeter optics were

placed between the lens and the detector. The first in the light beam is the QWP

(R1), followed by the HWP (R2) and the PBD. The retarders (R1 and R2) of the

polarimeter were mounted on two different rotating stages whose rotational accuracy

is 0.1o. A known state of polarization was produced using the GTP and calibration

retarder (CU). Stokes Q and U were produced by using only the GTP where as both

GTP and CU retarder were used to produce Stokes V . The CU retarder is a zero

order chromatic waveplate which acts as a quarter waveplate at λ6300. This is the

same quarter waveplate which was earlier used in the single beam polarimeter at

Kodaikanal by Sankarasubramanian [2000] and the characteristics of the waveplate

is presented in his thesis. The retardance of the CU retarder at other wavelengths is

calculated by the well known linear relation, ∆φ = k/λ (see for eg. in Hetch [2002]),

where the constant k is evaluated by knowing that ∆φ is 90o at λ = 6300 Å. Eight

measurements, for each input Stokes parameter, were performed by positioning the

retarders (R1 and R2) at different angles as given in Table.2.1.

The measured data were first corrected for dark current. Then the Stokes signal

vectors corresponding to the orthogonally polarized beams were obtained from the

measured intensities and the matrix D using Eq.(2.3). Stokes-Q,U, V signals were

normalized to the respective Stokes-I signal as in Eq.(2.4).

We noted in the section 2.3 that the theoretical response matrix of the polarime-



ter presented in this paper is diagonal at all the wavelengths considered. However,

in practice there will be off-diagonal elements which are nothing but the cross-talk

among Stokes parameters. But, in the experiment performed to study the polarimet-

ric efficiency, the measured cross-talk terms are small. Since the cross-talk terms are

small (<1%), the simplified definition of Eq.(2.7) is used to calculate the efficiency.

Plots of polarimetric efficiency in measuring Stokes Q, U and V as a function of

wavelength are shown in Figure 2.2. The diamond symbols shown in the plots are

the experimental values and the solid lines are theoretical curves. It is clear from the

plot that the experimental values closely match the theoretical predictions. From

this figure it can be concluded that Q and V are measured with better efficiencies in

longer wavelength region compared to the design wavelength, where as U is measured

with better efficiency at shorter wavelengths.

2.4 Summary

An eight stage modulation scheme to measure the general state of polarization is

discussed in this chapter. Beam swapping technique incorporated in this scheme

helps in alleviating the gain correction errors. The total polarimetric efficiency is

close to unity as the Stokes parameters are weighted equally in all the stages of

modulation. The final Stokes parameters are demodulated using all the stages of

intensity measurements. Hence, the derived input Stokes parameters are equally



Figure 2.2: Plots of polarimetric efficiency of Stokes Q, U and V parameters as a
function of wavelength. The solid curves are theoretical values where as the diamond
symbols correspond to the measured values. The error bars shown in these plots are
ten times the obtained noise rms values.



weighted time averaged quantities over the measurement time .

Since the retarders used in the polarimeter are chromatic, the efficiency of the

polarimeter in measuring Stokes-Q, U, V is wavelength dependent. A laboratory

experiment was performed to study the wavelength dependence of the polarimeter

efficiency. The experimentally determined polarimetric efficiencies match well with

the theoretical expectations.

The measured total polarimetric efficiency of the polarimeter installed at KTT is

≈ 0.986 at λ6563 wavelength region which is better than some of the polarimeters

such as ZIMPOL (0.72), ASP (0.88), TIP (0.92) and POLIS (0.84) at their design

wavelengths.



Chapter 3

Spectropolarimeteric Observations,

Data Reduction and Analysis

A dual-beam polarimeter was fabricated and installed at KTT as a backend instru-

ment to the existing spectrograph to perform spectropolarimetric observations on

the Sun. For the purpose of measuring a general polarization state of the light,

the modulation/demodulation scheme discussed in the previous chapter is used. In

this chapter, the spectropolarimetric observations of Sun using this polarimeter and

procedures for data reduction and analyses are discussed. The Stokes inversion tech-

nique to derive velocity and magnetic field by assuming ME atmospheric model is

discussed along with some of the model independent methods to estimate them. The

errors involved in estimating the physical parameters from spectropolarimetric data

45



are discussed. This chapter also describes some of the experiments carried out to

characterize the spectropolarimeter at KTT and the intercomparison of magnetic

field measurements at KTT with that of space based spectropolarimetric measure-

ments by Hinode/SOT.

3.1 Instrument

3.1.1 Telescope and Spectrograph Setup

The instrumental setup at KTT is shown in Figure 3.1. KTT is a 3 mirror coelostat

system with the first mirror (M1) tracking the apparent position of the Sun, the

second mirror (M2) reflects the light from the first mirror vertically down and the

third mirror (M3) folds this vertical beam into a horizontal beam. The parallel beam

from M3 is focussed on to the spectrograph slit using an achromatic lens (marked

as L1 in Figure 3.1). The diameter of L1 is 38 cm and produces an f/90 beam with

the image scale of 5.5′′/mm (or 0.142′′/pixel on the currently used charge-coupled-

device marked as CCD1 in Figure 3.1 after binning 2×2 pixels). CCD1 is a 2K×2K

detector with 13.5 µ square pixel. The spectrograph is a Littrow mount optical setup

equipped with a grating of 600 lines/mm. The linear dispersion of the spectrograph

is 5.6895 mÅ/pixel on CCD1. Further details on KTT and spectrograph setup can

be found in Bappu [1967]. Recent additions such as the dual-beam polarimeter and



Figure 3.1: Schematic diagram of the spectropolarimetric observing setup at KTT.
The terms in the diagram are L1 - objective of the telescope, L2 - acts as collimator
as well as imaging lens, NPBS - Non-Polarizing Beam Splitter, CCD1 and CCD2 -
charge coupled devices for recording spectrum and wide band images, respectively.
The arrangement of the polarization optics is shown on the bottom right corner of
this figure.



imaging a region-of-interest (ROI) are discussed in the following sections.

3.1.2 Polarimeter Setup

The polarimeter consists of a polarizing beam displacer (PBD) and two retarders

(quarter wave and half waveplates at 630 nm marked as R1 and R2 in Figure 3.1,

respectively). The retarders mounted on separate rotating stages are placed in front

of the PBD with R1 followed by R2. The whole polarimeter setup is being placed

in front of the spectrograph slit (Figure 3.1). The two beams coming out of the

polarimeter are orthogonally linearly polarized with the direct beam polarized in the

direction of the slit and the vertically displaced beam polarized in the perpendicular

direction. The clear aperture of the PBD is 10 mm × 10 mm which restricts the

field-of-view (FOV) to 55′′× 55′′ on the Sun. A linear polarizer is placed behind the

PBD with its optic axis at 45o with respect to the spectrograph slit to compensate for

the differential response of the spectrograph grating to the orthogonal states of linear

polarization. The orthogonally polarized beams, after dispersion, are recorded using

a CCD camera (marked as CCD1 in Figure 3.1), placed just below the spectrograph

slit.



3.1.3 Imaging Setup

To perform simultaneous imaging of ROI in continuum wavelength band, a non-

Polarizing beam splitter (NPBS) is used to split the beam entering the polarimeter

into two. Reflected beam forms the image on a CCD (marked as CCD2 in Figure 3.1)

and the transmitted beam is used for spectropolarimetric measurements. The NPBS

is made of BK7 glass with a transmission-reflection ratio of 50%. The clear aperture

of the beam splitter is 126′′. Right now the images are taken through a broad band

filter (band width of 800 Å). This imaging facility can be used with narrow band

filters centered around the spectral lines originating in the chromosphere (for eg.

Hα or Ca II K ) to help in positioning the spectrograph slit on the chromospheric

structures, which can not be seen in white light images.

To identify the corresponding slit position on the image, a circular aperture was

introduced in front of the NPBS. This aperture forms circular images on the slit

as well as on CCD2. The position of this aperture was adjusted such that the

center of the circular image passes through the slit. Hence the pixel column at the

center of this circular image recorded by CCD2 would roughly correspond to the

slit position. Even though this is a crude way of identifying the slit position on the

image, the mislocation of the slit found to be well within the resolution element.

This was confirmed by comparing the intensity variation across the raster images

of spectropolatimetric observations. Since the magnification of the image by the

spectrograph is almost equal to 1 and no other optics except the filters are used



Figure 3.2: A sample image of active region NOAA 10940 obtained using the imaging
facility at the focal plane of KTT with an artificial slit marked on it. This active
region was observed on 1 February 2007.

for imaging, the image scales in the images and spectrum along the slit direction

are same. A sample image is shown in Figure 3.2 with an artificial slit marked on

it. Identification of the slit could be done in a more systematic way by having a

re-imaging facility in which case a reference hair line could be placed in the input

image plane of the re-imaging system and the slit location could be identified more

accurately on the images. This is being planned for future observations.

There is a disadvantage with the currently used NPBS as its transmission-reflection

ratio is 50% and hence the photons available for spectropolarimetry are reduced

atleast by half. On the other hand, the available photons are in excess for wide band

imaging. A NPBS with an appropriate transmission-reflection ratio can be selected



for future observations.

3.1.4 Scanning the ROI

Scanning the ROI on the Sun are usually done by moving the Sun’s image in the east-

west direction in steps of ≈ 2′′ during good/moderate seeing conditions and ≈ 5′′

during bad seeing conditions. Movement of the Sun’s image is done by rotating the

second mirror about east-west (for north south movement of the image) or north-

south (for east-west movement of the image) direction using an electronic control

system available at the observing point. The seeing conditions at Kodaikanal are

moderate with seeing limited spatial resolution ranging from 2′′ to 4′′. White light

images of the ROI are recorded for each stage of polarization modulation.

3.2 Data Reduction

In this section, the steps involved in spectropolarimetric data reduction are explained

which include flat fielding, blend removal, correction for polarimeter and telescope

responses to the input light.



3.2.1 Flat Fielding

The modulation/demodulation scheme, with the beam-swapping technique incorpo-

rated, discussed in previous chapter helps in obtaining Stokes - Q, U, V images which

are free from flat field errors. However, for Stokes - I images flat field corrections are

necessary. We follow the flat field procedure given by Schlichenmaier and Collados

[2002] and Beck et al. [2005]. This procedure involves recording of spectral images,

without changing the observing setup, by moving randomly the solar image close

to disk center over the spectrograph slit during exposure. The region close to disk

center which does not show any visible activities should be chosen to make sure that

the spectrograph slit is uniformly illuminated. The random movement of the Sun’s

image smears out the solar structures and reduce the shifts in spectral lines due to

granulation. Even though uniform light along the slit is obtained, the spectral fea-

tures remain in the spectral images. Spectral lines are the main features that appear

in the spectral images. These are removed by dividing each profile by an average

profile taken along the slit. Before doing this, shifts in the spectral lines (also some

times called as spectral curvature) should be corrected (Figure 3.3). If this curvature

is not corrected for, difference in images will show Stokes-V like profiles. Since Stokes

images are obtained using difference in images corresponding to orthogonal states of

polarization, the spectral curvatures need to be taken into account.

Finding out the shifts in spectral lines and correcting for them is done as fol-

lows. In the case of dual-beam spectropolarimetry, there are two spectral images



Figure 3.3: Plots of relative shifts of spectral lines with respect to a reference profile
along the slit. The solid line is a polynomial fit to the measured line shifts. The
points which are well away from the linear curve corresponds to dust particles.



Figure 3.4: Resultant flat field frame without accounting for relative spectral line
shifts along the slit for two beam spectropolarimetric observations. The dark spots
are due to dust particles and the bright lines in vertical direction are due to these
dust particle. The horizontal line in the bottom image is due to a cut in the slit.
The two images correspond to horizontally polarized (top) and vertically polarized
(bottom) beam.



Figure 3.5: Resultant flat field frame obtained after correcting for spectral curva-
tures. Notice that the Stokes-V like spectral structures, seen in Figure 3.4, are not
visible in this flat frame.



that correspond to vertically and horizontally polarized beams. The two beams are

considered separately for finding out the spectral curvature. A reference profile is

considered at the center of the chosen beam. The shifts of the other profiles with

respect to the reference profile within this beam are obtained using a correlation

technique. The shifted values are fitted to a polynomial of order one and these fitted

values are used for aligning the spectral lines using a Fourier shift algorithm. After

aligning the spectral lines, each profile is divided by the average profile taken along

the slit for the chosen beam. The resultant frame is shifted back to keep the gain

table factors matching with the observed frames. The final flat frame is shown in

Figure 3.5. Notice in this figure that the Stokes-V like spectral features, which ap-

pear in flat frame obtained without correcting for the spectral curvature (Figure 3.4),

have disappeared. The gain table difference between the two beams is corrected by

using the ratio between the maximum of each beam.

The flat field procedure outlined above has advantages in removing optically

induced gain table errors, polarization dependent fringes, the effects due to non

uniformity of the slit and etc. But, if the dust particles are too big then the pixels

in the corresponding column will be affected (which appear as vertical strips in

Figure 3.5). This will not be a major concern if the dust particle does not fall on

the spectral features and can be removed by carefully cleaning the CCD window.



Figure 3.6: Typical Hα Stokes I profile with the bisectors marked in diamond symbols
with Co i blend (top) and after removing the blend (bottom). Dotted line in the top
panel shows the spectral region of the profile after removing the blend.



3.2.2 Blend Removal Procedure

One of the motivations for this thesis is to study the structuring of velocity and

magnetic fields from the photosphere to chromosphere. For this purpose, Hα line at

λ6563 and Fe i line at λ6569 are chosen which form at the chromosphere and pho-

tosphere, respectively. The reasons for choosing these lines are explained in section

1.6 of chapter 1 and also in subsequent chapters. Extraction of full information that

contained in a spectral line is possible only if the full profile is available for analysis.

But, the red wing of Hα is blended by the Co i line at λ6563.4, which is a Zeeman

sensitive line visible mostly in strong magnetic regions. We explore here a procedure

to remove this blend in order to use the full Hα line to derive velocity gradients over

the line formation height.

Individual profiles of Hα that correspond to orthogonally polarized beams in

each stage of modulation are considered separately for the removal of Co i blend.

A function which is a linear combination of a Gaussian and a quadratic term was

fitted to the blend region of the observed Hα profile. This non-linear least square

fit takes into account the curvature in the intensity profile of Hα line along with the

Co i line profile approximated to a Gaussian. The Gaussian, constructed out of the

fitted parameters, was removed from the observed profile. Then the eight intensity

measurements were combined to obtain the Stokes - I, Q, U, V spectral images

through the demodulation procedure explained in Nagaraju et al. [2007] (cf. chapter

2). A typical Hα intensity profile before and after the blend removal is shown in



Figure 3.6 with the bisector locations marked in triangle symbols.

