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Summary

All activity that takes place on the Sun is triggered andeitiby magnetic fields. Thus,
the investigation and understanding of the solar magnetid éan shed light on the fea-
tures observed on the Sun and their evolution. Furthernitazan also help the analyses
of other stars and celestial bodies which possess magredtls &s well.

One of the most captivating aspects of the solar magnetétifiehe so-called activity
cycle. The magnetic field on the Sun evolves from poloidalaimitial and again to
poloidal, with polarity reversed to that in the first state, an approximately 11 years
basis. The surface of the Sun during the maximum of activitly predominantly toroidal
field is characterised by the appearance of sunspots. Thsepdf the cycle has been
studied in depth for long time.

During the realisation of the present work, the Sun was neaimamum of sunspot
activity, i.e. the global magnetic field was mostly poloid@&herefore, this was the best
epoch to study the magnetic activity at the poles of the Ste.pFesent work has focused
on polar faculae (PFe), small-scale, bright magnetic featthat appear at the polar caps
of the Sun, down to latituddg| ~ 60°. From previous studies, PFe are known to possess
magnetic fields in the kilo-Gauss range and to have an actiyitle shifted 5-6 years
with respect to that of sunspots. This means that their maxiraf occurrence happens
during the sunspot minimum, the time when the observationthe present study were
obtained.

This thesis work analyses the properties of PFe and thatioelto the global poloidal
field by means of statistical samples. The observations perfermed with the “Gottin-
gen” Fabry-Perot interferometric (FPI) spectrometer aiitth the Tenerife Infrared Po-
larimeter Il (TIP 1) attached to the echelle spectrograpthe Vacuum Tower Telescope
(VTT) at the Observatorio del Teigelenerife, thus allowing to have information on PFe
with high spatial resolution (FPI plus speckle reconstarcinethods) and with high spec-
tral resolution (TIP I). Furthermore, thanks to the recepgrade of the FPI providing,
among other new improvements, the possibility of quasu#immeous observations in
different spectral regions, PFe have been observed at fieoatit atmospheric layers: a)
The magnetically sensitive iron line F6173.3 A was analysed to measure photospheric
magnetic fields. b) The chromospherie Hine was used to trace the penetration of PFe
to higher layers, up to the chromosphere. The magneticelly sensitive iron lines at
1.56um were observed with TIP I, supplying observations in tHeaired spectral range
for comparison with results from the visible spectral line.

The comparison of infrared and visible lines yields a highsistency in both regimes,
with very similar results in all the analyses. The highefitedences are larger PF areas
and lower strengths of the line of sight component of the reéigtiield from TIP |l data
compared to FPI data. This is caused by the much lower spesialution of TIP II.



Summary

PF counting results in a much higher occurrence than obdéritleerto. An asymme-
try between north and south poles is seen, in the sense thatheenorth pole more PFe
are found than in the south polar cap. The asymmetry beirttghigom visible observa-
tions, it is present in both visible and infrared data. Mdsthe PFe found at each pole
have the same polarity as the global magnetic field, yet anegtigible amount of PFe
possesses opposite polarity.

Along time series of a particular PF, lasting approximaéeiypurs, was also observed.
Despite the fast evolution of small substructures of the iPfme scales of around 10
seconds, the PF itself (and neighbouring ones) remains igeatifiable structure for the
whole duration of the time series.

Apart from the dfference mentioned above in the values of the strength of tie LO
component, both visible and infrared (crosstalk-freegdigive the same peculiar result:
No variation of the field strength towards limb is noticeable

From extrapolated PF areas and the total field strength of ®Pleetotal magnetic
flux in the polar caps residing in PFe has been measured angacechwith previous
works. Although harbouring an important amount of flux, PBarmt account for the
total magnetic flux at the poles of the Sun. The magnetic fluxéoin the FOVs outside
PFe is of the same order of that of PFe.

Velocity analyses, performed over the threfatient regimes (infrared, visible and
Ha), show a high agreement. PFe present a constant outflow afxipyately 0.3 km st
until the top height of the observations, around 1 Mm. Froeséhresults, PFe qual-
ify to be the photospheric sources of the fast solar wind. eBlagions at even higher
atmospheric layers are necessary to confirm the continuatfiew and acceleration of
material from PFe to high velocities in the fast solar wir@hfirpolar coronal holes.



1 Introduction

“Most men, they'll tell you a story straight through.
It won't be complicated, but it won't be interesting either.
Big Fish (2003)

1.1 The Sun

Astrophysics is a science that deals with a wide variety amje of matter and phe-
nomena, from energetic particles to planets, comets, gfalaxies, space and time, their
interactions, origins and evolution. Ultimately, it dealgh the beginning and ending of
everything.

The enormity of the scales in which astrophysics spreads, incsize and distance,
together with the limited instrumental capacity, usualhjyoallows small capacity to
uncover the tiny details, the trees hidden in the forest.turately, each passing year
new instruments, simulations and theories make thesdsietare accessible. Even more
fortunate is to have a great example close enough to us.

The Sun has been the centre of legends, reli-
gions, calendars (e.g. Fig. 1.1) and life for the hu-
man beings since we have records of it. It was even
the centre of the universe during a long time. Nowa-
days many cultural references and traditions related
to the Sun still persist. Among them are astrophys-
ical studies, where a whole branch is dedicated to
this single star.

On its own, the Sun is no special star. Rather small,
with no striking attributes like extreme activity or
strong winds, it is located in the main sequence,
the area of the Hertzsprung-Russell diagkamwhich stars are fusing hydrogen in their
cores, producing helium — stars spend most of their lifedis state. Nothing by itself
suggests that the Sun should be given so much attention anidgsis of the universe.
Only its location. Just by being close to us, makes the Sueat gxample, an indispens-
able element of the whole puzzle. For with it and with the hegsg capabilities thanks
to the Sun’s proximity, we can test and learn about plasneasrinos, stellar magnetism,

Figure 1.1:Aztec solar calendar.

1Known by this name are the diagrams representing magnitedwis spectral type or colour and, in
some other cases, luminosity versus temperature. Mostly fas stellar evolution and star cluster studies.
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1 Introduction

stellar winds, seismic properties of stellar interiorsgmetic reconnection, magnetic in-
teraction of stars with their environment, and so on.

Apart from the Sun, the closest star to Earth is Proxima Qengd approximately
4.2 light years distance which is about 270 000 times fattieam the Sun—Earth distance.
For a simple comparison, imagine a sunspot observed froth Bara mole of 1 centime-
tre diameter on a person’s skin at 1 meter distance. Therglseg for a similar spot in
Proxima Centauri would mean to detect that 1 centimetre at@0 kilometres distance.
And sunspots are by far not the smallest features on the Sun.

Thanks to the high spatial resolution achievable by the Sclo'seness to Earth, dif-
ferent observational techniques have been applied with pigcision along the years to
study the Sun. These techniques have allowed to discéierett layers in the solar at-
mosphere. This distinction is depicted in Fig. 1.2 with tlzenes of the layers as well
as some observable features. The surface of the Sun, whegrnisvghen observing the

| e

Chromosphere

Figure 1.2:Artist's view of the solar atmospheric layers with some elueristic structures and of the
solar interior permeated by wavegsgndg). Image fromhttp;/nmp.nasa.ggstySCIENCEsun.html

Sun in continuum or in white light, is called photosphere.efih sunspots are visible,

as well as the granulation. The atmospheric layers belowliotosphere are not acces-
sible to optical observation and the layers above the ppbtre are transparent at most
wavelengths.

The outer solar layers can be studied by means of filters amhagraphs (a special
telescope in which an occulting disk prevents the scattéybtiof the very bright photo-
sphere to reach the detector). Photons from these layemsscape from the Sun, while
the layers below are optically thick. One way to know aboet ittmer structure of the
Sun is through helioseismology. Studying the waves theaétiaside the Sun (denoted in
Fig. 1.2 ag andg) in the same manner as do seismic studies on Earth, the staior
has been probed and subdivided into three areas. In theniosépart, the core, hydro-

10



1.1 The Sun

gen atoms are fusing, producing helium and the energy thdtimately radiated from
the Sun. Its radius is 20% of the total solar radius.

After the core comes the radiative zone. It is named aftentbehanism of energy trans-
port dominating in this layer. The modtieient way of transporting the energy generated
in the core is by radiation.

The outermost layer of the solar interior is the convectiveez occupying the last 30%
of the solar radius. In this layer the transport of energy diation is no longer fé-
cient enough. The energy transport here is mainly perfordoyezbnvection. Gas parcels
move to the surface carrying the energy and release it tlieegranules observed in the
photosphere are the outermost manifestation from thisdypeergy transport.

Above the photosphere of approximately 500 km thicknegs;ltihomosphere extends
2000-4000 km higher up. It is characterised by an outwankase of temperature, on
average, from 4000 K to 10000 K. Also it is very rugged and kx&imany dynamic
features.

The last two layers of the solar atmosphere are the transiigion and finally the corona.
The transition region is a thin layer in which the temperataf the plasma increases
rapidly, from the 10000 K temperature of the upper chromesplto the coronal tem-

perature of 1 million K and more. The mechanisms to heat tbeser layers represent
nowadays one of the most studied unsolved problems abosbtaestructure.

The corona is a low-density plasma region which extends @ 3efar radii outwards. It

is the origin of the solar wind which permeates the wholerssyatem.

One of the most fascinating characteristics of the Sun imégnetic field. Although
the solar magnetic field is not a special case among starthénaspecially strong nor
especially fast evolving), the proximity of the Earth to Sn allows to analyse this mag-
netic field with high spatial and temporal resolution, ashaslin diferent solar layers.
According to the present knowledge, the solar magnetic feeftoduced and anchored
at the base of the convection zone, in the area known as tawhioErom there, the solar
magnetic field rises to the solar surface, expands from tlretiee corona in magnetic
loops and drives the solar wind, filling the interplanetarydium until meeting with the
interstellar medium. On its way from the interior to far adés the solar magnetic field
affects all matter which it encounters either by just pertughitror even by confining it
and governing its dynamics. At the solar surface and dedpemagnetic field modifies
the normal gas flow, the convection pattern, the travellingaves, and more, giving rise
to so-called “active phenomena” as sunspots, plages, dttigher layers in the solar
atmosphere, the magnetic field directly controls the behawf the gas, dominating its
dynamics, as in prominences or the whole corona. Soifieete of the magnetic field
influence are shown in Fig. 1.2. The mutual influence of magriietd and gas can be
expressed by the numbgr or plasma beta. It represents the ratio of the gas pressure t
the pressure of the magnetic field. For example, in the ootar atmosphere, the density
is very low thus the magnetic pressure dominates over thprgasure, sg is small.

A very important characteristic of the solar magnetic fiedldhat it changes period-
ically in time. Sunspots were known since long time, but iswet until 1843 when
Heinrich Schwabe announced a periodic variation of the rermbsunspots present on
the solar surface. From his own observations during 17 yéarsalculated a period of

11



1 Introduction

around 10 years for this cycle. Since then many studies heea devoted to this solar
activity cycle and its implications, both on the Sun and atlideing the variation of the
sunspot number only one surfacieet of the periodic behaviour of the solar magnetic
field.

Nowadays, the length of the cycle is established as 11 yesaserage, with observed
durations from 9 to 14 years. The maxima and minima of an iégtiycle correspond
to the maxima and minima of the sunspot cycle, respectiv8ly.a maximum occurs
when the number of sunspots is highest. However, not evéay smgnetic phenomenon
exhibits the same cyclic behaviour. For example, the polagmetic fields of the Sun
reach their maximum extension over the polar areas durimgnmim of sunspot activity,
whereas during maximum of activity the polarity of the glblmagnetic field of the Sun
undergoes a reversal. This is shown in Fig. 1.3.

-10G -5G 0G +5G +10G
EE——

90N

30N

308

90S it m%“ v 1 ¥y
1975 1980 1985 1990 DATE 1995 2000 2005 2010

NASA/MSFC/NSSTC/Hathaway 2007/05

Figure 1.3:Magnetic butterfly diagram.

Figure 1.3 is a magnetic version of the so-called butterfagchm, named after the
shape of the latitude-time occurrence of sunspots, whicting of the wings of butter-
flies. It consists of sunspot numbers averaged over one sutiion period for each
latitude. In the case of Fig. 1.3, the magnetic flux is deplidgtstead of number counts.
In Fig. 1.3 the so-calledctivity belts which are the latitudes of sunspot appearance and
correspond to latituddg| < 40°, are clearly visible. Note also that during the realization
of the present work (2005-2007), the Sun was almost at itgymim of activity.

The solar magnetic activity cycle can be considered as aidgalonagnetic field
at minimum that turns into a toroidal field at maximum with theak appearance of
sunspots. From there it develops again into a poloidal fietd wpposite polarity. The
mostly accepted mechanism for this behaviour isdfedynamo, illustrated in Fig. 1.4.
Two consecutive féects take place during the activity cycle to regenerate dfe snag-
netic field. Due to the dierential rotation of the Sun — the equator rotates faster tia
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1.1 The Sun

Q-effect

‘Il' u-effect

Figure 1.4:Scheme of the effect (uppel) anda effect (ower) on the Sun©Forgacs-Dajka

poles — and because the magnetic field is driven by the plasitieiinner solar layers,
the originally poloidal field lines become toroidal fieldés This is the effect. The

«a effect is the twisting of the toroidal magnetic field lines, getbed as a consequence
of the Sun’s rotation on the rising tubes of magnetic fielde Thist produced by the
effect explains Joy’s rule and Hale’s rule of magnetic sunspmigs. Joy's rule states that
sunspot groups tend to be “tilted”, the leading sunspotdeloser to the equator than the
trailing ones.

During a sunspot maximum, the leading and trailing spotsdlar groups possess op-
posite magnetic polarity, e.g. always positive (negatparity of the leading spot in the
northern (southern) hemisphere. In the subsequent suagget the polarities of leading
and trailing spots have reversed. This is known as Hale& rlihus, the full magnetic
cycle is 22 years long. Both these two rules are sketchedjinlFs.

The processes generated by &fte dy-
namo do not occur instantaneously. The
reversal of polarity at the poles can take
years. The commonly accepted mechanism
for the reversal is the migration of the trail-
ing polarity of bipolar regions towards the
poles as tentatively indicated in Fig. 1.3 by
the black curves. These elements of oppo-

Figure 1.5:Magnetic polarities of the solar pOIe%ite polarity cancel the existing polarity and
and of sunspot groups through an activity cycle. .
sum up for the opposite one.

Wang et al. (2002) and Baumann et al. (2004) have modellsdftect by simulations
of surface magnetic flux transport. The simulations incltite appearance of bipolar
fields during the time of sunspot activity;filision of magnetic field — the magnetic field
breaks up into smaller components —{feliential rotation; and meridional poleward cir-
culation — longitudinal flows directed towards the respecfiole. The surface transport
of small magnetic flux elements instead of monolithic suhs$ploes appears reasonable
in view of the dynamic disconnection of sunspots at neafaserlayers discussed by

13



1 Introduction

Schussler & Rempel (2005).

1.2 Aims of the present study

Since the solar magnetic field is so important for the glolnal atmospheric dynamics
and characteristics of the Sun and the whole solar systersiutly is of much interest
and importance. Earth’s orbital plane with respect to the, $1e so-calleecliptic plane

is not too much inclined to the solar equatorial plane, aswseguence of the conservation
of angular momentum of the pre-solar system nebula. Thedéist accessible areas for
observations are those near the solar equator, i.e., ddlse &reas of sunspot appearance.
Those areas have indeed been the most investigated. Yaigdalf of the magnetic
cycle, the activity at the poles is of more importance that &t the equator.

The so-called polar coronal holes — named
from their relative darkness in coronal emis-
sion lines as anfeect of lower density (e.g.
Figs. 1.2 and 1.6) — are largest at the time of
sunspot minimum and are associated with con-
centrations of unipolar open field lines. These
dark coronal areas (not only at the solar poles)
correspond to regions of fast outflow of mate-
rial (e.g. Wilhelm et al. 1998, 2000). Froim-
situ measurements of various spacecraft (e.g.
Mariner 2, Helios missions, Ulysses) the theo-
retically predicted solar wind (Biermann 1951)
was indeed detected. It was found to occur in
two kinds, the fast solar wind and the slow solar
wind, according mainly to their average veloc-
ity. But, beyond this characteristic, the distinction isma@omplex than just tlierent
velocities. Ulysses data have shown that the fast solar’svarjular coverage, centred
on the poles, is cycle dependent. During sunspot minimuratigelar distribution of the
fast solar wind is wider, coinciding with the polar coronalés.

Figure 1.6:Image from SoHZEIT.

Observations of the solar poles — of the solar limb in generibm telescopes in
the ecliptic plane (e.g. ground-based) have to cope withrhao handicaps. First, the
limb darkening a consequence of the temperature gradient through thesgolaspheric
layers together with the optical depth of observation. Wblserving at the disc centre
— where the line of sight (LOS) is normal to the surface—, tgbtlcomes from deeper,
i.e. hotter, layers than close to the limb where the LOS isemt@ngential. This creates a
centre to limb variation of the intensity. Second, the gewita projection &ect when
imaging a distant spherical surface onto a plane detector.

Nonetheless, information from very high solar latitudeseégded to analyse the be-
haviour of the magnetic field at the poles and its influencehenmagnetic cycle, the
structures appearing there and the solar wind. The Ulypseesraft, especially designed
to study the solar wind, has been the first one to observe thénSan out-of-ecliptic or-
bit. In the near future new observational spacecraft whitsthe Sun out of the ecliptic,

14



1.2 Aims of the present study

allowing to measure the magnetic fields in the very polarsarésom ground, new tech-
niques used regularly in the last years as, e.g., adaptiesgnd image reconstruction,
give the possibility of studying the magnetic field and feasuat the poles of the Sun
with an unprecedented high spatial resolution. This hasvaltl to partly overcome the
difficulties of observing the poles.

The topic of the present thesis work is to study
the magnetic activity at the poles of the Sun, focus-
ing onpolar faculae(PFe; e.g. Fig. 1.7), by means
of high-spatial and high-spectral resolution obser-
vations. Polar faculae are conspicuously bright
magnetic features of small spatial scale, with sizes
of the order of ¥ (corresponding on average to 725
km on the solar surface), that appear near the so-
lar poles. They are seen in photospheric and chro-
mospheric layers and in wavelengths from radio
(Makarov et al. 1991; Riehokainen et al. 1998) to
Figure 1.7: PFe example ai = 0.44. yltraviolet (Riehokainen et al. 2001). Homann et
Zggmﬂfgféigtcgggggzapp";g;“2”“ al. (1997), Okunev (2004) and Okunev & Kneer

i (2004) found their field strength to be in the kilo-
Gauss range, with short timescale evolution of 1 minute redseremaining as an identi-
fiable PF entity for more than 1 hour. Since they are polar reeigfeatures, PFe follow
the activity cycle of the poles, i.e., they exhibit maximuotorrence during sunspot min-
imum (Makarov & Makarova 1996). Also at that time, PFe candaenfl down to latitudes
of [y| = 60° while at sunspot maximum their regions of appearance véaffistidmeier
1955, 1962; Sheeley 1964, 1991; Makarov & Sivaraman 198%altev et al. 2003a,b).
Okunev (2004) and Okunev & Kneer (2005) performed modelutatons of PFe to un-
derstand their structure. Yet still, their role with resjgeche global magnetic field is not
fully comprehended.

Beyond the role of PFe as contributors to the polar magneticahd to the magnetic
activity cycle, they also qualify as possible sources ofshiar wind.