Even though it appears that the effect of Co i line is completely removed in the

total intensity profile, the blend residuals still appear in Stokes Q, U , and V profiles

(cf. Figure 4.2). This is because of the limitation of the blend removal method

described above. The method approximates the blended line as a Gaussian which is

easily discernible. But, this Gaussian does not represent the full profile of Co i line

because of the large absorption in Hα which dominates the absorption of this line

on its blue wing. Hence the contribution from the bluer side of the Co i line is not

completely removed in this method. These effects are clearly seen in Stokes - Q, U ,

& V profiles (see Figure 4.1 in chapter 4). However, the contribution from redder

part of the Co i line is removed quite well through the method described here as we

can see in Figure 3.6. Also it is demonstrated in later chapters of this thesis that

the blend residuals do not have any effect on the velocity gradients calculated from

intensity profiles of Hα.

A better way to remove the blend would be to synthesize the Stokes profiles of

Co i line using the atmospheric parameters obtained through Fe i (λ6569) line and

remove them from the observed spectra. This method involves solving the radiative

transfer equation. However in this thesis only Stokes-I profiles are considered for

the velocity gradients estimation. And the restricted spectral range of Hα about

line center or the polarization values in the blue wing of Hα are considered for

the magnetic field estimation. Hence, the simple method outlined above would be



sufficient for the purpose of studying the velocity stratification in the chromosphere.

3.2.3 Polarimeter Response

The next step in data reduction is to correct for the polarimeter response. For this

purpose, the polarimetric calibration data are obtained almost on daily basis during

observations using a calibration unit (CU). The calibration unit consists of a linear

polarizer (PCU) followed by a quarter wave retarder (RCU) at λ6300. This is the same

retarder used in the experiment to study the wavelength dependence of efficiency for

the modulation scheme detailed in the previous chapter. The calibration data are

obtained by keeping the orientation of the CU polarizer, PCU, at 0o with respect to

the +Q direction (along the slit direction) and varying orientations of CU retarder

with respect to PCU. The orientation of RCU is changed from 0o to 180o in steps of 15o

and hence producing 13 input states of polarization. Out of 13 states of polarization,

only 11 are different because the polarization states corresponding to the retarder

orientation 0o, 90o and 180o are essentially the same. The response matrix of the

polarimeter is obtained as follows. If Si
ip and Si

op represent the input and output

Stokes vectors of ith position of RCU then

Si
op = MSi

op. (3.1)



Matrix transpose of this equation is

(Si
op)

T = (Si
op)

TMT . (3.2)

The input Stokes parameters and measured Stokes signals are arranged in a 13 × 4

matrix form to solve for the response matrix M. If Sc
in represents the 13 × 4 input

Stokes matrix and Sc
op represents the measured 13 × 4 signal matrix then Eq. 3.2

can be written as,

Sc
op = Sc

inM
T . (3.3)

The response matrix of the polarimeter setup (M) is solved by defining (Sc
in)TSc

op =

(Sc
in)TSc

inM
T = SMT as (see Beck et al. [2005] for details)

MT = S−1(Sc
in)TSc

op. (3.4)

Where, S = (Sc
in)TSc

in. The structures of Sc
in and Sc

op are given in the appendix B

for the sake of clarity. Individual columns of M give the response to a pure state I,

Q, U and V .

A typical derived response matrix (M) of the KTT polarimeter setup at the

continuum wavelength near λ6563 is





1 −0.0066 0.0384 0.0461

0.0048 0.5643 0.0565 −0.0016

0.0074 −0.0084 0.4173 −0.0065

−0.0053 −0.0037 0.0248 0.6835


.

The polarimetric calibration errors are calculated using the procedure given by

Beck et al. [2005]. The errors are calculated from B = S−1(Sc
in)T using the following

equations.

σ2
i =

∑
j

B2
ijσ

2
ij = σ̄2

∑
j

B2
ij (3.5)

where i = 1, ...4 and j = 1, 2, ...13 and

σ̄2 =
1

N

∑
cal

(Sc
op − Sc

inM
T )2. (3.6)

To derive Eq. 3.5, the errors of the single measurements, σij, are approximated by

the total deviation of the fit, σ̄.

Typical fit error of the second, third and fourth column of the response matrix,

which are nothing but the errors in the determination of Stokes - Q, U, V , are 0.003,

0.0036 and 0.0034 respectively. The corresponding noise rms of the measurements

are 0.0017, 0.0018 and 0.0023 respectively.



Figure 3.7: These plots show theoretical uncertainties in the calibration of the
polarimeter caused due to the variation in the input intensity due to variation in the
sky transparency.



It was discussed in chapter 2 that Stokes-Q, U and V are normalized to Stokes-I

to alleviate gain table errors. It is assumed that the input intensity does not change

during the eight stages of measurements. However, change in intensity within the

eight stages of measurements will introduce uncertainties in the determination of

the polarimeter response matrix. A simulation has been performed to understand

the effect of telescope and the sky transparency variation on the calibration of the

polarimeter.

The simulation of the calibration procedure has been performed under the vari-

ation in the sky transparency along with the telescope induced effects. To mimic

the sky transparency variation, random numbers are generated with the maximum

variation within a specified limit. To take into account the telescope induced effects,

telescope model has been used (Balasubramaniam et al. [1985]). Plots of the response

matrix elements (Eq. 3.4) of the polarimeter are shown in Figure 3.7 as a function of

variation in the total intensity due to change in the sky transparency within 8-stages

of measurements falling on the telescope. The solid to long dash lines correspond

to the local time of observations at one hour of interval from 7am to 12 noon. It

is found from this simulation that the variation of 14% in input intensity can cause

1.8% uncertainty in the elements of response matrix. The intensity variation of 14%

was maximum during the polarisation calibrations presented in this thesis.



3.2.4 Correction for Telescope Induced Cross-talks

Oblique reflections of the Sun light from the coelostat mirrors of KTT modify the

polarization state of input light and hence resulting in cross-talk among Stokes pa-

rameters. This is corrected using a telescope model developed by Balasubramaniam

et al. [1985] and Sankarasubramanian [2000] for KTT. However, modeling of the

telescope induced cross-talk in this thesis has restricted validity because of the use

of standard refractive index values of the reflecting layers which may well differ from

the actual values. Also, it has been shown by Sankarasubramanian et al. [1999] that

for a realistic estimate of the cross-talks, oxide layer on the mirrors need to be taken

into account. This requires the accurate measurement of the oxide layer thickness

for which separate experimental setup is needed. Since the oxide layer thickness

changes with time, measuring it often is not feasible. Hence there still remain resid-

ual cross-talks among Stokes parameters even after telescope induced cross-talks are

corrected using the telescope model. The cross-talks from I to Q, U and V are

removed requiring that no significant polarization signal occurs in the wavelengths

corresponding to the continuum towards the redder wavelength regions of the solar

spectrum (Fluri and Stenflo [1999]). After correcting for cross-talk from total inten-

sity to polarization profiles, the cross-talks among Stokes Q, U and V are removed

using a statistical method (Sanchez Almeida and Lites [1992], Schlichenmaier and

Collados [2002]). This is based on the intuition that the Stokes-Q and U change sign

four times along an azimuthal circle within the penumbra, while the sign of V only

changes across the magnetic neutral line. Thus, except for spots very close to the



limb, a negligible correlation between linear and circular polarization is expected.

Hence the cross-talk among Stokes parameters is mostly of instrumental origin. This

is removed by performing a linear fit, for eg. from V to Q, as

Q(λ) = CV QV (λ), (3.7)

where CV Q is interpreted as a coefficient of cross-talk from V to Q. This cross-talk

term is removed to get the actual Q profile as

Qactual(λ) = Q(λ)− CV QV (λ). (3.8)

Similarly the cross-talks from V to U is removed. To remove cross-talk from linear

to circular polarization, a linear fit V (λ) = CQV Q(λ) + CUV U(λ) is performed and

the actual V (λ) is obtained through Vactual(λ) = V (λ) − (CQV Q(λ) + CUV U(λ)).

Depending on the location and region of observations the cross-talks from circular

to linear polarization and linear to circular polarization dominates. The criteria to

consider which one should be used is based on relative amplitudes of Stokes Q, U

and V . 3.8.

Stepwise reduction of Stokes profiles is demonstrated in Figure For clarity, only

the Fe i (λ6569) Stokes profiles are shown in this figure. The profiles shown in

this figure correspond to a spatial location in the penumbral region of NOAA 10940

observed on 1 February 2007. The dotted lines in this figure are the observed profiles.

The profiles shown in dashed lines are after correcting for polarimeter response.



Figure 3.8: Demonstration of removal of the cross-talk among Stokes parameters.
Observed Fe i (λ6569) Stokes profiles are shown as dotted curves and the dashed
curves correspond to the profiles after correcting for the polarimeter response. Dash-
dotted curves are the Stokes profiles after correcting for the telescope induced cross-
talk using the telescope model and solid curves are the final Stokes profiles after
correcting for the residual cross-talk using a statistical method. The profiles corre-
spond to a spatial location on active region NOAA 10940 observed on 1 February
2007.



The Stokes profiles shown in dash-dotted lines are after correcting for cross-talks

among them using a telescope model developed by Balasubramaniam et al. [1985] and

Sankarasubramanian [2000]. The solid curves are the final calibrated profiles which

are obtained after correcting for the residual cross-talks among Stokes parameters

using the statistical method [Sanchez Almeida and Lites, 1992, Schlichenmaier and

Collados, 2002].

3.3 Spectropolarimetric Data Analysis Techniques

In this section, spectropolarimetric data analysis procedures to derive velocity and

magnetic fields are discussed.

3.3.1 LOS Velocity and Magnetic Field Through COG Method

Model independent estimation of the physical parameters is always preferred because

they are less ambiguous. COG method is one such model independent method to

estimate the LOS velocity and magnetic field. It was discussed in detail by Uiten-

broek [2003] that the COG is an accurate method for LOS velocity measurements

and is independent of spectral resolution.

This is also an accurate method to estimate the LOS magnetic field strengths if



the spectral line broadening due to Zeeman effect is smaller than the Doppler broad-

ening. Since the Doppler broadening of the chromospheric spectral lines is orders of

magnitude larger than the Zeeman broadening, this method is useful to derive LOS

field strengths from chromospheric lines. However, its accuracy is limited for an ar-

bitrarily oriented strong magnetic field (Zeeman broadening > Doppler broadening)

and is not accurate method compared to inversion. But, inversion techniques are

not yet developed to infer magnetic fields from Hα Stokes profiles. Hence, the COG

and/or WFA methods are used to derive LOS field strengths at the chromosphere.

WFA method can be used to derive vector magnetic field as well.

3.3.2 LOS Velocity

The COG wavelength λCOG of a line profile I is defined as the centroid of its residual

intensity profile:

λCOG =

∫
λ(Icont − I)dλ∫
(Icont − I)dλ

. (3.9)

The LOS velocity with respect to the average quiet Sun reference (λref) is defined as

vLOS =
c(λCOG − λref)

λref

, (3.10)

where c is the speed of the light.



3.3.3 LOS Magnetic Field

For the COG method, the LOS field strength is given by ([Rees and Semel, 1979,

Cauzzi et al., 1993, Uitenbroek, 2003, Balasubramaniam et al., 2004])

BLOS =
(λ+ − λ−)/2

4.667× 10−13λ2
0gL

, (3.11)

where λ0 is the central wavelength of the line in Å, gL is the Landé-g factor of the line,

and λ± are the COG wavelengths of the positive and negative circularly polarized

components respectively. The COG components are calculated as

λ± =

∫
[Icont − (I ± V )]λdλ∫
Icont − (I ± V )dλ

(3.12)

where Icont is the local continuum intensity. The integration is over the spectral

range of a given spectral line.

3.3.4 LOS Velocity Gradients Through Line Bisector Method

Stokes profile asymmetries are known to be caused by the velocity and magnetic field

gradients in the line formation region [Illing et al., 1975, Grigorev and Katz, 1975].

Model independent estimation of velocity gradients is possible through bisector tech-

nique applied to Stokes- I (e.g., Balasubramaniam et al. [1997]) and Stokes-V (e.g.,

Sankarasubramanian and Rimmele [2002]) profiles. This method involves finding the



bisector at equal intensity levels within the spectral line from line core to wing. See

Figure 3.6 for a demonstration of finding the bisectors at equal intensity levels of Hα

line. The triangular symbols in this figure represent the bisector locations. If the

spectral line is symmetric then these bisectors lie on a vertical line passing through

line core, otherwise their locations will be shifted depending on the line asymmetry.

To derive velocity gradients at the photosphere and chromosphere, the Stokes

I profiles of Fe i and Hα are considered separately for bisector analysis. Bisectors

are obtained at 9 equal intensity levels between line core and the wing for Fe i and

14 equal intensity levels between line core and wing for Hα, respectively. Out of 9

bisectors of Fe i line only 7 are considered, namely, the bisectors between second and

eighth counting from the line core. Similarly for Hα the bisectors between second

and thirteenth are considered totalling 12 bisectors. The bisectors very close to line

core and wing are not considered because of the lower signal-to-noise ratio and to

avoid the influence of the continuum respectively. For the Fe i line, the wavelength

position of the second bisector which corresponds to higher atmospheric layer was

subtracted from the seventh bisector which corresponds to lower atmospheric layer.

Similarly for Hα, the wavelength position of the second bisector was subtracted

from the thirteenth bisector. The wavelength differences (∆λ s) thus obtained are

converted into velocities - which would then represent the velocity difference between

the lower and higher atmospheric layers - using the following relation,

∆Vbs =
c∆λ

λ0

. (3.13)



Where λ0 is the rest wavelength of the spectral line under consideration. The ve-

locity difference defined in Eq. (3.13) represents the velocity gradient over the line

formation height.

The errors in estimating the velocity differences are mainly due to the errors

involved in finding the wavelength shifts. The maximum error in estimating the

velocity gradients is about 0.09 km s−1.

3.3.5 Stokes Inversion Using Milne-Eddington Atmospheric

Model

The photospheric vector magnetic fields are obtained by inverting the Fe i (λ6569)

Stokes profiles using the community inversion codes of High Altitude Observatory,

Boulder, USA, viz., ASP and MELANIE 1. ASP stands for Advanced Stokes Po-

larimeter, a spectropolarimeter operating at the National Solar Observatory, Sunspot,

New Mexico, USA. The Stokes inversion code, ASP, is hardwired to use the spec-

tropolarimetric data obtained by ASP instrument. This code was modified to invert

the spectropolarimetric data from Kodaikanal. To double check, the results returned

by ASP inversion are compared with MELANIE as ASP inversions are usually car-

ried out for Fe i line pairs at λ6300 where as for KTT data the inversion needed is

for Fe i line at λ6569. Milne-Eddington Line Analysis using a Numerical Inversion

1http://www.hao.ucar.edu/public/research/cic/index.html



Engine (MELANIE) code is more user friendly and easy to use but initialization is

not automatic.

Both ASP and MELANIE perform a non-linear least-square fitting of the ob-

served Stokes profiles under Local-Thermodynamic-Equilibrium (LTE) condition by

assuming Milne-Eddington (ME) atmosphere. Typical observed and fitted Stokes

profiles are shown in Figure 3.9. The plus signs represent the observed data points

and solid lines represent fitted profiles. ME model assumes plane parallel atmosphere

and the source function is a linear function of optical depth. It is also assumed that

the velocity and magnetic fields are constant over the line formation height. In-

version codes return magnetic field strength, inclination angle with respect to LOS,

azimuth, line strength, damping parameter, LOS velocity, source function and its

gradient with optical depth, macroturbulence and fraction of stray light/fill factor of

the non-magnetic component.

The maximum error in estimating the magnetic field strength is ≈ 50 G, the field

inclination is about 5o and its azimuth is 6o. Other physical parameters returned by

the MELANIE are not used in the current work and hence are not discussed here.



Figure 3.9: Typical observed (plus symbols) and fitted (solid lines) Stokes profiles
of Fe i line at λ6569. The profiles are fitted using the inversion code ASP with ME
atmospheric model under the assumption of LTE (see text for details). The profiles
correspond to a spatial location close to umbral region of NOAA 10940 observed on
1st of February 2007.



3.3.6 Vector Magnetic Field at Chromosphere Through WFA

The chromospheric vector magnetic fields are derived using classical weak-field-

approximation (Landi degl’Innocenti and Landi degl’Innocenti [1973], Jefferies et al.

[1989], Jefferies and Mickey [1991]) applied to the Stokes profiles of Hα. The paral-

lel (along LOS) and perpendicular components of the field were calculated using the

formulae, with γ representing the field inclination with respect to the LOS,

Bcosγ = −wV/(dI/dλ), (3.14)

Bsinγ = 2w

√
∆λ

3

√
Q2 + U2

dI/dλ
(3.15)

where w = 1/4.67 × 10−13λ2geff with λ, the line center wavelength, expressed in

Å, geff is the effective Landé-g factor of the atomic transition under consideration

and ∆λ is the wavelength shift from the line center at which the magnetic field is

calculated. The field azimuth (χ) is calculated through

tan2χ =
U

Q
. (3.16)

The value ‘3’ appears in Eq. 3.15 is an approximation to the ratio H ′′/H ′, the

second and first derivatives of the Voigt function with respect to wavelength (see Eq.

10 in Jefferies and Mickey [1991]). The errors in estimating the field strength are

< 389G for LOS field strength and < 285 G for vertical field strength. These errors

are obtained by converting polarization measurement errors by estimating the error



propagation through Taylor expansion technique (Bevington and Robinson [2003]).

3.3.7 Stokes V Area and Amplitude Asymmetry

Often it is required to verify the consistency of physical quantities inferred from

the observations. For instance, the velocity gradients estimated using the bisector

technique at the chromosphere from Hα intensity profiles need verification because of

a blend in its red wing by Co i line (see section 3.2.2), though this was removed from

intensity profiles. Since, amplitude and area asymmetries of Stokes V profiles can

be caused by the gradients in the velocity and magnetic fields (see for eg. Sanchez

Almeida and Lites [1992], Sankarasubramanian and Rimmele [2002]), it is useful to

study them atleast for qualitative comparison because, quantitative estimation of

the field gradients from them is not understood yet.

If ar and ab represent the amplitudes of red and blue wings of Stokes V respec-

tively then the amplitude asymmetry is defined as,

δa =
|ab| − |ar|
|ab|+ |ar|

. (3.17)

Similarly, area asymmetry is defined through

δA =
|Ab| − |Ar|
|Ab|+ |Ar|

, (3.18)



with |Ab| and |Ar| representing the absolute area of the blue and the red lobes,

respectively.

The area asymmetry is not considered in this thesis due to the difficulty in esti-

mating it for the Hα in the presence of Co i line blend residuals even after removing

it from the intensity profile. One can consider the area asymmetries observed for

Fe i line to study the gradients at the photosphere but, our focus is to compare the

simultaneous observations at the photosphere and chromosphere.

3.4 Characterization of Spectropolarimeter

As part of characterizing the spectropolarimeter, a few experiments have been carried

out. The measurement of spectral resolution has been carried out using a He-Ne laser

source. In another experiment, noise in the polarization data has been studied in

order to determine the precision of the polarization measurements. Further, the

magnetic field measurements are compared with that of space based observations by

Hinode/SOT.



Figure 3.10: A sample laser profile recorded in the second order of spectrum for the
slit width of 50µ. A Gaussian profile fit is over plotted on it (solid line). The error
bars shown in the plot are the photon noise associated with the intensity measure-
ments.

3.4.1 Spectral Resolution

The spectral resolution of the spectrograph setup is limited mainly by the diffraction

grating and the width of the entrance slit. Detector also can play a role depending

on the size of the detection elements and the linear dispersion of the spectrograph

setup. If the width of the entrance slit is larger than certain value then it will degrade

the spectral as well as spatial resolution. The observer can record the spectrum with

resolution close to the resolution limit of the grating by choosing the slit width lesser

than certain value. Apart from the spectral and spatial resolution, the light level is

also important to achieve good signal-to-noise ratio. As we decrease the slit width

the amount of light will also decrease considerably. Hence one should choose an



optimum width for the entrance slit in such a way that, it should allow maximum

intensity without affecting the spectral and spatial resolution. The physical width

of the entrance slit of the spectrograph must have a value s or less in order not to

degrade the spectral resolution, where

s =
λf

Ndcosθ
. (3.19)

Where, λ−the wavelength of the radiation, f−the focal length of the collimating lens,

N− the total number of grooves on the grating, d−the grating constant (number of

grooves per unit length) and θ− the angle of diffraction. To identify an optimum

slit width and study the spectral resolution of the spectrograph setup at KTT, an

experiment was performed using He-Ne laser source. This source produces a spectral

line at λ6328 with spectral width of ≈ 20 mÅ.

A parallel beam of He-Ne laser was passed through the objective (marked as L1 in

Figure 3.1) of the KTT so that the laser beam be focussed on to the spectrograph slit.

For a given spectral order, the laser profiles were recorded by varying the slit width

from 30−150µ in steps of 10µ. The observed laser profiles were fitted using a Gaussian

function. A sample observed profile with the fitted Gaussian profile overplotted on

it is shown in Figure 3.10. The Full Width at Half Maximum (FWHM) of the laser

profiles were calculated using the standard formula

FWHM = 2(
√

2ln2)σ, (3.20)



Figure 3.11: Plot of FWHM of He-Ne laser profile (star symbol) as a function of the
slit width. The error bars are 3 times the fit error of the FWHM when Gaussian is
fitted to the observed profile. The solid lines are the linear fit to the FWHM values
fitted separately for the set of values which are almost constant with respect to the
slit width and the other set of FWHM values which increase monotonically with the
slit width.



where σ is the width of the Gaussian function.

The plot of FWHM v/s the slit width is shown in Figure 3.11. The solid lines

in this figure are the linear fit to the FWHM values fitted separately for the set of

values which are almost constant with respect to the slit width and the other set of

FWHM values which increase monotonically with the slit width. The error bars are

3 times the fit error of the FWHM obtained through Gaussian fit of the profiles.

As one can notice in Figure 3.11 that the FWHM does not change upto the slit

width value of ≈ 48 µ after which it increases monotonically. Hence the optimum

slit width for the Kodaikanal spectrograph setup is 48 µ and the corresponding

spectral resolution is 32.47 mÅ in the second order of spectrum. For the same

slit width, theoretically expected resolution is 35 mÅ. The discrepancy between the

measured and theoretical resolutions may be caused due to various reasons. Note

that the instrument profile is assumed to be a Gaussian where as the observed profiles

differ from ideal Gaussian shape (see Figure 3.10). A systematic inaccuracy in the

measured slit width may also contribute to the discrepancy between the experimental

and theoretical spectral resolution.



3.4.2 Measurement Noise

Random variation of the measurements is generally known as the noise. In particular

the photon noise inherent to the photon flux measurement is generally known as

Poisson noise, the readout noise of electronic detector (usually CCD), and noise in

the polarization produced due to seeing fluctuations are possible sources of noise in

measurements. Usually, modern CCDs produce very little readout noise and seeing

induced fluctuations are reduced by using the simultaneously recorded orthogonally

polarized beams to form the Stokes parameters. The photon noise can be reduced by

recording more number of photons for e.g., by increasing the exposure time. Hence

it is important to verify whether the noise in the polarization measurement is limited

by the photon noise or due to any other systematic noise. If it is limited by photon

noise, then one can perform high precision polarimetry by recording more number

of photons, usually through longer integration time for a give optical setup.

A simple experiment was performed in order to determine noise in the measure-

ment of the Stokes parameters and to study its behavior as a function of exposure

time. For a given exposure time, set of eight spectral images were recorded by ori-

enting the polarimeter retarders at the angles required for eight stage modulation

scheme. These eight intensity measurements were combined according to the demod-

ulation scheme explained in chapter 2 to form Stokes spectral images. The above

procedure was repeated for different exposure times varying from 200 to 2400 ms in

steps of 200 ms. The standard deviations of Stokes parameters (σI , σQ, σU , and σV )



Figure 3.12: Plots of rms noise of Stokes parameters (σI , σQ, σU , and σV ) as a
function of exposure time. Error bars are 2 times the rms variation of σI , σQ, σU ,
and σV are calculated at different wavelength points around λ6563.



were calculated over 256 pixels at different wavelength points in the corresponding

Stokes images. σI , σQ, σU , and σV represent the noise in the corresponding Stokes

parameters. A plot of σ’s as a function of exposure time is shown in Figure 3.12 for

the Stokes parameters I, Q, U , and V . The error bars are 2 times the rms values

of σ’s calculated at different wavelengths around λ6563. Note that σs follow closely

the Poissonian statistics (solid lines in the plots) implying that the polarization mea-

surements are photon noise limited and hence better sensitivity in the measurement

of the Stokes parameters can be achieved by increasing the exposure time. For the

exposure time of 2400 ms it was found that the polarimetric precision is better than

0.1%. To conclude, the noise in the polarimeter is limited by the photon noise.

3.4.3 Comparison of Vector Magnetic Field of an Active Re-

gion Measured at KTT With That of Hinode/SOT

The Solar Optical Telescope (SOT) onboard Hinode [Kosugi et al., 2007] carries out

the spectroplarimetric observations in Fe i line pairs around λ6300. The spatial and

spectral resolutions of SOT are 0.312′′ and 21.5 mÅ respectively. Hinode carries out

the solar observations almost uninterruptedly. The data observed by Hinode are

available in public domain which can be downloaded. This easy availability of the

data provides an opportunity for us to compare the magnetic field measurements

carried out at KTT with that of Hinode.



Spectropolarimetric data by Hinode were subjected to standard reduction proce-

dure (eg. SP PREP, available through SolarSoft IDL data analysis package). The

magnetic field information was derived using the inversion technique discussed in

section 3.3.5.

To compare the vector magnetic field measurements at KTT and Hinode/SOT at

the photosphere, spectropolarimetric observations of an active region are analyzed.

The active region considered was NOAA 10940 located close to disk center. The ob-

servations of the sunspot at KTT considered in this paper are about 5 and half hours

ahead of Hinode/SOT observations (cf. Figure 3.2). Vector magnetic fields at the

photosphere are obtained by inverting the Stokes profiles of Fe i line at λ6569 for

KTT data and Fe i line pair at λ6300 for Hinode/SOT data under Milne-Eddington

atmospheric model using the HAO inversion code.

For the comparison of the magnetic field measured by these two observations,

the image scales are matched using the respective plate scales of the imaging system.

Further, the Hinode/SOT observations are smoothed by 16 × 16 pixels (equivalent

of 5.12′′ × 5.12′′) to match the seeing degradation at the KTT. Which implies that

the effective spatial resolution at KTT for spectropolarimetric observations for this

active region is (viz. NOAA 10940) 5.12′′. The scatter plot of field strengths obtained

from KTT and Hinode are shown in Figure 3.13. The solid line in the plot is the

linear fit to the data points and the slope of this linear fit is 1.009. This implies

that the magnetic field strengths measured at KTT matches very well with that of



Figure 3.13: Scatter plot of magnetic field strength measured at KTT and by Hin-
ode/SOT. The sunspot considered for comparison was NOAA 10940 which was lo-
cated close to disk center during observations. For the sake of brevity the error bars
are not plotted. However, the errors in estimating the magnetic field are less than
50 G.



Hinode/SOT. The scatter in the plot is due to the lack of exact one-to-one spatial

correspondence between the two observations.

3.5 Summary

This chapter described in detail the observational setup at KTT along with the pro-

cedures of data reduction and analysis. The observing setup includes simultaneous

imaging of the ROI and the spectropolarimetry. The polarimetric calibration proce-

dure is discussed in detail along with its accuracy in measuring Stokes parameters.

The accuracy in measuring Stokes-Q, U and V are 0.003, 0.0036 and 0.0034, respec-

tively. The cross-talks among Stokes parameters due to the oblique reflections of

the light from the coelostat are corrected using the combination of telescope model

developed by Balasubramaniam et al. [1985], Sankarasubramanian [2000] and sta-

tistical method described in Sanchez Almeida and Lites [1992], Schlichenmaier and

Collados [2002]. Spectropolarimetric data analysis procedures such as COG and bi-

sector technique for deriving velocity and its gradients, respectively, are discussed.

The inversion techniques and WFA for deriving vector magnetic fields at the photo-

sphere and chromosphere using the Stokes profiles of Fe i λ6569 and Hα, respectively,

are discussed. This chapter also described the experiment to characterize the spec-

tropolarimeter at KTT. It was found through slit optimization experiment that the

optimum slit width for KTT spectrograph setup is 48 µ and the corresponding spec-

tral resolution is 32.47 mÅ. The experiment to study the polarization sensitivity



dependence on the photon noise confirms that the sensitivity in polarization can be

achieved better than 0.01% for an exposure time of 2.4 secs. Finally, the comparison

of magnetic field measurements at KTT with that of Hinode are discussed. The field

strengths obtained from KTT data matches very well with those obtained by Hinode

data after a spatial smearing of the later data by 5.12′′×5.12′′.