Magnetic funnels, constructed from extrapolation of peptweric magnetic fields to the
corona, have been suggested as origin for the solar wind st &l (2005), on the ba-
sis of magnetic measurements with MDI (Michelson Doppleadper) and intensity and
velocity measurements with SUMER (Solar Ultraviolet Measoents of Emitted Radia-
tion; Wilhelm et al. 1995), both instruments on-board théH8SOlar and Heliospheric
Observatory) spacecraft. In the same manner, Wiegelmaain @005) arrive to similar

conclusions about equatorial coronal holes. Likewiseataial faculae exhibit similar

properties as those of PFe. Because of the characterigtieBeoand the outflows of
plasma from them observed by Okunev (2004), PFe are pogsibtespheric footings of
the magnetic funnels. However, according to Okunev & Kn@&06), the numbers of
PFe needed both to feed the solar wind and to obtain the meadlustdensity at Earth’s

distance of 3.5 nT (Smith & Balogh 1995) do not fit the PFe olmgsns. Many more PFe
than observed would be needed to lead to the total flux at thes pd the Sun, whereas
only few PFe would be dficient to feed the fast solar wind.

This thesis work presents a continuation in the study of Rfektlaeir role at global
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1 Introduction

solar scale. Since previous studies (e.g. Okunev 2004) sapwrtant observational ad-
vantages have become available. One of them was noted in1Skctith reference to
Fig. 1.3. The observations for this work were performed 822007, close to the mini-
mum of sunspot activity. Thus, the number of PFe presenegidtes was higher and PFe
could be found in wider regions around the poles than durimggot maximum. Their
role in the polar global magnetic field should therefore shpymore clearly. In addition,
several upgrades have been performed at the instrumenmt$ardbe observations of the
present study allowing for better spatial, spectral, angtresolution opening thus new
possibilities in the analysis of the small-scale propsrtePFe.

Chapter 2 contains a brief introduction to spectropolaniynand some of its charac-
teristics which will be used in subsequent chapters. Theuments and the telescope
employed for the observations are described in Chapter 3efisaw the dferent cam-
paigns when the data were taken. In Chapter 4 the data redysrbcesses are explained.
There, also the dlierent methods applied in the course of this study to retifgeemation
from the data are expounded. Chapter 5 presents the resulisd from the analysis of
the observations. The conclusions arising from this studystated in Chapter 6.

16



2 Spectropolarimetry

“You think quantum physics has the answer? | mean, you know,
what purpose does it serve for me that time and space arelgxhetsame thing?
I mean | ask a guy what time it is, he tells me 6 miles? What thesht@at?”
Anything Else (2003)

Most of the time, the first thing told to students in an introduy course in astrophysics
is that almost all we know of the universe is thanks to radiatiAnd that is indeed true.
Since half a century, the possibility of situ measurements is a reality, and even some
particles other than photons can be measured when they atiarth or at a space-
craft. These days, high-energy astrophysics is enteriegrtlti-messenger era, where
information from diferent messengers (e.g. neutrinos, cosmic rays, gammaetaysis
correlated to study high-energy physical processes in heerse. Still, the most com-
mon, easiest and modfieient way for investigating the cosmos is by means of photons
of light.

During the last centuries, the increasing knowledge of kbet@magnetic field and its
properties has yielded new methods to analyse the infoomatntained in the radiation
about the material and conditions where it comes from. Iiptesent chapter, a summary
of one of those methods, spectropolarimetry, is presemteaofe thoroughly description
can be found in e.g. del Toro Iniesta 2003).

2.1 Spectroscopy

The study of the composition and properties of light staceturies ago. Itis possible to
follow some of the ideas through the words of the great pbjjbers of history, Aristotle,
Descartes, Hume, ... All of them tried to explain the colafright and its behaviour.
But the first big leap in the study of the light’s componentswal672, when Newton
split the white light into colours — wavelength — with a prismd then demonstrated that
the prism was not the cause of the colours but the light thatfaaned of them. He used
in his description of his experiments the waspectrumto refer to this “apparition” of
colours and the term is still in use today.

Focusing on solar spectroscopy, perhaps the beginningvakitn 1802, when William
Wollaston noticed some black gaps in the solar spectrumit Buats not until 1814, when
Joseph von Fraunhofer designed a spectroscope and begatematjc study of these
dark features, measuring the wavelengths of 574 dark liés. dark lines both in the
solar and stellar spectra are named after Hiraunhofer lines

17



2 Spectropolarimetry

_ - The origin of the dark lines in the solar spec-
trum was uncovered around 1860. Gustav Kirch-

_ hoff and Robert Bunsen discovered that the spec-
trum of a heated gas presented characteristic bright
lines. Some of these lines coincided with the dark
ones observed from the Sun. It was understood later
that black lines correspond to absorption processes aghitiines to emission processes.
Kirchoff and Bunsen discovered also that each chemical elementq@®dwunique spec-
trum of lines. Thus, the spectrum can be used to identify ldém@ents composing a fluid,
giving birth to a new analysis tool. It was namspectroscopybeing the study of the
spectrum, and was applied to astrophysics from the verynbegj. Even a new element
was discovered in the Sun’s spectrum thanks to spectrosnal868 by Pierre Janssen
and Norman Lockyer. It was called Helium.

With increasing knowledge of the atomic structure, thedinere associated with the
transitions of the electrons betweeffdient atomic levels. These transitions happen with
only particular amounts of energy (originatiyiantg absorbed or emitted,

Figure 2.1:Examples of absorptionp-
per) and emissionl¢wer) spectra.

AE = — (2.1)

whereAE is the diference in energy between the levels of the transitiois, Planck’s
constant — a physical quantity governing quantum physicshe speed of light and the
wavelength of the transition.

These “packets” of energy are determined by the atom’sreleictstructure. The picture
of atoms became, during the first decades of th& @htury, more and more complex,
more involved than simple orbits, as Bohr’s atomic modeifrt913. The more complex
atomic models proved at the end capable of explaining theslimultiplets and their
response to velocity and magnetic and electric fields.

An example which is used in Chapter 5 to obtain the plasmeciteds is theDoppler
shift It is based on the Doppleffect, from where the velocity of a moving light source
can be obtained by means of the shift created on the origieqléncy of the wave due
to the source’s movement. It can be expressed, in the nativistic approximation, as

Al Vv

T (2.2)
whereA2 is the change in wavelength from the laboratory wavelengths the speed of
light in vacuum and’ the speed of the medium where the light comes from.

Since then spectroscopy has proven to be a very valuabléaioaktrophysics. The
constituent elements of plasmas, their abundances, tomizstates, velocities, etc. can
be inferred by means of spectroscopic measurements.

2.2 Polarisation

Around 1950, polarimetry (i.e. the measurement of the jsdgon of light) arose as
a new, powerful diagnosis method for astrophysics. Altlothge Zeeman splitting had
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2.2 Polarisation

already been observed in sunspots by G. Hale in 1908 and aiseeltsure magnetic field
strengths, for weak fields the splitting is not detectabée (Sect. 2.3). The measurement
of polarisation — and, as a consequence, the possibilityeafsuring weak fields — began
to be applied in solar physics by H. W. Babcock and K. O. Kidyerer during 1950 and
following years. Nowadays it is still a tool as necessary\vas.e

Polarisation is an intrinsic property of the electromagni¢ld as a consequence of
the plane of vibration of the field. Basically, radiation dam divided into three types:
unpolarised, linearly polarised and circularly polaris€be first one refers to a field with
no preferred plane of vibration of the electric vector. larg polarised radiation has an
electromagnetic field which vibrates in just one plane. Amdutarly polarised radiation
refers to a field whose vibration plane is rotating. An eitiglly polarised field represents
a more general case of the circular one, in which the am@gwd the two components
of the electric field along the main axes are not equal. A diagof elliptical polarisation
is shown in Fig. 2.2.

direction of
propagation

direction of
propagation

If this wave were approaching
an observer, its electric
vector would appear to be
rotating countarclockwise
This is called right -

elliptic polarization.

Figure 2.2:Diagram of elliptical polarisation. Image from HyperPhgs{OC. R. Nave, 2006)

Parametrization of polarisation. In the present work, polarisation is referred to by
means of the Stokes parametdrsQ, U andV. These parameters were first introduced
by George Gabriel Stokes in 1852 as a more practical alieentat the polarisation de-
scription in terms of total intensity, degree of polarisatand shape parameters of the
polarisation ellipse that was common.

The main advantage of the Stokes parameters to describesptilan is that each
parameter can be expressed in terms of additions or subtiacif measurable intensities.
| is the total intensity. Be, y, z a Cartesian co-ordinate system witlthe direction of
propagation and, y, Z unit vectors along the corresponding axes. Angles be medsur
from x overy. ThenQ is the intensity of the dierence of the linearly polarised light
at @ minus the linearly polarised light at 9QvhereadJ is the intensity of the linearly
polarized light at 45minus the one at45: Finally,V is the left-circularly polarized light
minus the right-circularly polarized light. By means ofaeters and linear polarisers, all
these intensities can be measured.

The electromagnetic field can be expressed as linear sigigopoof plane waves of
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2 Spectropolarimetry

different frequencies. Since thledirection of the basis is the propagation direction, a
monochromatic wave can be described as

E, = Ey,cost — k?) %
E, = E,cos@t — kz+ ¢) ¥ (2.3)
E,=07

with Ex andE, the amplitudes and@ the phase dierence between theandy compo-
nents. This dierence in phase can be used to describe in a semi-intuitivmendhe
polarisation states. Linear polarisation correspondg t00. Then, both components
are vibrating in phase and the direction of polarisatiory@#pends on the ratiB,/E,.
Circular polarisation needs two conditions:#l¥ + /2, and 2)E, = E,. The remaining
situations correspond to elliptical polarisation.

The behaviour of polarisers and retarders can be explamédese terms also. A
polariser is an optical device characterised by an acceetaris, that is transparent to
electromagnetic fields vibrating in the direction of thessaind opaque to fields vibrating
in the perpendicular direction to the acceptance axis. Arder, or wave plate, is an
optical device characterised by two axes, so-called fasstow. The &ect of a retarder
to an incoming electromagnetic field is to add a phase to thepooent parallel to the
slow axis. The most common type of retarders arejiter-wave platgthat introduces
a phase ofr/2, and thenhalf-wave platethat adds a phase of With the above description
of the polarisation types according¢oit is clear that such retarders can change the type
and the direction of polarisation of light so that the iniéas used for the measurement
of the Stokes parameters can be evaluated. To illustratetito examples are shown in
Egs. 2.4 and 2.5, from where the Stokes paramétesadV can be calculated. Suppose
Ex = E, = E, ¢ = 0, and that the slow axis of the retarders are alongyttigection.
Then,

linear polarisation (49 42, linear polarisation{45°)
E, = Ecospt—kaX = E, = Ecost—k?)x (2.9)
E, = Ecost—k3y = E,=-Ecospt-kay

linear polarisation (49 44 left circular polarisationt3 right circular polarisation
Ex = Ecospt — k2) X = E, = Ecost — k) X = E, = Ecoswt —k2) X (2.5)
E, = Ecost -k y = E, = —~Esin(wt — k2 § = E, = Esin(t - k2) ¥

In nature, light is never completely monochromatic, as sspg for Eq. 2.3, but it
possesses a finite bandwidth in wavelength. Supposinghbkatandwidth of the light
is small compared to the width of a spectral line, so the phaszn be determined, the
Stokes parameters are

| = (E2+ E2)
Q=(E2-E)
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2.3 Zeeman splitting

U = XE,E, cosg) (2.6)
V = 2E4Ey sing)

where the averages are over the superposition of the plares@ming the packet. Still,

as pointed out by Shurdfi(1962), this expression of the Stokes parameters in terms of
the electromagnetic field is complicated. Light must be amsilito be monochromatic
enough so that a phagas definable at any time, andféigiently polychromatic that light
can be unpolarized.

The resulting polarisation of light after passing throughagptical element can be
determined by means of the Mueller calculus. In this metlath optical element is
expressed by a Mueller matrix, a 4x4 matrix that charaaeribe &ect of the element
upon polarisation. To add thefect of various elements, the order of the matrices is
inverse to the order of the elements along the optical paib.r&sulting polarisation state
of light after N optical elements is

So =My My1-...Mz- M;S; 2.7

whereS, and$; are the outcoming and incoming Stokes vector, respectidfyis the
Mueller matrix of the first optical system along the opticattpandMy, of the last one.

Instrumental Polarisation. On its way through dferent optical systems, the state of
polarisation of the radiation undergoes modificationshindase of the telescope used for
observations for this thesis work, the instrumental pekion, or instrumental crosstalk
among the Stokes parameters, arises from retardances efsections at mirrors and
from internal stresses of entrance and exit window of theuwattank (see Sect. 3.1
for description and use of the vacuum tank). Crosstalk disthe profile of any Stokes
parameter by a linear superposition of the three other petens1 The impact upon the
scope of the present work is commented in Sect. 4.3.

2.3 Zeeman splitting

When in 1896 Pieter Zeeman was extending the experimenis tidsis work about in-
teractions between light and magnetic fields, he discouvbiad spectral line is split into
several components in the presence of a magnetiéfield
As noted in Sect. 2.1, spectral lines are formed by tramstietween atomic levels. Due
to the several possible electronic configurations of an atbere exist many transitions
between levels occurring at the same wavelength. The presg magnetic field breaks
the degeneracy of the atomic levels and thus, of energidsedfansitions. While with-
out magnetic field only one single spectral line appearssra¢ean be seen with field.
Furthermore, these spectral lines are polarised.

To quantify this splitting, the approximation &fS couplingis adopted here. This
approximation considers that the electrostatic intesastiamong the electrons are much
more important than the spin-orbit interactions. Thustladl electronic orbital angular

2In 1913, Johannes Stark discovered a similar behavioured&tark gfect in presence of an electric
field instead of a magnetic field.
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Figure 2.3: Example of Zeeman splitting. Left image shows a pore at oantin intensity at 1.56.
Right image is a Stokeg spectrogram from the position corresponding to the whitéaad line in the left
image. The observations for this figure were taken duringtag 2007 campaign, c.f. Table 3.3.

momenta with quantum numbkicouple to a total orbital angular momentum with quan-
tum numberlL, and the analogue happens with the spin angular momentajuathtum
numbers to form the total spin angular momentum with quantum nunthefhe total
angular momentum is given by

| 312 = h23(3 + 1), (2.8)

with
J=L+S, where L=Zh, S:Zs. (2.9)

In this approximation, the state of an atom is defined, aparhfthe principal quan-
tum numbers of the electrons, by the three above quantumensmbS andJ, and the
magnetic quantum numbe¥];. The latter describes the projection of the total angular
momentum onto a reference direction and takes the valuegef + 1, ... J - 1,J. The
state of an atom is usually written &8+*DL; with L represented b for L = 0, P for
L=1,DforL=2,...

All the (2J + 1) statesM; have the same energy in the absence of magnetic field.
When a magnetic fiel& # 0 is presentM; is the projection ol onto the direction of the
magnetic field and the degeneracy is broken. Under suchnegtances, the displacement
of the line from the original position Zeeman splitting- is

e

Apg=21-4p= rmec

AZBOM — guMy) (2.10)
wheree, m, andc denote the electron charge, electron mass, and speed pirégpec-
tively, 1o the central wavelength of the transitiog,, g, and M, and M,, are the Landé
factors and magnetic quantum numbers of the lower and upatessof the transition,
respectively. The Landé factor is in essence a proportignednstant that relates the
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Figure 2.4:Scheme of the Fe6173 A absorption without and with an external magnetic field

magnetic moment of the electron with its angular momenteartbe written as

JUI+1)-L(L+1)+S(S+1)
2JJ+1) '

g=1+ (2.11)

It is important to note that not all transitions among dmgndM; states are possible,
resulting in a set obelection rules The selection rules for the “allowed” transitions —
electric dipole transitions- areAJ = 0,+1 andAM; = 0, +1 (except forJ, = J = 0).
The usually so-calledorbidden transitionsare actually transitions that can occur, but
their transition rates are much lower than the electric leip@ansition.

An example with one of the lines used in this work,B&73.3 A, is drafted in Fig. 2.4.
This line exhibits a so-calledormal Zeeman splitting, or Lorentz triplet. The names
come from historical reasons. When the Zeem@ece was first discovered the quantum
theory was not yet developed. Not even the spin of the eleetas discovered. With the
classical theory of electrodynamics, only the splittinmitriplets with Landé factog = 1
could be explained. But in general more than three linesappkhis latter ect was
calledanomalousZeeman #&ect as opposed to the case of a triplet, the normal Zeeman
effect.

A Zeeman triplet consists of three components. One correfipg to theAM; = 0
transition, orr component, which is unshifted in wavelength. The other tarmespond to
theAM; = +1 transitions, or- components, which are shifted from the central position,
one to the blue and the other to the red. Depending on the aefjlecen the LOS and
the direction of the magnetic field, the relative intensitdé the three components of the
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2 Spectropolarimetry

triplet are diferent. If the LOS is parallel to the field — so-callkxhgitudinal Zeeman
effect —, only theo- components, which have circular polarisation of oppostess, can
be seen. With the LOS perpendicular to the magnetic figtdrsverseZeeman &ect —,

all three components are seen, Atmmponent, linearly polarised parallel to the field, and
theo components, linearly polarised perpendicular to the fi@dnerally, the magnetic
field is oriented in-between these two extreme cases andrtjecpon of ther ando
components along the LOS will be seen.

Due to the broadening of the solar lines, for weak fields - iasver than the ones
present in sunspots — or for sméilling factors a — the fraction of the observational
resolution element occupied by the magnetic field — the Zeesphtting cannot be seen
any more. At most, it can be noticed as a further line broadg(gee Fig. 2.5a). But the
polarisation of the components together with polarimednialyses, allows to detect the
small splitting and thus, to measure weak magnetic fieldsdbanot cause strong line
splitting.

Also, since the solar lines are broad, the components of éiptailare usually not
resolved. In the case of weak field, such a multiplet can kddeas a triplet. To that
end, an fective Landé factorges, is calculated from the weighted components of the
multiplet. Analytically, it can be written as

Gor = 56+ 8) + (0~ (i + 1)~ (3 + D). (212)

Substituting the constants in Eq. 2.10 and using ¢hisas a general case, the Zeeman
splitting is
Aldg = 4.67x 10 3g 13B (2.13)

with Alg and . in A and B in Gauss. Therefore, the splitting depends linearly on the
strength of the magnetic field.
The total Hamiltonian describing the energy levels of amatcsystem in presence of
a magnetic field is
H =Ho+ Hu, (2.14)

whereHjy is the unperturbed Hamiltonian of the atom, afg is the perturbation intro-
duced by the magnetic field. The interaction of magnetic siglith atoms gives rise to
three diferent regimes according to the strength of the field, i.eh¢or&tio ofHy /Ho:
1) The Zeeman regime occurs in the presence of weak fieldsevthermagnetic field is
only a perturbation to the LS couplingd(, < Ho). 2) For stronger fields, the LS cou-
pling is disrupted and the spectral lines rearrange, atfhdabe perturbation introduced
by the field is smaller than the original unperturbed atonuteptial Hy < Ho), being
then in the Paschen-Back regime. 3) For ultrastrong fielelsrtagnetic field is no longer
a perturbation and dominates over the original potentighefatom Hy > Hp), so the
atom no longer exists in its normal meaning.

For most lines, fields like those found in sunspots, up to 38@0.3 T), are still weak
in the sense of LS coupling. Thus, the Zeeman regime is ateedoiathe scope of the
present work.