Chapter 4

Magnetic Field Topology Above

the Active Regions

It was reported earlier by Balasubramaniam et al. [2004] & Hanaoka [2005] that

the LOS field strengths obtained through Hα observations are anomalously weak

in the umbral chromosphere. Balasubramaniam et al. [2004] have analyzed the si-

multaneous spectropolarimetric observations in Hα and Fe i line at λ6301.5 and

Hanaoka [2005] compared the LOS field strengths obtained from Hα magnetograms

with that of SOHO/MDI1. Gosain and Prasad Choudhary [2003] have also reported

systematic weakening of the LOS field strengths derived from Mg i λ5173/5184 lines

in comparison with that of Fe i λ6301.5/6302.5 lines. In their case, the LOS field

1see Appendix C for more details
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strengths measured by Mg i lines agree with the potential field extrapolation of the

photospheric LOS magnetic field in weak field regime. In strong field regime there

is a systematic shift toward lower values but still linear.

Various possibilities have been discussed by Balasubramaniam et al. [2004] &

Hanaoka [2005] about the weaker chromospheric fields observed in umbra. Hanaoka

[2005] have discussed the possibility of scattered light and/or peculiarity of the at-

mosphere (radiative transfer effects) for a decrease in the polarization signal which

in turn cause the underestimation of the magnetic field strength. Balasubramaniam

et al. [2004] have suggested that the strongest fields measured at the photosphere

diverge spatially and more quickly than the weak fields when they propagate upward.

It is important to note that the observations mentioned above have compared

only the LOS field strengths at the photosphere and chromosphere. The quicker

weakening of the LOS field strengths in the umbra can be caused either due to

the actual weakening of the field strengths or due to the quicker bending of the

fields as they propagate from the photosphere to chromosphere. It is important to

clarify this issue for understanding the stratification of the magnetic field in the solar

atmosphere. This requires inference of vector magnetic field.

Another major difficulty in interpreting the Hα observations is the ambiguity in

its height of formation. Studies based on the response functions by Socas-Navarro

and Uitenbroek [2004] show that Hα is sensitive mostly to chromospheric magnetic



field in the umbral model, while in the quiet sun model it shows sensitivity to both

photospheric and chromospheric magnetic field. Since the magnetic field at the

photosphere is in general large, the magnetic field inferred through Hα observations

in quiet sun regions will be mostly photospheric. For the same reason, if Hα were

to show the sensitivity to magnetic field in the penumbral model similar to that of

quiet sun model, then the field strengths inferred through this line will be larger in

the penumbral region compared to umbral region.

To overcome these ambiguities, a lot more effort is needed both from theoreti-

cal and observational side. From theoretical side, more forward modeling is needed

which will include the comparison of Hα line formation at different regions of the

Sun with different field configurations. Also, the response of Hα line to various

physical parameters needs to be studied to use it to its full potential. As part of

this thesis work, we explore how effectively the Hα line can be used as a diagnostic

to understand the chromospheric dynamics through spectropolarimetric observations

complimented by a Zeeman sensitive Fe i line at λ6569 which can be recorded simul-

taneously with Hα on the CCD available at KTT. As noted earlier, Fe i originates

from the photosphere.

Spectropolarimetric observations of several active regions have been carried out

at KTT using the polarimeter described in the previous chapters. We present in this

chapter the magnetic structure above three active regions from the photosphere to

chromosphere. The wavelength region chosen for spectropolarimetric observations



Figure 4.1: Typical Stokes images for a slit position close to central umbra of the
active region NOAA 10940. Dark horizontal band in the Stokes-I image corresponds
to the umbral region. Notice that Hα Stokes-Q & U are stronger in the umbral
region compared to penumbral region while they exhibit exactly opposite behaviour
in Fe i spectral range.



includes Hα and Fe i at λ6569. These lines are useful in studying the dynamic

coupling between the photosphere and chromosphere as Hα (λ6563) forms at the

chromosphere [Vernazza et al., 1981, Rutten, 2007] and Fe i line (λ6569) originates

at the photosphere. Both these lines are Zeeman sensitive with effective Landé-

g factor of 1.048 [Casini and Landi degl’Innocenti, 1994] and 1.4 [Kobanov et al.,

2003], respectively and hence are useful to study the magnetic structure from the

photosphere to chromosphere, apart from other physical parameters. Typical Stokes

images observed around Hα wavelength close to umbral region of a sunspot (NOAA

10940) are shown in Figure 4.1.

The photospheric magnetic fields are obtained by inverting the Stokes profiles

of Fe i line using the standard inversion techniques discussed in chapter 3. But,

the difficulty is how to reliably convert Hα polarization signal into magnetic field.

This is because inversion of Hα Stokes profiles in the magnetized medium is not

yet established. One of the reasons cited in the literature is the complexity in its

height sensitivity to different physical parameters [Socas-Navarro and Uitenbroek,

2004]. On a positive note, Socas-Navarro and Uitenbroek [2004] have shown that

Hα Stokes-V/I profiles can be used to infer chromospheric LOS field strengths under

weak-field-approximation (WFA) above the umbra. We took a step further to derive

vector magnetic field above the active regions under WFA applied to Stokes profiles

of Hα. This was inspired by the fact that the variation of Stokes parameters as a

function of wavelength within Hα spectral range is typical of a Zeeman sensitive

line with a reasonable signal (some places in the umbral region, the amplitudes of



Figure 4.2: Typical Stokes profiles around Hα obtained in the umbral region of
active region NOAA 10940.

Stokes-Q, U are close to 1.5% with respect to local continuum). Figure 4.2 shows

the Stokes profiles around Hα spectral region. Notice from this figure that the Hα

Stokes profiles are similar to those of Fe i line, of course, with smaller amplitudes.

More striking difference is that red wing of Hα is intruded by a Zeeman sensitive Co

i line at λ6563.4 [Moore et al., 1966] where as Fe i line is free from blending of any

other line.



We discuss in this chapter the magnetic structure above three active regions viz.

NOAA 10875 (AR1) , 10940 (AR2) and 10941 (AR3) observed on 28 April 2006,

1 and 4 February 2007, respectively. All these three active regions exhibit different

magnetic field distribution at the photosphere. AR3 is a relatively simple, round and

isolated sunspot. AR2 comprises of a sunspot which is also a simple and round but,

surrounded by opposite polarity activities. AR1 exhibit a next level of complication

with 3-4 umbrae within a single penumbra but, with same polarity. In other words,

the umbra of this sunspot possess 3-4 light bridges as revealed by high resolution

observations with partially covered penumbra. Hence, the field topologies in the

higher layers above these active regions are expected to be different from each other.

This provides an opportunity to validate the vector magnetic field derived from Hα

Stokes profiles through inter-comparison of the field structure in the chromosphere

above these active regions. Further, the vector magnetic field inferred through Hα

Stokes profiles are discussed in conjunction with the X-ray and extreme ultra-violet

(EUV) intensity structures observed by Hinode/XRT and SOHO/EIT, respectively.

4.1 Magnetic Field Topology Above AR3

We discuss the magnetic structure above the active regions in an increasing order of

complexity. First, we discuss the more simple active region, AR3, an isolated sunspot

(Figure 4.3). The heliographic co-ordinates of this sunspot during the observations

were 7o south and 5.5o west. Details on the observational setup, data reduction and



Figure 4.3: White light image of active region NOAA 10941. The origin of the axes
in this image is arbitrary on the Sun.

analysis of the spectropolarimetric data can be found in chapter 3.

4.1.1 Photosphere

Variation of the magnetic field strength and its inclination is consistent with the well

known magnetic field distribution at the photosphere, meaning, the field strength

decreases uniformly in the radial direction from the center of the umbra towards the

periphery of a visible sunspot (see a review by Solanki [2003]) and field inclination

increases gradually along the radius of the sunspot. Plots of magnetic field strengths

and inclinations along the slit, marked as vertical dark line in Figure 4.3, are shown



in Figure 4.4. The vertical lines in this figure correspond to the darkest spatial

point along this radial cut. It is a well observed fact that the darkest region in the

sunspot possess strongest field strength of the region. Indeed the field strength is

strongest at this spatial location. This figure also confirms the earlier statement of

decrease in field strength and increase in field inclination with radial distance from

the umbra. But, the field strengths seem to increase in the region outside the sunspot

close to quiet sun which however has large errors. Notice the smooth variation of

field strengths and inclinations across the sunspot. The magnetic fields are oriented

away from the LOS (usually known as negative polarity) as the field inclinations

near central umbral region are close to 180o. For the sake of comparing with other

sunspots studied in this chapter which show opposite polarity to this sunspot, the

inclination values were subtracted from 180o.

4.1.2 Chromosphere

For comparison, the field strengths and inclinations inferred (using WFA) from Hα

Stokes profiles plotted across the sunspot are shown in Figure 4.5 for the same slit

position as that in Figure 4.4. The field strength and inclination variations across

the sunspot are similar to that of what is observed at the photosphere. However,

they are less smooth.

Scatter plots of chromospheric and photospheric field strengths are shown in Fig-



Figure 4.4: Plots of photospheric magnetic field strengths (top panel) and its LOS
inclinations across the sunspot NOAA 10941. The radial slice considered is shown
as dark vertical line on the sunspot image in Figure 4.3. The vertical lines drawn in
this figure represent the darkest spatial point (which also correspond to the strongest
field strength) along this radial cut.

Figure 4.5: Same as Figure 4.4 but, values correspond to the chromosphere.



Figure 4.6: Plots of the chromospheric magnetic field strengths v/s the photospheric
magnetic field strengths for AR3.Top panel is for the total FOV, bottom left panel
is for the umbral region and right panel is for the penumbral region. Straight lines
are the linear fit to the data points.



ure 4.6. These plots indicate that the magnetic field strengths at the chromosphere

are weaker in general compared to their photospheric counterparts above this active

region. The slope of the linear fit between the photospheric and chromospheric field

strengths is 0.42 when all the data points are considered with an intercept of 740 G.

The scatter plot of chromospheric and photospheric umbral field strengths is

shown on the bottom left panel of Figure 4.6. The linear fit for these data points

results in a slope of 0.26 and the intercept is 1147 G. This figure indicates that

the variation in chromospheric field strength above the umbra is more homogeneous

compared to the photosphere. This homogeneity is also reflected in the plot of chro-

mospheric and photospheric LOS field inclination angles shown on the bottom left

panel of Figure 4.7 which shows smaller variation of the chromospheric umbral field

inclination compared to their photospheric counterparts. The fields at the chro-

mosphere are more horizontal as the field inclinations are larger compared to their

photospheric counterparts. We noted earlier that the field strengths at the photo-

sphere gradually decrease with sunspot radius and the field inclinations gradually

increase.

The ratio of chromospheric to photospheric field strengths averaged over umbral

region is 0.8 implying that chromospheric field strengths are weaker compared to

their photospheric counterparts. Larger inclination and weaker field strengths of

the chromospheric fields can be caused due to the divergence of the magnetic field

with height. This is a natural consequence of fanning out of magnetic fields as



they propagate from high plasma β (ratio of gas to magnetic pressure) region, the

photosphere, to low plasma β region, the chromosphere and corona [Gary, 2001].

The X-ray images of this active region also give a clue on the divergence of the

magnetic field. A sample X-ray image of AR3 observed by Hinode/XRT 2 is shown

in Figure 4.8. The contours overplotted in this figure are from the G-band observation

of the same active region, observed simultaneously by Hinode/SOT. The plate scale

of G-band image was matched with that of X-ray image plate scale before it was

aligned with the later. If one assumes that the intensity structures observed in X-ray

trace the magnetic fields, this figure clearly shows that AR3 harbour open magnetic

field structures. That means the magnetic fields expand above this active region as

they propagate upward and extend into interplanetary space, which is a typical case

for an isolated sunspot.

The slope value of the linear fit between the penumbral chromospheric fields to

the penumbral photospheric fields is 0.635 which is considerably larger compared

to that of umbral region which is 0.26. This implies that the spatial variation in

the penumbral chromospheric fields is larger compared to the chromospheric umbral

fields. However the intercept of the linear fit is at 442 G which is a much smaller

value than that of 1147 G obtained for the umbral field strengths. The ratio of the

chromospheric to photospheric field strengths averaged over the penumbral region

is 1.05. This implies that the chromospheric field strengths over the penumbral

region are comparable to that of photospheric field strengths. This may be either

2see Appendix C for more details on Hinode/XRT



Figure 4.7: Scatter plot of the field inclinations at the chromosphere with respect
to the field inclinations at the photosphere for AR3. Top panel is for the total FOV,
bottom left panel is for the umbral region and bottom right panel is for the penumbral
region. Straight lines are the linear fit to the data points.



Figure 4.8: X-ray images of active region NOAA 10941 observed by Hinode/XRT on
4th February, 2007. The contours shown in this figure are the locations of the same
active region at the photosphere observed in G-band wavelength by Hinode/SOT.

due to slower divergence of the penumbral fields compared to umbral fields or due to

substantial contribution of the umbral fields which diverge with height and fill the

region above the penumbra at the chromosphere or due to both. It is important to

note that the identification of regions into umbra and penumbra are based on the

intensity structures observed at the photosphere. A given magnetic region at the

photosphere will be bigger in area at the higher heights because of the divergence

of magnetic fields, clearly seen by the intensity images taken near the core of Hα

or X-ray images such as shown in Figure 4.8. Another important point to note

here is the the larger inclinations of penumbral fields at the photosphere. The high

spatial resolution observations have revealed that penumbra consists of bright and

dark filaments whose field inclinations differ by 30 to 40o with the dark filaments



inclined at larger angles compared to brighter filaments (see a recent review by Weiss

[2006]). Hence, the probability of dark filaments reaching the heights of chromosphere

and corona is less compared to the brighter filaments. Also, the field strengths of

bright filaments are stronger compared to darker filaments [Langhans et al., 2005,

Bellot Rubio et al., 2005]. However, because of their larger inclinations relative to

umbral fields they can extend much beyond the visible sunspot at higher layers of the

atmosphere and lie below the umbral fields, at least in the vicinity of sunspot. The

penumbral fields that have reached chromospheric heights show larger inclinations

as seen in Figure 4.7. This figure shows one-to-one correspondence between the

penumbral field inclinations at the photosphere and chromosphere. This may not

mean that, at a given location, the same field lines are observed at both the heights.

Therefore, we believe that the intensity structures above AR3 observed in X-rays

substantially contain umbral magnetic fields which expand as they propagate from

photosphere to corona. Also, the field strengths inferred from Hα in the penumbra

have considerable contribution from the umbral fields. This may be the reason why

the ratio of chromospheric to photospheric field strengths is larger in the penumbral

region compared to umbral region.

4.2 Magnetic Field Topology Above AR2

The heliographic co-ordinates of AR2 during the observations were 4o south and

10.5o west. The seeing conditions were the best for this sunspot among the sunspots



Figure 4.9: Broad band image of the active region NOAA 10940.

observations discussed in this thesis. However, as it was seen in chapter 3, the

effective seeing limited spatial resolution is≈ 5.5′′ for this sunspot which is considered

to be low compared to the spatial resolution achieved world wide using modern

techniques such as adaptive optics.

4.2.1 Photosphere

As noted earlier, this sunspot is also a relatively simple one but, surrounded by

opposite polarity activity as seen in the bottom right corner of AR2 image shown in

Figure 4.9. The nearby activity is quite strong reaching a field strength of 2300 G at

the photosphere. In comparison, the main sunspot exhibit maximum field strength



Figure 4.10: Plots of photospheric magnetic field strengths (top panel) and its LOS
inclinations across the sunspot NOAA 10940. The radial slice considered is shown
as dark vertical line on the sunspot image in Figure 4.9. The vertical lines drawn in
this figure represent the darkest spatial point along this radial cut.



of 2900 G at the same height, for the spatial resolution of KTT observations. Also,

at this height the field inclinations in the center of the umbra are close to 0o and

that of nearby activity are close to 160o. This sunspot also exhibit field distribution

typical of any other sunspot at the photosphere [Solanki, 2003]. A typical variation

of field strengths and inclinations across this sunspot is shown in top and bottom

panels of Figure 4.10, respectively. The vertical lines in these plots correspond to the

darkest spatial location along the radial cut considered. These plots also include the

quiet sun region in which the field distribution deviates considerably from that of

sunspot. The radial cut considered to obtain this figure is marked as a dark vertical

line on an image of this sunspot shown in Figure 4.9.

4.2.2 Chromosphere

Plots of chromospheric magnetic field strengths and its inclinations along the same

radial slice are shown in Figure 4.11. Notice the striking difference in the variation

of field strengths as well as the field inclinations in comparison with that of photo-

spheric field distribution. The field strengths as well as the inclinations are larger

in the umbral region. The inclinations of chromospheric umbral fields are compa-

rable to that of penumbral field inclinations. In contrast to the chromospheric field

distribution observed above AR3, there is a sharp variation of field strengths and

field inclinations in the umbral region compared to the penumbral and quiet sun

regions. These plots indicate that the magnetic field is more homogeneous above the



Figure 4.11: Same as Figure 4.10 but, for the chromospheric field strengths and
inclinations.

penumbra and beyond.

Scatter plots of photospheric and chromospheric field strengths are shown in

Figure 4.12. Top panel in this figure is for the total FOV, bottom left and right

panels are for umbral and penumbral regions, respectively. This figure indicates

that, in the strong field regions like umbra, the chromospheric field variation is much

sharper than in the weaker field regions such as penumbra and quiet sun. In other

words, the field is more homogeneous in the chromospheric penumbra than in the

umbra which is exactly opposite to what was observed for AR3 (Figure 4.6). This is

reflected in the slope of the linear fit between the chromospheric and photospheric

umbral field strengths for this active region which is 1.8 and is very large compared



Figure 4.12: Same as Figure 4.6 but, for the active region NOAA 10940 (AR2).



to that of penumbral fields which is only 0.285. This implies that the chromospheric

penumbral fields are more homogeneous than the chromospheric umbral fields.

The ratio of chromospheric to photospheric field strengths averaged over umbral

and penumbral regions are 0.76 and 1.05, respectively. It is interesting to note that

the ratio for penumbral fields is same as that of what was observed for AR3 and

for umbral fields it is very close (for AR3 the ratio observed was 0.8). Even though,

overall ratio of field strengths in the umbral region indicate that the field strengths in

the umbral chromosphere are weaker compared to their photospheric counterparts,

at the central umbra the field strengths are larger compared to the corresponding

field strengths at the photosphere (bottom left panel of Figure 4.12). This higher

field strengths in the central umbral chromosphere indicate larger concentration of

magnetic fields in this region. Also, the chromospheric field inclinations in the central

umbra are larger compared to their photospheric counter parts and their values

are comparable to that of penumbral fields. This suggests that the fields in the

central umbra have not spread out much, rather they are concentrated in a small

region and are bent horizontally. Further, there is an evidence of these magnetic

fields connecting to the nearby activity in X-ray images observed by Hinode/XRT.

A sample X-ray image is shown in Figure 4.14 with the contour plots of G-band

image of the same sunspot overplotted on it. The X-ray image shown in the bottom

panel of this figure is same as that of the image shown in the top panel but with

artificially enhancing the X-ray intensities in the umbral region to bring out the X-

ray structures (seen as a rectangular box with the diagonal corners at (150,0) and



(200,50)). This picture represents a typical dipole sunspot region with magnetic field

connecting from one region to another. In this active region, one polarity (positive)

region is a single fully developed sunspot where as the other polarity (negative)

region is fragmented smaller activities with and without partially/fully developed

penumbra. As one moves from the central umbra, the magnetic fields become more

vertical with sharp decrease in their strengths (see Figure 4.11). This indicate the

arcade structures for the magnetic field above this spot which is clearly seen in the

bottom panel of Figure 4.14. For comparison we recall that the field structure above

AR3 resembles more of fountain like structure. Simultaneous imaging in Hα will

give much clearer picture about the structuring of the magnetic field, which is yet

to be achieved at KTT. Also, the coarser step sizes used for scanning the sunspot

(≈ 2′′) does not allow us to recognize the fine structures that could have been seen

otherwise. However, the X-ray images of the same active region clearly show closed

loop structures connecting the main sunspot and the nearby activity (Figure 4.14).

The scatter plot between the chromospheric and photospheric penumbral field

strengths shown in the bottom right panel of Figure 4.12 suggest that the fields are

more homogeneous in the penumbral chromosphere than in the umbral chromosphere.

The magnetic structure in the penumbral region above this active region is similar

to that of AR3 but, more homogeneous.



Figure 4.13: Same as Figure 4.7 but, for the active region NOAA 10940 (AR2).



Figure 4.14: X-ray images of active region NOAA 10940 observed by Hinode/XRT
on 1st February, 2007. The contours shown in these figures are the locations of the
active regions at the photosphere observed in G-band wavelength by Hinode/SOT.
The image shown in the bottom panel is same as that of what is shown in the top
panel but, with artificially enhanced intensities over a rectangular box around the
umbra to bring out the fine structures at this region.



4.3 Magnetic Field Topology Above AR1

This active region is slightly more complicated compared to the regions discussed in

the previous sections. High resolution images of this active region revealed that this

sunspot comprises of quite a number of light bridges which break the umbral region

into several umbrae. Even the moderate resolution image obtained by SOHO/MDI

shown in Figure 4.15 reveals four clearly visible umbrae within a single penumbra.

Also the penumbral distribution is quite random. The heliographic coordinates of

this sunspot were 11o south and 18o west during the observations.

The following discussions on the magnetic structure above this active region are

based on the LOS field strengths due to the non-availability of the chromospheric

vector magnetic field. This is because, Hα Stokes-Q & U profiles are hardly dis-

cernible in this active region. In the following section, possible causes for this weak

signals in Stokes-Q & U are discussed. The LOS field strengths are derived using

COG method discussed in chapter 3. There is no inconsistency between the meth-

ods, WFA, used in the case of AR2 & AR3, and COG used for AR1, as LOS field

strengths obtained through these two methods are not different from each other (see

for details a comparison of these two methods in a paper by Cauzzi et al. [1993]).



Figure 4.15: White light image of active region NOAA 10875 observed by
SOHO/MDI on 28 April 2006. The arrow on the sunspot image indicates the disk
center direction.

4.3.1 Comparison of Photospheric and Chromospheric LOS

Magnetic Fields

Plots of LOS field strengths across two radial slices (marked as 1 & 2 on the sunspot

image in Figure 4.15) are shown in Figure 4.16. The dotted lines in this figure corre-

spond to the chromospheric field strengths and dashed lines to the photospheric field

strengths. From these plots it is clear that, stronger the LOS field at the photosphere

weaker the LOS field at the chromosphere. This implies the quicker weakening of the

umbral fields compared to the penumbral fields. The scatter plot of LOS chromo-

spheric and photospheric field strengths shown in Figure 4.17 clearly indicates the

quicker weakening of the stronger fields. Similar kind of observations were reported

earlier by Balasubramaniam et al. [2004] using simultaneous observations in Hα and

Fe i line at λ6301.5 and Hanaoka [2005] who compared the LOS field measured in

Hα with the magnetograms of SOHO/MDI. It may appear natural to interpret this



Figure 4.16: Plots of LOS magnetic field strengths at the photosphere (dashed
lines) and the chromosphere (dotted lines) along two radial slices of the sunspot
NOAA 10875. For reference, these two radial cuts are marked on the SOHO/MDI
intensitygram shown in Figure 4.15.

Figure 4.17: Scatter plot of photospheric and chromospheric LOS magnetic field
derived using COG method applied to Fe i (λ6569) and Hα respectively. Solid line
is a linear fit to the field strengths correspond to the penumbral region.



weaker LOS field strengths in the umbral chromosphere as due to larger inclination

of the field lines at these heights similar to what is observed for AR2 (cf. Figure

4.13). The scatter plot of the LOS field strengths at the photosphere and chromo-

sphere above the active region AR2 shown in Figure 4.18 also show similar kind of

behaviour for the umbral chromospheric fields. But, the weaker or almost nill signal

in Hα Stokes-Q & U profiles in this active region would prevent us from interpreting

the weaker LOS field strengths observed are due to larger field inclinations. This

could have been caused by the actual weakening of the magnetic field strength itself.

This is possible if the umbral fields diverge faster than the penumbral fields. This

is a feasible scenario as the umbral fields spread out with height typical of isolated

sunspots, similar to what is observed for AR3. However, it is not as obvious as seen

in the X-ray images of AR3 which clearly indicate the fanning out of magnetic fields

in the corona. The SOHO/EIT 3 images of this active region (Figure 4.19) show

highly complicated structures in the higher layers. The Hinode was not launched at

the time of this sunspot observations and hence we have used EUV images obtained

by SOHO/EIT to understand the structuring of the magnetic field above AR1. Fur-

ther, the stratification of the magnetic field above this active region are discussed in

conjunction with the observed velocity structure in the next chapter (section 5.1).

3see Appendix C for more details



Figure 4.18: Scatter plot LOS magnetic field strengths at the photosphere and
chromosphere for the active region NOAA 10940.

Figure 4.19: SOHO/EIT image of NOAA 10875.



4.4 Summary

We discussed in this chapter the stratification of the magnetic field above three ac-

tive regions viz. NOAA 10875 (AR1), NOAA 10940 (AR2) and NOAA 10941 (AR3).

For this purpose the spectropolarimetric data of these active regions obtained around

Hα spectral range are analyzed. The vector magnetic fields at the photosphere are

obtained by inverting the Fe i Stokes profiles by assuming Milne-Eddington atmo-

sphere under LTE conditions. At the chromosphere they are derived using WFA

method applied to Hα Stokes profiles. The structuring of the magnetic field above

the active regions AR2 and AR3 are consistent with the X-ray structures observed

in corona. The magnetic field topology above AR3 resembles fountain like structure

which is typical of an isolated sunspot. On the other hand AR2 exhibit closed loop

structures with one of their foot points located in the main sunspot and another in

the nearby opposite polarity activity. For AR1, it was observed that the LOS field

strengths weaken much faster in the umbral chromosphere than in the penumbral

chromosphere. This can be caused either due to the quicker weakening of the overall

magnetic field strength in the umbral region compared to penumbral region or due

to the quicker bending of the umbral fields. Absence of discernible Hα Stokes-Q and

U in the umbral region suggest that the field inclinations are smaller. Hence, the

quicker weakening of the LOS field strengths in the umbral chromosphere may be

due to the actual weakening of the total field strengths. This is possible if the umbral

fields diverge faster compared to penumbral fields. However, it is not apparent in

the EUV images of this active region. EUV images show more complicated structure



above this sunspot. More details on the magnetic structure above AR1 are discussed

from the point of view of the velocity stratification.



Chapter 5

Velocity Stratification from

Photosphere to Chromosphere

Above Active Regions

One of the most conspicuous properties of sunspots is the Evershed flow discovered

in 1908 by Evershed using a spectrograph at Kodaikanal [Evershed, 1909], which

has been denying a consistent explanation inspite of a considerable amount of re-

search devoted to explaining it (cf. chapter 1). Evershed effect is a radial outflow

of the material in the penumbral region at the photosphere and radial inflow at the

chromosphere. After geometrical considerations, the Evershed velocities are known

to be directed almost parallel to the solar surface and increase outward across the
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penumbra to end abruptly at the visible limit of the spot. This abrupt disappearance

already noted by Evershed at the time has posed a serious problem of mass conserva-

tion. In recent years evidence has accumulated that vertical return flow components

are also indirectly identified which potentially solve the problem of mass conservation

of the Evershed flow [Rimmele, 1995, Westendorp Plaza et al., 1997, Schlichenmaier

and Schmidt, 2000, Schmidt and Schlichenmaier, 2000, Westendorp Plaza et al.,

2001a,b, del Toro Iniesta et al., 2001, Bellot Rubio et al., 2003, Tritschler et al.,

2004, Schlichenmaier et al., 2004, Bellot Rubio et al., 2006, Jurčák and Bellot Ru-

bio, 2008, Beck, 2008]. In particular, downflows in deep photospheric layers of the

outer penumbra have been detected, which at least qualitatively explain the abrupt

stop of the Evershed flow at the outer penumbral boundary. However, whether these

downflows are the return Evershed flows or not is yet to be verified. Nevertheless, at

the chromosphere the velocity is maximum at the outer boundary of the penumbra

and decreases rapidly with the distance away from the outer penumbral boundary

(for eg. Georgakilas et al. [2003] ).

There seems to be a correlation between the magnetic field and the Evershed flow.

High resolution observations have revealed that the Evershed flows are confined to

darker filaments of the penumbra (see a recent review by Weiss [2006]). These dark

filaments exhibit systematically weaker field strengths than the surrounding medium

[Bellot Rubio et al., 2005]. These intricate observational details are yet to find

satisfactory explanation [Weiss, 2006]. The point to note here is that the plasma

motion and magnetic field are intimately connected in the solar atmosphere and



influence one another. Hence, in the wake of difficulties in interpreting the magnetic

field measurements in the higher layers, study of plasma motion along with the

magnetic field will help in interpreting the observations (see for eg. Nagaraju et al.

[2008a]). In this chapter we explore the possibility of using velocity measurements to

understand the magnetic field or vice versa inferred through Hα spectropolarimetry.