The theoretical behaviour of the Stokes profiles can be atuftom synthetic pro-
files derived from the radiative transfer equation for thek8s vector (RTE; e.g. Bello
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2.3 Zeeman splitting

Gonzalez 2006). Here, the following assumptions were maditne-Eddington atmo-
sphere, static, constant magnetic field, spectral line ofé3@3.3 A, Doppler width of
30 mA and an inclinatioy = 40° between the magnetic field and the LOS, with the lat-
ter parallel to the vertical. Thus, this situation is inseén the cases of longitudinal and
transverse Zeemarftect. The variation of StokelsandV with magnetic field strength
ranging from 0 G (black) to 2500 G (red) is shown in Fig. 2.5.

With regard to Stokes, the three components of the triplet become only distifguis
able for fields of approximately 1600 G and stronger. For wediklds, the only notice-
able change is the increasing broadening with increasiid) steength. It is commonly
accepted that PFe possess a field strength below that lmrtitese will be no detectable
splitting in the observations of Stoképrofiles from PFe.

Figure 2.5:Synthetic profiles of StokelsandV for Fer 6173 A, calculated under the assumptions given
in the text. Color code indicates increasing magnetic fieddnfO G (black) to 2500 G (red), in steps of
100 G.

The StokesV profiles show two antisymmetric lobes, a consequence of fip®-0
site direction of polarisation of the tw@ components. With increasing magnetic field
strength, the amplitudes of the lobes grow linearly untiusrd 1000 G. Then, the ampli-
tudes still become higher but with decreasing growth rake dpposite happens with the
position of the lobes. For fields weaker than 1000 G, the jwsitf the lobes, and there-
fore their separation, barely changes. But for strongeaidjehe separation of the extrema
is the dominant fect, reaching approximately 240 mA for 2500 G . Starting femound
1300 G, small lobes of opposite sign appear close to thealamtivelength. These are
associated witimagneto-optical gects i.e., transformations of linear polarisation among
themselves and into circular polarisation because of psla$engs during the propaga-
tion of the light in the solar atmosphere. According to predenowledge, PFe possess
field strengths in an intermediate range between the ardplitlominated regime and the
case of increasing separation.
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3 Instrumentation and Observations

“-Daddy’s out of focus!
-Daddy doesn’t need that, okay?”
Deconstructing Harry (1997)

This Chapter deals with the basis of the present thesis vikankthe study of PFe, obser-
vations are the foundations upon which the results will bé.blhus, good observations
are needed. To obtain best observations, fine instrumesntequired. Also, appropriate
conditions of Earth’'s atmosphere —referred ts@sing- are desired since they determine
the quality of the observations to a large extent.

In the present chapter, the telescope with which the obsengawere taken as well
as the post-focus instruments used will be described hridfigewise, the diference
between the two kinds of data sets obtained will be pointeédThe parameters used for
the observational campaigns along with the seeing comditioiring the observations will
be commented in the second part of the chapter.

3.1 Instruments

All the observations were performed with the German Vacuwmwer Telescope (VTT)
located in the Observatorio del Teide, Tenerife, at anualétof 2400 metres. The VTT
has two flat coelostat mirrors which direct the sunlight itite vertically mounted tele-
scope. The latter consists of aff-axis, slightly aspherical primary mirror of 70 cm
diameter and a flat folding mirror. Its focal length is 46 mlgieg an image scale of
4.48’/mm in the primary focus. The telescoper se- excluding the coelostat — until few
meters before the focus, is contained in a vacuum tank whielidcuated to few mbar to
prevent turbulent air flows near the primary mirror, heatgabsorbed sunlight.

The VTT was built during mid-eighties. Presently, with i @m-aperture, it belongs to
the medium-size class of solar telescopes. Larger telescofpthe 1 — 1.5 m class are
in operation and under construction, while 2.5 — 4 m solaspes are being designed.
A scheme of the telescope, with its main features of inteimsthis work marked with
coloured shaded areas, is depicted in Fig. 3.1.

Very close to the entrance window of the vacuum tank, somd| gpaet of the light
is deflected to feed the guiding system for the coelostat.irBlethe vacuum exit win-
dow, the adaptive optics (AO) is located. After the AO théntigan be directed into an
optical laboratory where the “Gottingen” Fabry-Perot iféeometer (FPI) is located. Al-
ternatively — or simultaneously via a dichroic beam spiitt¢he light can continue to the
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Figure 3.1:Scheme of the VTT and building. In the scheme the path of gt tiepicted as an orange
line and the three parts described in the following subsastare marked as blue, green and red shaded
areas.

vertically mounted slit spectrograph. At the exit of thigspograph, the Tenerife infrared
polarimeter Il (TIP Il) is seated.

During the last years, new post-focus instruments have dééed at the VTT. Also,
upgradings of existing instruments have been performedA@rsystem has come into
regular operation, allowing high-quality observationghiiigh spatial resolution. Among
the upgraded instruments are the FPI and TIP II, which ard ferethis study. Both of
them will be described below. The upgradings will be congaldor the new 1.5 m solar
telescope GREGOR at the Observatorio del Teide. The cantistnof GREGOR is close
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to be completed, and will likely come into operation in la@08. With the new post-
focus equipment, it will allow unprecedented spatial resoh. For the present work,
high spatial resolution is of much importance, since PFesarall-scale structures whose
study requires detailed information.

Before the description of the three elements marked in Eily. 8 short note on the
properties of FPI and TIP Il is appropriate.

The FPI is a two-dimensional (2D) spectrometer. Fabry4Pet@lons are the heart
of this kind of instrument. With it, a 2D field of view (FOV) ishserved through a very
narrow wavelength band (20 — 50 mA). Scanning across a speatrge, e.g. through a
spectral line, is performed by changing the etalon spadiygsieans of modulating the
voltage applied to Piezo crystals which control the spacing

TIP, which consists of a polarimetric analyser and of a CCE2dter, makes use of
the grating spectrograph of the VTT. This kind of instrumaisperses in wavelength the
incoming light which enters the spectrograph through a Skt one observes simultane-
ously a certain wavelength range from all image points altwegslit. Therefore, a 2D
FOV is obtained by scanning the solar image perpendicutarlye slit direction.
Examples of spectrometric data from FPI and spectrografRiobservations are shown
in Figs. 3.2 and 3.3.

Both observational methods are complementary and havedteantages and dis-
advantages. Slit spectrographs can have a high spectotities and can cover a large
spectral range simultaneously. Yet the scanning of a 2D FQWrie-consuming and the
spatial resolution diers from variable seeing conditions. On the other hand, 2&-sp
trometers based on FPI etalons can cover a large FOV at ohdeh furthermore admits
the application of image reconstruction methods. Howeerspectrometers need spec-
tral scanning and the spectral resolution is usually lowantthat of slit spectrographs,
since only few wavelength positions are commonly coveredlmervations with FPIs.
Also, the sequential scanning may hamper the study of fasegses.

3.1.1 Kiephenheuer Adaptive Optics System

The Kiepenheuer Adaptive Optics System (KAOS, von der Lithal.e2003), may be
considered as the most important upgrade for the VTT in thieykears. It allows, under
good seeing conditions, to achieve an angular resolutiosecto the diraction limit,
which is Q177 for a 70 cm entrance pupil and a wavelength of 6000 A.

Adaptive optics systems operate in real time, during theenlagions. They are de-

signed to correct the wavefront aberrations caused bylembe in the Earth’s atmosphere
due to temperature gradients and winds. This turbulendenbsrthe optical path of the
incoming light. For small apertures, like the pupil of thentan eye, the atmospheric
turbulence results in amplitude fluctuations of the wavesnftle of stars). For larger
apertures, thefects are image motion and blurring.
A short description of the functioning of KAOS mayfiue here (for further informa-
tion see Sailer 2006). The main constituents of KAOS are @lShiartmann wavefront
sensor, a tip-tilt mirror and a deformable mirror. To penficall the calculations for the
wavefront corrections as quickly as possible, a fast cosrpwith powerful software is
also needed.
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Figure 3.2:Example of images at flerent wavelength positions of the F&173 A line, obtained with the
FPI spectrometer. The upper left image is the continuum énd@ge upper right plot represents the Stokes
| profile averaged over the whole FOV and depicts as astetigksdsitions along the 6173 A spectral line
where observations where made. Red asterisks correspone poesented images. The lower row shows
images at wavelength positiorg0 mA of line minimum (eft), line minimum €entrd and+70 mA of
line minimum ¢ight). Tickmark intervals correspond td' 5The observations for this figure stem from the
August 2005 campaign, cf. Table 3.2.

A small amount of the incoming light is directed to the wawefrsensor located in an
image of the entrance pupil. There a lenslet array of 36 sieradles produces 36 images
of a small subfield in the FOV, the so-callémtkpointof the AO. When the incoming
wavefront is unperturbed, the images are identical. But diformed wavefronts the im-
ages are shifted from their zero position given by a refezémage. These shifts are used
by means of a correlation algorithm to calculate the needeection for the wavefront.
For this algorithm to work properly, a high contrast objectesirable in the lockpoint.
At the disc centre, mid seeing conditions transmit the degian pattern with sficiently
high contrast. With worse conditions or closer to the limlgpaspicuous feature — e.g.
sunspot, pore, PF — is necessary.

The information about the corrections is then translatesetectric voltages to be applied
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Figure 3.3:Example of spectrograph data. The left image is a compasiti@ontinuum data from 25
different scanning positions of the solar image. The right calaontains the Stokds(upper row, Q, U
andV (lower) data corresponding to the red vertical line in the contmumnage. The observations for this
figure were obtained during the May 2007 campaign, cf. Tal8e 3

to the tip-tilt mirror and the deformable mirror. The titthirror is a flat mirror which is

turned about two axes to hold the image as still as possitiie.dEformable mirror is of
bimorphous material. It has 35 actuators that change thgesbfathe mirror’s surface to
correct for the wavefront deformation.