The active regions considered in this chapter are the same as those in the previous

chapter viz., NOAA 10875 (AR1), NOAA 10940 (AR2) and NOAA 10941 (AR3) and

in which the magnetic field stratification is discussed.

5.1 Velocity Stratification Above AR1

5.1.1 Velocity

Velocities are estimated using the COG method described in chapter 3. The ve-

locities thus obtained are more or less consistent with the well known Evershed

flows [Evershed, 1909] at the photosphere and inverse Evershed flows at the chro-

mosphere. Velocity maps of this active region at the photosphere and chromosphere

are shown in Figure 5.1 on left and right panels, respectively. The COG wavelength

positions of the Stokes-I profiles of central umbral region are considered as refer-

ence for calculating the Doppler shifts. The color bars above each map gives the

correspondence between the colors and the magnitude of the LOS velocities. The



Figure 5.1: Velocity maps of active region NOAA 10875 at the photosphere (left
panel) and chromosphere. The color bars on top of each map indicate the magnitude
of LOS velocities in m/sec. Negative values correspond to the flows towards the
observer and positive values correspond to the flows away from the observer.



Figure 5.2: Variation of velocity across the sunspot (NOAA 10940) along the vertical
line marked as 1 on the SOHO/MDI image shown in Figure 4.15.

negative LOS velocities correspond to the flows towards the observer and positive

LOS velocities correspond to the flows away from the observer. Notice in this figure

that the major portion of the center side penumbra shows upflows and limb side

penumbra shows downflows at the photosphere consistent with the Evershed effect

(Figure 4.15). On the other hand, at the chromosphere, the center side and limb

side penumbra harbour downflows and upflows respectively which is consistent with

the inverse Evershed effect. However, at few locations, photospheric and chromo-

spheric flows in the same direction are also observed. For one-to-one comparison

of the photospheric and chromospheric LOS velocity variation across the sunspot,

plots of velocities along the radial cut 1 shown in Figure 4.15 at the photosphere

(top panel) and chromosphere (bottom panel) are shown in Figure 5.2. This plot



shows that the flows at the photospheric and chromospheric heights are not always

in the opposite direction, for this spot, even though major portion of the sunspot

exhibit Evershed and inverse Evershed flows at the photosphere and chromosphere,

respectively. The LOS velocity increases towards the periphery of the sunspot at

both the heights in confirmation with the earlier observations which is well known

since the time of discovery of the Evershed effect (see a review by Solanki [2003]).

5.1.2 Velocity Gradients

The bisector technique discussed in chapter 3 has been used to derive the velocity

gradients in the solar atmosphere. The velocity difference defined in Eq. 3.13 can

be considered as velocity gradient over the line formation height for the respective

spectral line. For bisector analysis, the Fe i line at λ6569 and Hα are separately

considered. The velocity gradients obtained through bisector technique applied to

Fe i line represent velocity gradients at the photosphere and from Hα we get the

velocity gradients at the chromosphere. The plots of photospheric velocity gradients

as a function of photospheric magnetic field strengths are shown in Figure 5.3. Top

panel in this figure is for all the points over the total FOV, where as the bottom left

and right panels are for the umbral and penumbral regions of AR1, respectively. Note

from this figure that the large number of points in the umbra have smaller velocity

gradients than the penumbra. This is expected because, the magnetic fields are more

or less vertical with respect to the surface normal with lesser gradient compared to



Figure 5.3: Plots of velocity gradients at the photosphere v/s the magnetic field
strengths at the same height.



Figure 5.4: Plots of velocity gradients at chromosphere derived using Hα with the bi-
sectors considered for the full line profile v/s the total field strengths (photospheric).
Solid lines are the linear fit to the data points.



the highly structured penumbra. The velocity gradients at the field strengths in the

range 500-1500 G shown in Figure 5.3, representing the penumbral region, are 2-3

fold larger compared to the other regions of the sunspot. Closer investigation of

bisector velocity differences of Fe i line show the flow pattern consistent with the

Evershed flow at the photosphere. That means, both line core and wing bisectors in

limb side penumbra show redshifts with respect to central umbra and in disk center

side penumbra they show blueshifts.

Figure 5.4 shows the plots of chromospheric velocity gradients v/s the photo-

spheric magnetic field strengths. Top panel in this figure is for the total FOV and

bottom left panel for umbral region and bottom right panel for penumbral region.

Notice the increase in bisector velocity gradient inferred from Hα profiles with in-

crease in the photospheric magnetic field strength. To check the consistency of the

variation, plots of velocity gradients along two radial slices of sunspot (marked as 1

and 2 in Figure 4.15) are shown in Figure 5.5. This figure also show that the larger

velocity gradients at the chromosphere are located at the places where strong photo-

spheric fields are observed. Top panels in Figure 5.5 show the plots of photospheric

field strengths along the radial cut 1 (top left) and the radial cut 2 (top right). The

corresponding plots of velocity gradients are shown in the bottom panels. Except at

few locations (mostly in the limb side penumbra such as shown in the bottom right

panel of Figure 5.4) which show less variation in the values of velocity gradients in-

spite of a variation in the photospheric field strengths (which is evident also in Figure

5.4), in most of the places the velocity gradients are larger where the photospheric



Figure 5.5: The top panels in this figure show the plots of magnetic field strength
at the photosphere along two radial slices of the sunspot. The radial slices are same
as those shown in Figure 4.15. The corresponding plots of velocity gradients at the
chromosphere are shown in the bottom panels.

magnetic field strengths are larger.

Closer examination of the bisector wavelength positions of Hα Stokes-I profiles

in different regions of the sunspot with respect to the reference wavelength chosen

at the central umbral region reveals the following results (see figure 5.6).



Figure 5.6: Representative bisectors of Hα line profiles corresponding to different
regions of the sunspot, plotted on an average quiet Sun profile. The solid line rep-
resents the reference wavelength (which is a COG wavelength position of the central
umbral region). The dotted line represents the bisectors location typical of umbral
profiles, the dashed line represents the limb side penumbra, and the dash-dotted line
represents the center side penumbra.



• In the limb side penumbra both line core and wing bisectors show blue shifts

with respect to central umbra. The shifts in the line core bisectors are large

compared to the line wing bisectors indicating the net upflow.

• In the umbral region also both line core and wing bisectors show blue shift with

respect to the reference wavelength. The shifts in the line core side bisectors for

the umbra are almost comparable to that of the limb side penumbra. However,

the shifts in the wing bisectors for the umbra are much smaller with respect to

that of the limb side penumbra. This would indicate again the net upflows but

with larger velocity gradients.

• In the center side penumbra the line wing bisectors show redshift in most of

the places with respect to the quiet Sun. At few locations they show a small

blue shift or no shift. The line core side bisectors show slight blue shift with

respect to the quiet Sun reference wavelength position.

It is found through these analyses that the velocity gradients are larger in the

umbra at the chromospheric heights compared to the penumbra (see Figure 5.4).

This is exactly in contrast with the flow pattern observed at the photosphere (Figure

5.3). The analysis of bisector velocity differences also indicate accelerated upflows in

the umbral region.

There is a little concern due to the residuals present after the Co i line blend

from Hα is removed. To make sure that there are no artifacts introduced due to



the residuals, the bisector velocity differences calculated by considering the spectral

region around the line core which is not affected by the blend are shown in Figure

5.7 as a function of photospheric field strength. This figure also shows the trend that

the velocity gradients increase with increase in photospheric magnetic field strength

confirming the observations made with the blend removed intensity profiles. As

expected, the gradients are smaller due to the smaller spectral range considered in

this case.

To summarize, wavelength shifts analysis of Stokes-I bisectors show that the

velocity gradients are larger in the umbral region than in the penumbral region at

the chromospheric heights. Most importantly, accelerated upflows are observed in

the umbral region. In other words, LOS velocity increases upward more rapidly in

the umbral region than in the penumbral region at the chromosphere.

It may appear obvious that the larger velocity gradients in the umbral chromo-

sphere are caused due to the larger magnetic field gradients at these heights as it was

seen in Figure 4.16. For this sunspot, the observed LOS field strengths decrease more

rapidly above the umbral region than in the penumbral region. But, the question

was whether the rapid decrease in LOS field strengths above the umbra is due to the

actual weakening of the field strengths or due to the quicker bending of the umbral

fields. The absence of discernible signal in Hα Stokes-Q and U itself is an indication

that, field inclinations are smaller. The magnetic stratification for this spot is unlike

what is observed above the active region NOAA 10940 which also shows a similar



Figure 5.7: Same as Figure 5.4 but with the limited spectral range about the line
core considered for calculating velocity gradients to avoid the influence of blending
due to Co i line. The axes scales are kept same as Figure 5.4 to indicate that the
velocity gradients are smaller compared to the case when the full Stokes-I profile is
considered.



kind of behaviour in terms of LOS field strengths (Figure 4.18). But, a good linear

polarization is observed in Hα above this active region indicating that the field in-

clinations are larger (cf. Figure 4.13). Earlier observations by Gosain and Prasad

Choudhary [2003] have also indicated the weakening of the LOS field strengths which

is larger for stronger fields. In their observations quicker weakening of the stronger

fields is not apparent, probably, because of the lines (Mg I b1 and b2 at λ5173 and

λ5184) used to infer chromospheric magnetic field originate at the lower chromo-

sphere. Balasubramaniam et al. [2004], based on simultaneous spectropolarimetric

observations in Hα and Fe i lines around λ6300, and Hanaoka [2005], comparing Hα

magnetograms with that of SOHO/MDI, have also reported the quicker weakening

of the LOS field strengths. In all these works there was a doubt casted about the

reality of such smaller LOS field strengths above the umbral chromosphere. They

have proposed various possibilities which can cause this quicker weakening of the

umbral fields. We have shown here that the observed weaker LOS field strengths in

the umbral chromosphere are real, based on the studies of velocity gradients (see also

Nagaraju et al. [2008a]). As it was seen, the velocity increases upward more rapidly

above the umbra than in penumbra. This can be caused due to the quicker weak-

ening of the field strength because the chromospheric plasma becomes less and less

inhibited by the magnetic field implying the upflows with larger amplitude consistent

with the velocity stratification discussed above. Hence, we believe that the quicker

weakening of the LOS field strengths above this spot is due to the actual weakening

of the total field strength. Weaker field strengths and smaller inclinations above

the umbral region may imply that the stronger fields diverge faster as suggested by



Balasubramaniam et al. [2004].

The situation in penumbra is much more complicated even though the field

strengths are comparable above this region and exhibit smaller velocity gradients.

As discussed in chapter 4, only a small fraction of the penumbral field lines reach

the height of chromosphere because of their larger inclinations at the photosphere.

Then, in such a case the field gradients above the penumbra is expected to be more,

and hence the velocity gradients. But, the bisector analysis shows that the velocity

gradients are smaller in the penumbral chromosphere. The good correlation of field

strengths at the photosphere and chromosphere can be due to the contribution of

umbral fields to the observed penumbral fields, and hence the field strengths are

comparable otherwise, it should have been much weaker because of the larger incli-

nations. But, the smaller velocity gradients observed in the penumbral chromosphere

poses a difficulty in its explanation. It is obvious that Hα will not be sampling the

same field lines at all the heights over which it is formed. If Hα samples those layers

which have similar velocities then one can expect smaller velocity gradients above

the penumbra. Many more studies are needed in order to understand the structuring

of the plasma flow in the penumbral region.



5.1.3 Stokes V Amplitude Asymmetry

Observed area and amplitude asymmetries of Stokes profiles have been interpreted

as due to the gradients in the physical parameters such as magnetic and velocity

fields [Grigorjev and Katz, 1972, Illing et al., 1975]. Hence the analysis of Stokes-V

amplitude asymmetry will help in verifying the interpretation of the results from

bisector analysis of Stokes-I profiles in the previous section. From the close exami-

nation of Stokes V profiles of Hα we found that the Co i line has not intruded up

to the extent that the amplitudes are affected. Hence the results presented from Hα

based on amplitude asymmetry are reliable.

From Figure 5.8 it is clear that the amplitude asymmetry of Fe i line tends

toward zero with increase in photospheric magnetic field strength. This means, at

the photospheric heights the gradients are smaller in umbra which corresponds to

the region of strong fields. In contrast amplitude asymmetry observed in Hα tend to

increase with photospheric field strength as shown in the Figure 5.9. This may imply

that the velocity and magnetic field gradients are larger in the umbral chromosphere

compared to umbral photosphere.



Figure 5.8: Plots of amplitude asymmetry of Stokes V profiles of Fe i line v/s the
total field strengths (photospheric). The solid lines are the linear fits to the data
points.



Figure 5.9: Plots of amplitude asymmetry of Stokes V profiles of Hα line v/s the
total field strength (photospheric). The solid lines are the linear fits to the data
points.



Figure 5.10: Velocity maps of active region NOAA 10940 at the photosphere (left
panel) and chromosphere. The color bars on top of each map indicate the magnitude
of LOS velocities in ms−1. Negative values correspond to the flows towards the
observer and positive values correspond to the flows away from the observer.

5.2 Velocity Structure Above AR2

5.2.1 Photosphere

Maps of velocities at the photosphere and chromosphere obtained using the shifts

in the COG wavelength positions of Fe i and Hα, respectively, with respect to the

central umbra above the active region NOAA 10940 (AR2) are shown in Figure 5.10.

The color bars shown above each map give information on the magnitude of the LOS



Figure 5.11: Map of photospheric velocity gradient above the active region NOAA
10940.

velocity. The positive values correspond to the flows away from the observer and the

negative values correspond to the flows towards the observer. The velocity map at

the photosphere shows the flow pattern consistent with the regular Evershed flow,

meaning, the disk center side penumbra exhibit the flows towards the observer and

the limb side penumbra exhibit flows away from the observer. Also, in confirmation

with the earlier observations, the LOS velocity increases towards the edge of the

sunspot. The velocity properties at chromosphere are discussed in the following

section.

The velocity stratification at the photosphere above this active region is studied

using bisector technique applied to Stokes-I profiles of Fe i (λ6569) discussed in



chapter 3. Bisectors are obtained at 9 equal intensity levels between line core and

wing. The difference obtained by subtracting the velocity correspond to second

bisector (higher height) from that of seventh bisector (lower height) is taken as

representative of velocity gradient over the formation height of Fe i line. As before,

the numbering of bisector is done by counting them from line core towards wing.