Under adequate seeing conditions, the resulting image K8@S appears with much
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improved quality.

Yet, AO systems do not work very well at image positions infi@ far away from
the lockpoint. The reason for this spatial dependence ofAthecorrection is that the
wavefront deformations are only approximately constarhiwismall solid angles, the
so-calledisoplanatic patchesSince the wavefront correction is calculated for the lock-
point, the farther the image position is from the lockpaihg less accurate the correction
becomes. Thisféect is especially important for large FOVS, like the oneseosd with
the FPI spectrometer of 7% 58".

This problem will likely be solved with the advent of the neengration of adaptive op-
tics systems, the multi-conjugate adaptive optics (MCA@)ich is being developed for
the GREGOR telescope. It corrects also for tifeas of turbulence at high atmospheric
layers, which are responsible for the reduced angular $iteeasoplanatic patches. This
correction is made by means of a further deformable mir@sitpned at the image plane
of these layers.

3.1.2 “Goéttingen” Fabry-Perot Interferometer

The 2D Fabry-Perot spectrometer was designed and coredructts first version by

the Universitéats-Sternwarte Gottingen in the early 19%n(llin et al. 1992; Bendlin

1993; Bendlin & Volkmer 1995). Since then, it has been upgdaseveral times (see
e.g. Koschinsky et al. 2001; Puschmann et al. 2006). Thergstvement, which in-

cluded full Stokes polarimetry and an increase of the spe@solution (Bello Gonzalez
& Kneer 2008), was only implemented in early 2007. The obatgons for this thesis

were taken earlier. Thus this work could not benefit from #st Upgrade.

Figure 3.4 shows a basic scheme of the FPI. It is specificeljghed and built to allow
2D spectropolarimetric observations with high spatiabhetson applying speckle meth-
ods. The FPI possesses essentially two optical trains. Alsgditter, located close to a
field stop in a focal plane, directs 5% of the light into thedatband train and 95% into
the narrow-band train.

l el 1

Neutral density fiter

=——— Broadband filter

L F Fiter wheel L

LT e

e ‘.
Splitter

L

H |-| TVPaIammebr
11— —

1 FPT b2

—f|=
3

Figure 3.4:Scheme of the FPI. The greenish shaded area correspondsticotidband and the reddish
area to the narrow-band train, respectively. L: lense. K-8&op in focal plane.
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The narrow-band train is the core of the instrument. It cstsddasically — apart from
lenses to transfer the focal planes, interference pre-ée a laser and photomultiplier
for calibration — of a narrow-band interference filter, wattypical FWHM of 10 A, and
two Fabry-Perot etalons. This part of the instrument allwsiake spectropolarimetry.
The two Fabry-Perot etalons, with spacingsdof 1.1 mm andd = 0.125 mm at the
time of the observations, form the heart of the spectroméier this reason, usingars
pro toto, the whole spectrometer is often termed “Goéttingen” FPle@®mmetric scans
are performed by changing the spacimgsf the etalons, thus changing the wavelength
positions of the transmission peaks of the etalons. Thisam&ycan select specific wave-
lengths across a spectral line.
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Figure 3.5: Transmissions from the interference filter (solid greem)ijrthe broadband etalon (dash-
dotted red line), the narrow-band etalon (dashed line) tamdombination of the two latter (solid blue line)
around the central wavelength.

Figure 3.5 shows how the two etalons and the narrow-bandtpredict together to
select a narrow transmission peak of the 1.1 mm etalon.
One FPI produces a channel spectrum with a separation afeadjarders, or free spectral
range FSR) of

12

" 2ndcos®’
wheren is the refractive index of air (a value= 1 is used throughout the present work),
d the spacing of the plates, a@lthe angle of incidence of the light onto the reflecting
surfaces of the etalon — for the moment, a value- 0° is assumed. At a wavelength
1 = 6173 A — one of the solar spectral lines used in this work —1themm etalon has
aFSRof 1.73 A and the 0.125 mm etalonfS Rof 15.24 A. The purpose then of the
broadband etalon is to suppress the adjacent orders of thiélsamd etalon. As can be
seen from Fig. 3.5, the composite curve of both etalons slealysa very small influence
from the neighbouring transmissions, less than 5%. Thetiaddi interference filter,
whose transmission curve is also seen in Fig. 3.5 as a greee, aelects one order from
the broad etalon impeding the influence from the other orders

Finally, a Stokes/ polarimeter was placed just in front of the CCD detector. sThi
polarimeter, by means of &4 retarder plate and a pair of calcites, splits the incoming

FSR (3.1)
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light in its two circularly polarised component%(l +V) and %(I — V). Each of these
components or channels, illuminates fiefient half of the detector and can later be treated
separately or combined to obtain the Stokes parametardV.

The mounting of the instrument is also important for the firult of the observa-
tions. The FPI etalons are mounted in the collimated — i.ealjgh— beam close to an
image of the telescope pupil. Unlike having them in a telee@mounting — which causes
the orange peel patterue to small imperfections of the flatness of the etalon sada
—, the collimated mounting results irbdueshift This terminology refers to a shift of the
maximum of wavelength transmission across the FOV. Theference condition of FPIs
for maximum transmission is

mA = 2ndcose® , 3.2)

with mbeing the order. For small angles of incide®:ghe same ordenandn = 1, one
arrives at the blueshift

Al =-1(cos® - 1) ~ _g@)z. (3.3)

The blueshift can be corrected as will be pointed out in Sédt. For more informa-
tion about advantages and disadvantages of the two mosnseg Kneer & Hirzberger
(2001).

The broadband part of the instrument is composed of a broadieer, with a FWHM
of typically 50 — 100 A, a neutral density filter (NF) and a CC&ettor (CCD1). The NF
prevents the saturation of the CCD by an excess of photon®. iH¢he broadband train,
a high number of short-exposure frames — more than one hdirdisetaken, which will
allow the post-facto speckle reconstruction of the dataecBle methods are techniques
of image reconstruction which improve the spatial resolutf the images taken during
the observations. These techniques will be explained irerdetail in Sect. 4.2.

The upgrades of the FPI described in Puschmann et al. (26@6% increased its
efficiency by a factor of approximately 60.

The new CCDs, from LaVision GmbH, Géttingen, possess snbaty more pixels and
higher quantumféciency, and allow much higher frame rates than the former £€0be
new size of the FOV is 73x 55” for the broadband images and approximately 854"

for each narrow-band channel when using the Stdkemlarimeter, with a pixel size
corresponding to @12’ x 0.112’ for both cameras. Thanks to these new CCDs also
the exposure times could be reduced from 30 ms to 5-10 ms.i§ higoortant for the
application of speckle methods which require that the apffhesc seeing conditions be
frozen i.e. constant, during exposure.

A further upgrade concerns the software specially develépethe spectrometer con-
trol and data acquisition. It is now possible to scan contbasly several spectral regions.
For this purpose, various narrow-band interference filtershe corresponding wave-
length range can be mounted on a filter slider and be moved ani out of, the light
beam.

The structure of an observation of a spectral scan condistsoot-exposure narrow-
band frames at some 20-30 wavelength positions across ia@pee, with a sampling
in wavelength appropiate for the FWHM of the spectrometeaasmission curve. Most
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times, at each wavelength position, 5-20 frames are tak@s.igimportant for image re-
construction (see Sect. 4.2). Also important for the imag®nstruction, short-exposure
frames of the same FOV are taken with the broadband CCD1lgsimultaneously with
the narrow-band images. In addition to these data, darkesaane recorded, as well as
flat fields and frames from a continuum light source, which alibw to perform the data
reduction (see Sect. 4.1).

In Fig. 3.6, an example of a spectral line profile, fromB&73.3 A, obtained in April
2006 is shown. In addition, the FPI transmission as well aslitre profile from the
Fourier Transfrom Spectrometer (FTS) Atlas (Brault & Nd¢ckeioted by Neckel 1999)
are shown. The FTS possesses a very high spectral reschmibtie line profiles from it
may be considered as free of any instrumental broadenimgpared to the width of the
solar spectral lines.

As can be seen in Fig. 3.6, the line depression of the obselatedis much lower than

0.2+ 0.2

00, , \ \ \ oo
6173.1 6173.2 6173.3 6173.4 61735 6173.6
A (A)
Figure 3.6:Intensity profiles from the FTS atlas (solid line), the olvserdata (rhombuses connected by
dotted line) and the convolution of the FTS data with the Airgction from our instrument (blue dashed
line). The Airy function from the instrument is drawn as aamge dash-dotted line with the scaling at the
right axis.

the one from the FTS atlas. To simulate tifikeet of the FPI we have convolved the FTS
data with the transmission curve of the combined two etaldih® resulting line profile
has come close to the observed profile.

3.1.3 Tenerife Infrared Polarimeter Il

TIP 1l is the new version of the original TIP (Collados 1999ai¥inez Pillet et al. 1999;
Collados et al. 2007). It possesses a better and biggeredfisensitive CCD chip than
TIP, with 1024x1024 pixels. It is operating since May 2008 &as already achieved its
optimum performance.

TIP Il'is an infrared polarimeter which makes use of the VTSpectrograph. It measures
the four Stokes parameters by means of a couple of ferroieléquid crystals (FLCs) and
is able to achieve a polarimetric sensitivity of few times“lQ, wherel, is the continuum
intensity. The FLCs are retarders which, according to atiegppoltage, can change the
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orientation of their slow axes between two positions. Séemgthe optical path, the first
FLC possesses a (nominal) retardancg /@& and the second FLC af/4. The change in
orientation amounts to (nominally) 4%or each of the FLCs. The signal sent to th&
retarder has twice the frequency of thi. Therefore, a complete cycle of the polarimeter
is composed of four dierent states. In each of the states, combinations of theSfmkes
parameters are measured, so that at thel,g@dU andV can be retrieved by combining
the four states.