A map of this velocity gradient is shown in Figure 5.11. One of the most striking

features of this map is the blue strip around the umbra, the center of which is located

close to the mid penumbra. As indicated in the color bar placed by the side of this

map, blue color represents nagative velocity gradients, meaning, shift in the line wing

bisector is more towards bluer side of the spectrum than the line core bisector. Closer

examination of shifts in bisectors revealed that, both line core and wing bisectors of Fe

i in disk center side penumbra show blue shift with respect to the central umbra while

they exhibit red shift in limb side penumbra. This is consistent with the Evershed

flow as center side penumbra show net upflow and limb side penumbra show net

downflow [Balasubramaniam et al., 1997]. But, the reason for the appearance of

larger negative velocity gradients observed close to central penumbra is yet to be

explored. Similar kind of pattern are seen in the velocity gradient maps of AR1 and

AR2 as well. Infact, AR2 observed by Hinode/SOT also show a strip of negative

velocity gradients which are obtained through bisector analysis of Fe i at λ6301.5.

The Hinode/SOT observations were smoothed spatially by 5.12′′×5.12′′ to match the

spatial resolution to that of KTT observations. Further, the velocity map constructed

out of average bisector shifts from line core to wing relative to central umbra shows

the flow pattern consistent with that of COG velocity map (cf. Figure 5.10).



Another clearly noticeable point in Figure 5.11 is the larger velocity gradients in

the umbral region. This may be an artifact introduced due to the Zeeman splitting.

In the umbral region, the field strengths are larger and hence are the spectral lines

splitting. If the the spectral lines are fully split due to the Zeeman effect, then the

applicability of the bisector technique to intensity profiles is limited.

5.2.2 Chromosphere

The chromospheric COG velocity map shown on the right panel of Figure 5.10 above

this active region does not exhibit the flow pattern which is consistent with the

inverse Evershed flow. It is more structured with blue- and red-shifts distributed in

a complicated way. The reference chosen for calculating the velocities will play a

role in interpreting the line shifts as blue- or redshifts. Similar to AR1, the COG

wavelength position of Stokes-I profiles averaged over small region around the central

umbra is taken as the reference. However, if the flows are the signatures of inverse

Evershed flow then one is expected to see a particular flow pattern. As noted above,

there is no systematic flow pattern observed above this active region. It was seen in

chapter 4 that this sunspot is surrounded by opposite polarity activities and so the

structuring of the magnetic field above this active region is complicated. Also, this

sunspot was located close to disk center and COG velocities represent only the LOS

component of the velocity vector. However, as the inverse Evershed flows are more

or less horizontal (for eg. see Georgakilas and Christopoulou [2003]) and hence may



Figure 5.12: Velocity maps at the chromosphere obtained by finding the shifts in
bisector positions with respect to the central umbra at different intensity levels of
Hα. The map B12, represents the velocity map corresponding to the bisector close
to line wing and B2 corresponds to the bisector close to line core. Other maps viz.,
B10, B8, B6 and B4 corresponds to the bisector in between line wing and core.



not show up for this spot. These, probably, are the reasons why the inverse Evershed

flow pattern is not apparent in the COG velocity map.

To understand further the structuring of plasma flow above this active region,

bisector technique has been applied to Hα Stokes-I profiles. Bisectors are obtained

at 14 equal intensity levels between line core and wing. The velocities are obtained

by finding the shifts in bisectors with respect to the mean bisectors of few profiles

close to central umbral region. The mean is over all the bisectors from line core

to wing and over the region close to central umbra. The chromospheric velocity

maps corresponding to bisectors at different intensity levels of Hα are shown in

Figure 5.12. The map B2 correspond to the bisector close to line core (higher layer)

and B12 correspond to the bisector close to line wing (lower layer) and other figures

correspond to bisectors between the line wing and core. Notice the marked difference

of velocity pattern at the lower to higher layers, changing from flows away from the

observer at the lower heights to flows in the direction of LOS at higher heights with

respect to central umbra with increasing amplitude. In other words, these maps

indicate accelerated upflows with increase in their amplitudes towards the stronger

field region with a reversal in the flow direction at the lower heights.

The scatter plot of the difference in velocities of wing and core bisectors, which

represent the velocity gradient over the line formation height, v/s the photospheric

field strengths are shown in Figure 5.13. This figure clearly indicate that the chromo-

spheric velocity gradients increase monotonically towards the center of the umbra.



In other words, stronger the field strengths at the photosphere, larger the velocity

gradients at the chromosphere. As it was seen in the previous chapter that, for this

active region, larger field gradients above the umbra are observed in terms of field

inclinations. Hence there is a possibility that the larger velocity gradients above the

umbra are caused due to the larger gradients in the field inclinations. However, simi-

lar kind of velocity gradients were observed for AR1 in which case it was interpreted

as due to rapid decrease in the umbral field strengths because of the presence of

accelerated upflows above the umbral region. We encounter difficulty in the similar

kind of interpretation as the central umbral field strengths above this active region

vary slowly with height compared to penumbra but, there is an indication of ac-

celerated upflows above this active region (cf. previous paragraph). However, to

conclude, the flows are upflows or downflows, proper reference is important, which

is difficult to find for Hα. To understand these structuring of velocity and magnetic

fields, the spectropolarimetric observations of Hα have to be inverted under realistic

model atmosphere such as done by Socas-Navarro [2005]. In his work, Socas-Navarro

[2005] has inverted Stokes profiles of Ca ii triplet at λ8542 by taking into account

the gradients in the physical parameters which include velocity and magnetic fields

along with the NLTE effects.



Figure 5.13: Plots of velocity gradients at the chromosphere with respect to the
photospheric magnetic field strengths.



5.2.3 Stokes V Amplitude Asymmetry

Scatter plots of Stokes-V amplitude asymmetries and photospheric field strengths

are shown in Figure 5.14 observed at the photosphere for AR2. Top panel in this

figure is for the full FOV, bottom left and right panels are for umbral and penum-

bral regions. At the photosphere, amplitude asymmetries are smaller in the umbral

region compared to penumbral region. In other words, the asymmetries tend to zero

gradually towards the stronger field regions. This is similar to what was observed for

AR1 (cf. Figure 5.8). One of the differences we see between these two active regions

is that, for AR1, large number of points have negative amplitude asymmetries while

for AR2, the points with positive amplitude asymmetries are larger. Similar kind

of trend is observed for AR3 also in which large number of points exhibit negative

amplitude asymmetry. Note that, AR1 and AR3 exhibit negative polarity magnetic

field (field direction away from the LOS) while AR2 exhibit positive polarity mag-

netic field. This may imply that the sign of amplitude asymmetry depends on the

polarity of the magnetic field. This may give a useful hint on the stratification of the

magnetic vector in the solar atmosphere. However, at this point we restrain from

further interpretation as it is important to make sure that there are no systematic

effects from the instrument.



Figure 5.14: Plots of Stokes V amplitude asymmetry at the photosphere with respect
to the photospheric magnetic field strengths.



Figure 5.15: Plots of Stokes V amplitude asymmetry at the chromosphere with
respect to the photospheric magnetic field strengths.



5.3 Velocity Structure Above AR3

At the photosphere, this sunspot exhibit COG velocity pattern consistent with the

Evershed flow, meaning, disk center penumbra exhibit flows towards the observer and

limb side penumbra exhibit flows away from the observer. Also, the velocity gradient

map is similar to what was observed for AR2 (Figure 5.11). At the chromosphere, the

velocities obtained through COG method do not show distribution consistent with

the inverse Evershed flow similar to what was observed for AR2. But, the velocity

maps correspond to bisectors at different intensity levels of Hα line profile shown

in Figure 5.17 indicate totally a different velocity stratification above this active

region in comparison with that of AR2 (Figure 5.12). At few locations above this

active region the flow direction is same both at the lower and higher layers. At few

locations, lower layers exhibit upflows whereas higher layers show downflows. Over

all in this active region there exist a complicated velocity structure which is totally

different from what is observed above AR1 and AR2. As it was seen in chapter 4

that the magnetic field topology above the active regions AR1, AR2 and AR3 are

different and so the case with the plasma flow. This implies that the structuring of

magnetic field play an important role in guiding the plasma flow. However, the one-

to-one relation between the velocity and magnetic stratification is not clear. This

further emphasises the need for inversion techniques to be developed so that the

spectropolarimetric data can be used effectively to understand the dynamics at the

chromosphere.



Figure 5.16: Velocity maps of active region NOAA 10941 at the photosphere (left
panel) and chromosphere. The color bars on top of each map indicate the magnitude
of LOS velocities in ms−1. Negative values correspond to the flows towards the
observer and positive values correspond to the flows away from the observer.



Figure 5.17: Same as Figure 5.12 but for the active region NOAA 10941.



5.4 Summary

The velocity structure above the active regions NOAA 10875, 10940 and 10941 have

been discussed in this chapter. The velocities are derived using the COG wavelength

positions of Stokes-I profiles with respect to an average central umbra. Velocities

thus obtained represent the plasma flow along the LOS, averaged over the height of

formation of the line. All the three spots studied in this chapter exhibit the velocity

structure which is consistent with the well known Evershed effect at the photosphere.

But, at the chromosphere, velocity structure is consistent with the inverse Evershed

effect only in AR1, where as AR2 and AR3 do not exhibit any such systematic

pattern. They show mix of up- and downflows distributed in a random manner.

This may be due to the location of these sunspots on the solar disk as AR2 and AR3

were located much closer to the disk center than AR3. This fact is reflected in the

reduced magnitude of the LOS velocities for AR2 and AR3 compared to AR1.

The velocity gradients at the photosphere and chromosphere have been studied

using the bisector technique applied to Stokes-I profiles of Fe i line at λ6569 and Hα,

respectively. The velocity gradients are derived using the differences in wavelength

positions of line wing and core side bisectors. At the photosphere, a strip of negative

velocity gradients are observed around the central penumbral region.

From the bisector analysis of Hα Stokes-I profiles, a monotonic increase in the

velocity gradients towards the central umbra is observed in all the three spots. Sur-



prisingly, the magnitude of the velocity gradients of all the three spots are comparable

and show similar kind of functional form with respect to the magnetic field strengths

though the magnetic field topology above these spots is different from each other.

However, the velocity maps corresponding to the individual bisectors with respect

to central umbra show different structures for these spots. The velocity structures

at lower and higher layers above AR1 are similar, where as flow reversal is observed

for AR2, with lower layers showing redshifts and higher layers showing blue shifts

with respect to the central umbra. The change over from redshifts to blueshifts is

gradual. Above AR3, the velocity pattern at the higher layers is more or less similar

to that of lower layers. At few locations, AR3 exhibit flow reversals.

Stokes-V amplitude asymmetry is also studied in this chapter. As expected,

the amplitude asymmetries are smaller in the umbral photosphere compared to the

penumbral photosphere. In the umbral chromosphere, the Stokes-V amplitude asym-

metries are larger compared to their photospheric counterparts. This may be due to

the larger velocity and magnetic field gradients in the umbral chromosphere than in

the umbral photosphere. One interesting point observed regarding the distribution

of the amplitude asymmetry over the sunspots studied in this thesis is that, large

number of points have positive amplitude asymmetry for positive polarity sunspots

and negative amplitude asymmetry for negative polarity sunspots. This may suggest

that the Stokes-V amplitude asymmetry can be used to study the gradient in the

field inclination. However, the number of sunspots analyzed is very few to gener-

alize this statement. The amplitude asymmetries can be studied for more sunspots



with different instruments as well as at different disk positions in order to make

sure that there are no systematic instrumental errors and bias in the observations.

More studies are required involving synthesis of Stokes-V profiles for different field

configurations and comparing the changes in the amplitude asymmetries.



Chapter 6

Conclusions and Future

Developments

For the purpose of carrying out spectropolarimetric observations on the Sun, a dual-

beam polarimeter has been fabricated and installed at KTT. The dual-beam po-

larimeter was preferred because it reduces the seeing induced spurious polarization.

It was seen in chapter 1 that the Stokes parameters are defined using the difference

in intensities of orthogonally polarized beams, and recording them simultaneously

will reduce the errors introduced due to seeing induced intensity fluctuations. Also,

the flat field errors inherent to the dual-beam system are reduced by using a mod-

ulation/demodulation scheme (cf. chapter 2) which incorporates the well known

beam-swapping technique. The modulation scheme requires eight steps of intensity
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measurements to achieve good efficiency for all the Stokes parameters. This is a

well balanced scheme, meaning, the output intensity is a function of all the Stokes

parameters with equal weights in all the eight measurements and the demodulation

is done in such a way that all the eight intensity measurements are used to derive

the Stokes parameters. The efficiency in measuring Stokes parameters-Q, U , and

V is 0.5, 0.5 and 0.7, respectively at the design wavelength of λ6300. Due to the

chromatic nature of the retarders used in the polarimeter, the individual efficien-

cies of Stokes parameters are different at different wavelengths. An experiment to

study the wavelength dependence of the polarimetric efficiency of individual Stokes

parameters match very well with the theoretically expected values. Stokes-Q and V

have better efficiency in the redder wavelengths of the visible range and Stokes-U

has better efficiency in the bluer wavelengths.

Calibration of the polarimeter is done almost on daily basis during the observa-

tions. The accuracies achieved in determining the Stokes parameters Q, U and V

are 0.3%, 0.36% and 0.34%, respectively. This is limited mainly by the uncertainty

in the determination of the retardance of the calibration unit retarder (RCU) which

is known to an accuracy of 0.2o. The accuracy in determining the Stokes parameters

can be improved by knowing the retardance of (RCU) with better accuracy.

Through an experiment to study the noise in the polarization data, it was found

that the noise in the measurement of Stokes parameters is confined by the photon

or statistical noise. For an exposure time of 2.4 s, the noise in the polarization data



was reduced to <0.1%. This means, the polarisation sensitivity of the polarimeter

can be improved by availing more number of photons. This may involve regular

aluminization of the telescope optics to increase the throughput of the telescope and

use of fast CCD cameras with good quantum efficiency. Though longer integrations

can increase the number of photons, it will slow down overall measurement process.

It was found through another experiment that the optimum slit width for KTT

setup is 48µ and the corresponding spectral resolution is 32.5 ± 0.5 mÅ.

The magnetic field inferred by inverting the Stokes profiles of Fe i at λ6569 ob-

served using this polarimeter matches very well with that of Hinode/SOT spectropo-

larimetric observations. For this purpose, the active region considered was NOAA

10940. The Hinode/SOT observations were to be smoothed by 5.12′′×5.12′′ to match

with the seeing degraded observations of KTT.

Spectropolarimetric observations of several active regions have been carried out

using the polarimeter polarimeter installed at KTT. The wavelength region of ob-

servations include Hα, whose height of formation ranges from upper photosphere

to middle chromosphere and Fe i at λ6569 which forms at the photosphere. The

main motivation for using these lines was to study the stratification of velocity and

magnetic fields simultaneously at the photosphere and chromosphere.

The vector magnetic field at the photosphere was obtained by inverting the Stokes

profiles of Fe i line and at the chromosphere from Hα using WFA method. The mag-



netic field at the photosphere show a well established distribution. The field strength

at the darkest region (central umbra) of the activity is strongest and decreases uni-

formly along the sunspot radius where as its inclination increases gradually towards

the periphery of the sunspot. On the other hand, the magnetic field topology at the

chromosphere changes according to the field distribution at the photosphere. For an

isolated sunspot, the magnetic field inferred through Hα observations indicate reg-

ular divergence of the field as it propagates from the photosphere to chromosphere.

This is confirmed through X-ray images of the same active region observed by Hin-

ode/XRT. The fountain like structure seen in Hinode/XRT for this active region is

typical of an isolated sunspot. For the spot which is surrounded by opposite polarity

activities, the magnetic field does not diverge as fast as that of the isolated spot

rather there is a large concentration of the field in the central umbral region. The

fields have larger inclinations, as large as 70o, in the umbral chromosphere. X-ray

images of this spot observed by Hinode/XRT show more of arcade structures with

one of their foot points located in the main sunspot and another in the nearby oppo-

site polarity region. The field inclination at the central umbra is comparable to that

of penumbra, and decreases rapidly towards the edge of the umbra. Also the field

strength is large in the central umbra and decreases very rapidly with radial distance

within the umbra. This may indicate foot point of a magnetic loop located in the

umbral region with another foot point located in the nearby activity, as evidenced

by the X-ray images. For the third sunspot, observed for this thesis and which show

light bridges dividing the umbra and surrounded partially by the penumbra, the

field measurement at the chromosphere indicate quicker weakening of the LOS field



strengths in the umbra. For this active region, the Hα Stokes-Q and U profiles are

hardly discernible. Quicker weakening of the LOS field strengths and the absence

of linear polarization signals in Hα prompted us to conclude that the umbral fields

diverge faster compared to penumbral fields.

The velocity structures at the photosphere and chromosphere are studied by

analyzing the spectral lines Fe i line at λ6569 and Hα, respectively. The velocities

derived using the COG method are consistent with the well known Evershed effect,

meaning, the center side penumbra show flows toward the observer and limb side

penumbra show flows away from the observer. The velocity gradients are studied

using bisector technique applied to Stokes-I profiles. One of the intriguing findings

from this analysis is a strip of negative velocity gradients close to central umbra

at the photosphere. This is not readily understandable based on the flows which

are consistent with the Evershed flows. This is because, the velocity gradients are

expected to have opposite signs in the center side penumbra and limb side penumbra

[Solanki, 2003]. Many more observations of different sunspots at different locations

on the disk are needed to confirm as well as interpreting this result. To understand

the cause for this larger negative velocity gradients observed around the central

penumbra, more forward modeling of the spectral lines will also be required.

Another new result found in this thesis is the larger velocity gradients in the

umbral chromosphere compared to penumbral chromosphere. The velocity gradients

gradually increase towards the central umbra. It is interesting to note here that the



magnitude of velocity gradients for all three active regions studied in this thesis are

comparable, though the magnetic structuring above these active regions is completely

different.

Further examination of the individual bisectors of Hα, it was found that, AR1

exhibit larger accelerated upflows in the central umbra. This is consistent with the

magnetic field measurements as well, because, it was discussed in chapter 4 that

the the magnetic field strength decreases more rapidly with height compared to

penumbral fields. For AR2, downflows are observed at the lower layers of the Hα

line forming region where as in the higher layers upflows are observed. This scenario

may indicate net diverging flow. However, the reference used to find the velocities

plays a major role in interpreting the shifts in the wavelength position of spectral

lines is due to flows towards the observer or due to the flows away from the observer.

It is difficult to find a correct reference for Hα. Proper wavelength calibration will

help in the better interpretation of the wavelength shift measurements. For AR3, the

velocity pattern at the higher layers is more or less similar to that of lower layers. At

few locations, AR3 exhibit flow reversals. Overall, the velocity structures observed

above all three sunspots studied in this thesis are different. It was discussed in

chapter 4 that the magnetic field topologies above these sunspots are different from

each other. Hence, the structuring of the magnetic field influence the plasma flow,

which is well know. However, one-to-one correspondence between magnetic field

distribution and the flow pattern observed above these active regions is yet to find

satisfactory explanation.



6.1 Limitations and Future Needs

On the instrument side, there are lot of improvements required to establish it an user

friendly. The major requirement will be to make it automated before releasing it as a

user facility for the Indian solar community. The polarimeter is now being operated

through manual rotation of the waveplates. Motorization of the rotations will help

in speeding up the observations. The scanning of the region-of-interest (ROI) is also

done manually. Automatized scanning of the ROI will help in obtaining a good map

of a chosen region through controlled scan at a desired step. Atomization of the

scanning will also allow us to go finer steps than the 2′′ steps used in this thesis. The

image drift at the tunnel was a major limitation of the previous polarimetric setup.

At present, the image stability is quiet good but having an image tracker will make

even better. Steps are being taken to implement a limb tracker for the tunnel as well

as a correlation tracker for a particular ROI. These facility upgradation along with

atomizing the scanning will allow the user to go for scanning steps finer than 1′′

The intriguing structures seen in Hα prompted us to do the vector magnetic field

estimation above these structures and hence used the WFA method for these esti-

mations. However, we would like to point out here that the magnetic field derived

using WFA method has its own limitation. Also, it is not possible to derive the strat-

ification of the magnetic field over the line formation height which will be required

in order to study the structuring at different layers as seen in tunable narrow-band

imaging. To make use of Hα spectro-polarimetry to its full potential, inversion of



Stokes profiles of this line is essential. At present, it seems to be a very difficult task

[Socas-Navarro and Uitenbroek, 2004]. Given the constraints for the full inversion

of Hα, it is best to use the WFA method along with simultaneous imaging in Hα.

This will give atleast a qualitative picture of the magnetic structuring in the chro-

mosphere. It has been shown in this thesis that, indeed the magnetic structuring

in the chromosphere show up in the derived magnetic and velocity parameters. An-

other option is to use a different spectral line for magnetic field diagnostics at the

chromosphere like the Ca ii triplet [Socas-Navarro, 2005]. However, the Ca triplet

does not show the similar chromospheric structuring as is seen with Hα. Also, being

close to the near IR region it is not always possible to use this line in observatories

where the sky condition has an upper cut-off wavelength. However, it will be wise

to first do a simultaneous spectro-polarimetric observations with Hα and Ca triplet

and estimate the relative advantages and dis-advantages of these two spectral lines

especially with a view to study the chromospheric structuring.
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lution Observations and Interpretations of Sunspot Fine Structure. In K. Shibata,

S. Nagata, and T. Sakurai, editors, New Solar Physics with Solar-B Mission, vol-

ume 369 of Astronomical Society of the Pacific Conference Series, pages 71–+,

2007.

G. B. Scharmer, Å. Nordlund, and T. Heinemann. Convection and the Origin of

Evershed Flows in Sunspot Penumbrae. Astrophys. J. Lett., 677:L149–L152, 2008.

P. H. Scherrer, R. S. Bogart, R. I. Bush, J. T. Hoeksema, A. G. Kosovichev, J. Schou,

W. Rosenberg, L. Springer, T. D. Tarbell, A. Title, C. J. Wolfson, I. Zayer, and



MDI Engineering Team. The Solar Oscillations Investigation - Michelson Doppler

Imager. Solar Phys., 162:129–188, 1995.

R. Schlichenmaier. The Sunspot Penumbra: New Developments (Invited review).

In A. A. Pevtsov and H. Uitenbroek, editors, Current Theoretical Models and

Future High Resolution Solar Observations: Preparing for ATST, volume 286 of

Astronomical Society of the Pacific Conference Series, pages 211–+, 2003.

R. Schlichenmaier and M. Collados. Spectropolarimetry in a sunspot penumbra.

Spatial dependence of Stokes asymmetries in Fe I 1564.8 nm. Astron. Astrophys.,

381:668–682, 2002.

R. Schlichenmaier and W. Schmidt. Flow geometry in a sunspot penumbra. Astron.

Astrophys., 358:1122–1132, 2000.

R. Schlichenmaier, K. Jahn, and H. U. Schmidt. Magnetic flux tubes evolving in

sunspots. A model for the penumbral fine structure and the Evershed flow. Astron.

Astrophys., 337:897–910, 1998a.

R. Schlichenmaier, K. Jahn, and H. U. Schmidt. A Dynamical Model for the Penum-

bral Fine Structure and the Evershed Effect in Sunspots. Astrophys. J. Lett., 493:

L121+, 1998b.

R. Schlichenmaier, L. R. Bellot Rubio, and A. Tritschler. Two-dimensional spec-

troscopy of a sunspot. II. Penumbral line asymmetries. Astron. Astrophys., 415:

731–737, 2004.



W. Schmidt and R. Schlichenmaier. Small-scale flow field in a sunspot penumbra.

Astron. Astrophys., 364:829–834, 2000.

C. J. Schrijver. A Characteristic Magnetic Field Pattern Associated with All Major

Solar Flares and Its Use in Flare Forecasting. Astrophys. J. Lett., 655:L117–L120,

2007.

C. J. Schrijver, M. L. DeRosa, T. Metcalf, G. Barnes, B. Lites, T. Tarbell, J. Mc-

Tiernan, G. Valori, T. Wiegelmann, M. S. Wheatland, T. Amari, G. Aulanier,

P. Démoulin, M. Fuhrmann, K. Kusano, S. Régnier, and J. K. Thalmann. Non-
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Appendix A: Mueller Matrices

The polarization properties of an optical component can be represented through

a 4 × 4 matrix. For e.g., Mueller matrix of a linear polarizer with its fast axis at

angle θ with respect to a chosen reference is given by

MP(θ) =



1 c2 s2 0

c2 c2
2 c2s2 0

s2 c2s2 s2
2 0

0 0 0 0


,

and linear retarder of retardance δ with its fast axis at an angle with the chosen

reference is given by

MR(θ, δ) =



1 0 0 0

0 c2
2 + s2

2cosδ c2s2(1− cosδ) −s2sinδ

0 c2s2(1− cosδ) s2
2 + c2

2cosδ c2sinδ

0 s2sinδ −c2sinδ cosδ


,

where c2 = cos2θ, s2 = sin2θ.

If Sin and Sop represent the input and output Stokes vectors of an optical sys-

tem composed of n separate optical components whose polarization properties are



described by the Mueller matrices Mi, with i = 1, 2, ....n. Then we can write

Sop = MSin, (6.1)

where

M = MnMn−1.....M1, (6.2)

with M1 being the first element to be encountered by the light and Mn being the

last.



Appendix B: Matrix Structures Related to Polarimeter

Calibration

The structure of the measured Stokes signal matrix in Eq. (3.3) is given by

Sc
op =



S1
op(0) S1

op(1) S1
op(2) S1

op(3)

S2
op(0) S2

op(1) S2
op(2) S2

op(3)

S3
op(0) S3

op(1) S3
op(2) S3

op(3)

S4
op(0) S4

op(1) S4
op(2) S4

op(3)

S5
op(0) S5

op(1) S5
op(2) S5

op(3)

S6
op(0) S6

op(1) S6
op(2) S6

op(3)

S7
op(0) S7

op(1) S7
op(2) S7

op(3)

S8
op(0) S8

op(1) S8
op(2) S8

op(3)

S9
op(0) S9

op(1) S9
op(2) S9

op(3)

S10
op(0) S10

op(1) S10
op(2) S10

op(3)

S11
op(0) S11

op(1) S11
op(2) S11

op(3)

S12
op(0) S12

op(1) S12
op(2) S12

op(3)

S13
op(0) S13

op(1) S13
op(2) S13

op(3)



,



and that of input Stokes matrix is given by

Sc
in =



S1
in(0) S1

in(1) S1
in(2) S1

in(3)

S2
in(0) S2

in(1) S2
in(2) S2

in(3)

S3
in(0) S3

in(1) S3
in(2) S3

in(3)

S4
in(0) S4

in(1) S4
in(2) S4

in(3)

S5
in(0) S5

in(1) S5
in(2) S5

in(3)

S6
in(0) S6

in(1) S6
in(2) S6

in(3)

S7
in(0) S7

in(1) S7
in(2) S7

in(3)

S8
in(0) S8

in(1) S8
in(2) S8

in(3)

S9
in(0) S9

in(1) S9
in(2) S9

in(3)

S10
in (0) S10

in (1) S10
in (2) S10

in (3)

S11
in (0) S11

in (1) S11
in (2) S11

in (3)

S12
in (0) S12

in (1) S12
in (2) S12

in (3)

S13
in (0) S13

in (1) S13
in (2) S13

in (3)



.

Where Sj
op(i) and Sj

in(i), j = 1.....13 correspond to 13 orientations of the cali-

bration retarder and i = 0, 1, 2, 3 corresponding to Stokes I,Q,U,V are the measured

Stokes signals and input Stokes parameters respectively.



Appendix C: Space Based Instruments

Some of the data from the space based observations have been used in this thesis for

a comprehensive study of the structuring of the velocity and magnetic fields in the

active regions. Only a few relevant details are given in this appendix. Further details

can be found in the papers which give the overviews of these instruments given in

the respective sections.

SOT and XRT Onboard Hinode

The Solar Optical Telescope (SOT) is a 50 cm diffraction-limited Gregorian telescope.

For eg., the diffraction limited spatial resolution is ≈ 0.32′′ at λ6300. The focal plane

instruments of SOT include spectropolarimeter (SP) and filtergraphs (FG). Using FG

assembly, high resolution narrow band images of the selected region on the Sun are

obtained in various wavelengths. In this thesis we have used filtergrams centered

around λ4305, the wavelength band well known as G-band. The FOV of FG is 328

× 164 arcsec2. Two dimensional images of Stokes parameters are also obtained using

FG. On the otherhand SP provide full Stokes profiles of Fe i λ6301.5/6302.5 lines.

This is an off-axis Littrow Echelle spectrograph and is a dual-beam system. The

solar image is stepped across the slit to map an ROI, upto 320′′ FOV. See Tsuneta

et al. [2008] for an overview of SOT instruments.

X-ray Telescope (XRT) is a grazing incidence telescope. The plate scale of this

telescope is 1.2′′ with a spatial resolution of ≈ 2′′. Limits of temperature coverage is



1.2 to 30 MK. See a review by Golub et al. [2007] about XRT.

EIT Onboard SOHO

Extreme-ultraviolet Imaging Telescope (EIT) is a telescope of Ritchey-Chretien de-

sign for full disk coronal and transition images of the Sun. The telescope has a

45′′ × 45′′ field of view and 5′′ spatial resolution with a plate scale of 2′′/pixel. The

temperature sensitivity of this telescope is 0.08 MK to 2 MK. More details on EIT

can be found in a paper by Delaboudinière et al. [1995].
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