In terms of the modulation matrix of the polarimetit, one has

l=M-S, (3.4)

wherel is the measured vector of four states &id the Stokes vector of the incoming
light. To obtainS from the observations, the inverse of the modulation madrapplied,

S=M1.1=D-1, (8.5)

with D being the demodulation matrix.

The temporal modulation of the polarised light by means efRhCs is accompanied
by a spatial modulation. The latter is achieved with a psiag beamsplitter, and the
two outcoming beams reachfldirent parts of the same detector. The combination of
both methods to take observations on a two-dimensionattbetellows to minimise the
effects of crosstalk, both of gain-table uncertainties, wismime from using only a spatial
modulation, and of seeing-induced crosstalk arising froentemporal modulation.

For a demonstration of the loiv— Q, U, V crosstalk thanks to the double modulation,
consider a simple case where only StokesdV are measured. The intensities observed
at the detector are

() = (1 +V)/2 (3.6)
1(ty) = (I + 61 =V = 6V)/2 (3.7)
17(t) = (1+56)(1 = V)/2 (3.8)
I7(t2) = (L + 6g)(1 +61 +V +6V)/2, (3.9)

where+ and- refer to the two beams (spatial modulation) anendt, to the two states
of the FLCs (temporal modulationyl andsV account for the seeing-induced crosstalk
anddy represents the gain-table uncertainties.

Combining the four equations yields

Ineas= 5117 +1°(t) +17(6) + 10

= (1+84/2)(1 +61/2) + Vo4 (3.10)
Vineas= 51176 = () = (17 (1) = 1" (&)
= (L+84/2)(V + 6V/2)V + 6154/4 (3.11)

The last term in Eq. 3.11 corresponds to the crosstalkV. In most casesily/4l is of
the order of 16° and smaller, thus it can be neglected.
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Figure 3.7:Scheme of TIP and spectrograph organisatitmm Collados 1999)

After passing through the polarimetric analyser system light enters the spectro-
graph, mounted vertically and located mainly below the gtblevel of the VTT. The
dispersed light is detected by the TIP Il CCD. The latter isunted inside a cryostat
which keeps it at a temperature below 80 K to suppress thendlegxcitations in the
CCD chip and to avoid infrared stray light from the surrounydi. Inside the cryostat
there are also three filters for selection of the wavelerapige. For the present work, the
one for 1.56: was used, which has a transmission of 90% at that wavelength.

A scheme of the light path from the exit of the telescope’suume tank through TIP
and the spectrograph to the detector is shown in Fig. 3.7.céhbration optics is also
depicted there. This system consisting of a linear polaesd a retarder serves two pur-
poses: 1) to calibrate the FLCs, and 2) to measure the institahpolarisation induced
by all the optical elements from the exit of the vacuum tahkgtigh KAOS, to the detec-
tor.

For the spectrograph, there is a set of slits witfiedent widths from 4Qm to 120um.
The width of the chosen slit has variou$eets on the observations. On the one hand the
wider the slit, the higher the number of photons gathereds ifhplies that observations
can be made faster and with better signal to noigh{&atio. On the other hand, a nar-
rower slit allows better spectral resolution and gathegtlirom a smaller area of the
Sun, i.e. gives higher spatial resolution than a wider slit.

To increase the /8l ratio, TIP Il offers the possibility of taking various cycles or
accumulationsNa. This means that the four states are measitetimes and the cor-
responding counts are added. Supposing the noise of eagduredastate — e.g. due to
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photon noise —to be approximately the samgthe noise of each Stokes Paramaigiis
4

o =o? ) DZ, (3.12)
j=1

just by applying error propagation to Eq. 3.5. This is thesegber modulation cycle.
Now, for a numbeiN, of cycles and with theféiciencies of the device;, defined as (e.g.

Sanchez Almeida et al. 1994)

4 -3

€= (42 Dﬁ) (3.13)
i=1

the noise can be written as )
, o o?1

il B 14
i NA NA 4Ei2 (3 )

Then, the §N ratio of the Stokes parameters is
(S/N)i = (s/n) & V4N, 1=1,2,34, (3.15)

where (g¢n) is the signal-to-noise ratio of one measurement of eatheofour states.

The former instrument, TIP, was upgraded to TIP Il with a leiggOV of about 77
and better spatial resolution, with half the pixel size oP.TThe resolution in the spec-
tral direction has also been improved to twice the origina,cand a wider wavelength
coverage is obtained because of the bigger CCD chip. Thenaise spectral range is
likewise extended, going now from 0.9 to 2.5 microns.

A summary of the main characteristics of TIP and TIP Il is give Table 3.1.

| [ TIPL [ TIPIL ]
Spatial sampling| 0.36"/px 0.18"/px
Spatial coverage 36" 77
Spectral sampling
1.08um 29.6 mA/px | 11.6 mA/px
1.56 um 29.4 mA/px | 15.6 mA/px
Spectral coverage
1.08 um 76 A 118A
1.56 um 75A 159 A

Table 3.1: Summary of the main characteristics of TIP | arfdl [T(after Collados et al.
2007)

3.2 Campaigns
The observational campaigns are split into two groups adegrto the two instruments

used: the ones in which the FPI was used and the ones with TIP Il
During the campaigns, with both post-focus instrumentg WEre identified visually in
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live images from a video camera. Since PFe were needed gsdiotkor KAOS (cf.
Sect. 3.1.1), a systematic coverage of the polar areas &utheould not be performed.
The intention was to observe PFe both close to the limb andwahkliocentric angles,
i.e. as close to the disc centre as possible. Thus, obsmmgatiere constrained by the
heliographic latitude of the disc centre of the SBg\, For positiveBy the solar north pole
is better observable than the south pole, wice versafor negativeB,. Some data were
also taken from faculae near the solar equator, for compavisth PFe.

The campaigns with the FPI were performed in Ajy 2005, August 2005 and
April 2006. The observing conditions were very variablengidthe campaigns. An ade-
guate measure for the quality of the atmosphere for obsenss the Fried parametey
(Fried 1966). An average ~ 10 cm was estimated at the times when data were taken.
During the last FPI campaign in April 2006, the sky was oftenacloudy, and only few
data could be obtained. All along the first campaign of 200%adblpm of astigmatism
was detected. The beam-splitting calcites — Savart plafehed/ polarimeter, mounted
in front of the detector in the convergent beam, generateibgiple a small astigmatism
in the extraordinary beams. The orientations of the astitpmaare perpendicular for
the two channels%(l +V) and%(l - V). Now, the optical components between KAOS
and the FPI spectrometer also generated an astigmatisrh vinidentally, doubled the
astigmatism in one polarimetric channel and compensaiadlie other. At high spatial
resolution, the polarimetric measurements were sericafidgted. In spite of tha pos-
teriori work trying to compensate thigfect combining the point spread functions (PSFs)
of both channels, reliable polarimetric signals could rebbtained due to this fierent
astigmatism. During the other campaigns, a feature of KAQ#dcbe used which allows
a pre-setting of aberrations of the deformable mirror. Wiy the astigmatism of the
optics between KAOS and the spectrometer could be compahsand the detector of
the spectrometer could be placed at the position of thescatleast confusion.

Taking advantage of the new possibility of observing in easi wavelength ranges,
one filter for observations in the F&173 A and another one forH(6563 A) were
chosen. This provided information about the photosphena fa magnetically sensitive
Ferline — Landé factog = 2.5 — and about the chromosphere from. Hable 3.2 presents
the main parameters chosen for the observations.

Table 3.2:Main characteristics of FPI observations: date of campaigectral lines observed, number of
spectral positions scanned, number of frames taken at pactral position, step width between positions,
and exposure time of each frame.

Campaign Lines Positions  Imagpss. Step width (mA) Exposure time (ms)

04/05.2005 6173 A 21 15 23.65 5
08.2005 6173 A- 6563 A 2322+ 23 15 23.65+ 100.67 5+ 10
04.2006 6173 A- 6563 A 22+ 23 15 23.65+ 100.67 5+ 10

In order to perform correct speckle reconstructions (cttS&2), the wavelength of
the broadband images must be close to the wavelengthseskfecthe narrow-band ob-
servations. Here, a 6300 A filter with a FWHM of 50 A was used.

Observations with TIP Il were performed in Novemiicember 2005, October 2006
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and May 2007. The weather and seeing conditions were veigblar At the beginning of
the 2005 campaign, the passage of the famous Delta storraccdamages and problems
in the telescope control. After a few days of repairing arskténg everything, the sky
was clear, so the seeing was stable although not very goodevage. During the 2006
campaign the sky was much more clouded making observatidrengely dificult. Few
data were obtained, with not very good seeing. Thus, KAOSdcoat lock very well
onto PFe and did not operate at its best performance. Thedagpaign, in 2007, also
contained many days with overcast sky. Yet on few very wohilevdays observations
could be performed and good data could be acquired.

Throughout all TIP Il campaigns, the range a@um was observed, focusing on the
two Fel lines at 15648 A and 15652 A with the set of liquid caystappropriate for that
range. The sets of parameters chosen for the observategé/an in Table 3.3.

Table 3.3:Parameters of TIP Il observations: date of campaigns, dimsed slit, number of accumu-
lations in each position, exposure time for each of thoséipas, and step size from one position to the
next.

Campaing  Slit widthgm) Accumulations Exposure time (ms) Step siZg (

11/12.2005 100 5 250 0.5
10.2006 100 5 250 0.35
05.2007 60 5 250 0.35

The number of spatial positions scanned for each obsenvadiimged from 15 to 120,
depending on the amount and size of PFe visible in the FO\&&harious spatial exten-
sions contain from just one or two PFe to many of them as wejuést Sun allowing for
some magnetic flux measurements outside PFe.

The step size of 35" corresponds approximately to twice the pixel size alongslite
which is Q17”, making it easy with an interpolation to have the same sgafirboth slit
and scanning direction. Likewise, the step di"Ocorresponds closely to three times the
pixel size along the slit, so again a simple interpolatioregithe same scaling in both
directions.

Simultaneously with the spectropolarimetric observatjalit jaw images were recor-
ded. Mainly white light images were taken, but also some isag calcium K and some
in Ha with the Lyot filters of the VTT’s slit jaw camera. They serve iaformation in
different wavelengths about the solar area around the posit@msvhere spectropolari-
metric data with the slit spectrograph were taken.

The usual flat field and calibration data were also obtaineatdier to perform later the
data reduction, explained in Chapter 4.
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“In the absence of light, darkness prevails”
Hellboy (2004)

“Data reduction” refers to the application of techniques‘fdeaning” the data, for re-
moving noise and imperfections which do not belong to the tibject under study but
result from the way the data were obtained. Earth’s atmaspldest in the instruments,
inexact telescope guiding and telescope jitter, instruaigolarisation, etc. are sources
for these imperfections.

This chapter will describe some of the steps to be underthk&éare the actual work with
the data, to have them prepared for scientific interpretatim Sect. 4.1 the standard
processing will be described. Sect. 4.2 deals with the dpeekonstruction, which was
mentioned above in Sect. 3.1.2 as a way to improve the spasalution of the observa-
tions. In Sect. 4.3 the fierent methods used in the subsequent work to obtain magnetic
and velocity fields will be presented.

4.1 Reduction

For the observations from both FPI and TIP Il instruments lihsic reduction processes
concerning the dark correction and flat fielding, were penff in the usual way. Dark
frames and flat field exposures were obtained during the wdisens and are used as
explained in the following.

Darks are applied to take into account the number of couatsdiétectors are deliv-
ering just by being in operation. An image with the same expptime as the data, but
with the light blocked, is recorded to measure the thermaht®and any electronic bias.
This ofset is then removed from all the data, including the flat fields

Flat fields allow to measure theftérent response of each pixel of the detector. This
includes the variations of the pixel sensitivity (gain tablg, vignetting, and shadows
from dust on the optical surfaces. To quantify these fluadunat the detector is exposed
to a homogeneous constant intensity (flat field). On the Simpnaogeneous field does
not exist since there are always spatial structures sucraasiigtion. Thus, to correct for
this efect, several images are taken whilst changing the telegsoipéing in a random
way near the disc centre of the Sun. These several flat fieldamare then averaged in
order to smooth out the intensity variation due to spatraicstres of the images, and to
obtain the required homogeneous field. All data will then tdeected for the remaining
pattern.
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In summary, the dark and flat field corrections are applied as

original data — dark

data reduced =
alareduce flat field — dark

(4.1)

Special care must be taken with the reduction
of the narrow-band FPI data, regarding the previ-
ously mentioned (Sect. 3.1.2) blueshift induced by
the mounting of the FPI. An example of such a
blueshift is presented in Fig. 4.1. The image shows
the pattern of the blueshift from a narrow-band flat
field scan. The brightness variation in Fig. 4.1 cor-
responds to the ffierent amount of displacement of
the FPI transmission in wavelength. It is calculated
just by measuring the fierence between the posi-
tion of the line minimum in each pixel with respect
to the position of the line minimum of the mean pro-
file. As the flat field scans do not contain any so-
Figure 4.1: Example of the induceq '@r line shifts, the blueshift pattern is obtained from
blueshift from a flat field scan in onethem, and used for the wavelength correction of the
narrow-band channel. line profiles across the FOV.

The blueshift correction should be applied to the
data from the narrow-band train, both flat field images anense data — separately for
each narrow-band channel — because flat fields and scierecardagqually #iected.

A continuum correction is also applied to the data from battruments, FPI and
TIP 11, to rectify the variation of continuum intensity withavelength. Thisect results
from the transmission curve of the order sorting interfeeepre-filters. The continuum
correction is performed ferently for each instrument.

In the case of the FPI, the detector is illuminated with lilom a halogen lamp,
which emits homogeneous continuum light. These so-calbetinuum images” and
“continuum scans”, are recorded additionally in the cowfshe observations.

For TIP Il there is no halogen lamp from which to calibrateitifuence of the pre-filter.
However, the high spectral range covered by TIP Il allowseiec several continuum
windows at diferent wavelengths. A polynomial is then fitted to these wavgth areas
to estimate the filter’s transmission curve. Dividing by khiter leaves a constant contin-
uum level throughout the whole spectral range. Figure 4@ctiean original spectrum
along with the continuum corrected spectrum and the one thenFTS atlas. The con-
tinua of both the corrected and the atlas profile coincide large extent. It was stated
above in Sect. 3.1.2, that the FTS atlas can be consideredasffinstrumental broad-
ening. Since it can be seen from Fig. 4.2 that the correctedtspn compares well with
atlas data, the corrected data can be considered as ale®siffinstrumental broadening
as well.

There are some more steps in the TIP Il data reduction thatldhee mentioned.
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Figure 4.2:Flat field spectrum before (dash-dotted red line) and afi@lid{ line) continuum correction.
The dashed blue line shows the spectrum of the atlas by Lstamg& Wallace (1991). The original data
have been scaled to their maximum intensity.

Most of the TIP Il reduction procedures are already implet@eim programs written and
supplied by M. Collados (Instituto de Astrofisica de CaasriTenerife, Spain). These
programs use the dark, flat field, and calibration data takeinglthe observations as well
as combine the two beams and four states of the data, in argerfiorm the dark and flat
field corrections, take out the signature of some bad pixelsemove the crosstalks, i.e.
the polarisation induced by the optical elements.

Still, unreasonable intensities, and some residual naigegodic signals in wave-
length with short periods, in some bad pixels remained. Toecofor these last disturb-
ing effects two more procedures were applied. Firstly, the remgibad pixel intensities
were interpolated with their neighbouring ones. Then, afpass filter was applied to the
spectra for smoothing and reducing the noise.

One important pre-analysis measure is the wavelengthrsppeempling as it will be
involved in the calculations of the magnetic field strengthd velocities. In the FPI case
the step size is chosen by the observer so it does not requifeidgher work. For TIP I,
the diference between the tabulated wavelength positions ofdhéiites was compared
with the observed dierence. This yielded a step width corresponding to 14.4aixAl.

4.2 Speckle reconstruction

Even with the use of an excellently working AO system, mosthef time the Earth’s
atmosphere impedes achievingfdiction-limited resolution in the observations. But the
pursuit of resolving the smallest structures on the Suniregjdurther improvements to
reduce the degradation of observations. Therefore, a cw@tibn of AO with somepost
factum— after the acquisition of the data — image reconstructichrtgue is needed.
Here, speckle techniques have proved highly successful.

The namespecklecomes from an intensity pattern created by mutual intenfezeof
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coherent wavefronts with afliérence in their phases — e.g., a laser reflected by a rough
surface. Such a laser pattern is presented in the left frdifig 04.3.

Figure 4.3:Examples of speckle pattern, from a ladeft{ and from the; Bootis binary systemright).
The ¢ Bootis observation was made with the Nordic Optical Telpsc(NOT) in May 2000. The laser
pattern image is taken from ugervetsonon www.flickr.com

Consider a star which, at Earth’s distance, can be consi@are point source. A ground-
based long-exposure image of the star appears aSuselintensity pattern, theeeing
disc But if observed with short exposure, it reveals a speckleepawhich changes
and moves globally in time. The exposure time must be shdtter the time scale of
atmospheric variations, typically a few 10 millisecondfieTatmosphere would then be
frozen An example of such circumstances is shown in the right frafriég. 4.3 with an
observation of the¢ Bootis binary system.

Speckle images are taken with these short time scales. &acis of them is onlyféected
by the instantaneous atmosphere. Then a statistical apjpoaa be made. Many — of the
order of 100 or more — speckle images are taken so the arithenetrages used below
will be approximately equal to ensemble averages. Fromtheratmospheric conditions
can be inferred and the seeing degradation can be reduced.

An image taken through an optical device and medium — e.@sd¢epe and atmo-
sphere — can be expressed mathematically as the followimgtdion

i(®) =o(x)®psf(x), (4.2)

wherei is the image at the detectan,is the original object angsf is the point spread
function (PSF), which contains the information about thelime and the device.
Considering a series of N images and changing to the Foyaaes their average is

1 1<
5 2@ = 0@ >, OTR(@. 43)
i=1 i=1

beingl, O, and the optical transfer functio®{ F) the Fourier transforms of o andpsf.

It can be seen from the last equation that the loss of spasalution, when dealing with

a long exposure image,; I(d), comes from the summation of the OTFs. Due to the
changing atmosphere the complex Fourier components aceltesh upon summation of
the instantaneous OTFs. Thus, information at high spagaluencies is lost. Thefert
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4.2 Speckle reconstruction

shall be put then in the recovery of this information, bothaomplitudes and on phases.
To this aim the speckle reconstruction code was developérbdiniversitats-Sternwarte
Gottingen (de Boer 1996). The idea of the code is the sepaedeery of the amplitudes
and the phases. For the phases, the so-cafledkle masking methd@/eigelt 1977) is
applied. For the amplitudes, starting from Labeyrie’s ideabeyrie 1970), thepectral
ratio method(von der Liihe 1984) is used.

To avoid the cancellation and to recover the amplitudeselab proposed to take the
square modulus of the Fourier components in the average,

N
2,I0TFR(@ (4.4)
i=1

Z|H

1 N
N 2 @F = 0@
i=1

With this approach the speckle transfer function &Tﬁ SN, IOTFR(q)I?, does not cancel
out at high spatial frequencies.

Since the real object is unknown — and, therefore, also itsiEptransformO(q) — von
der LUhe set forth the spectral ratio method, dividing thessgd modulus of the averaged
Fourier transforms by the average power spectrum:

K@) _ [O(@F KOT F(@)?
(@) 1O (OT H(@I? -

This ratio depends only on the telescope and atmospherditamms and is characterised
by the normalised Fried parameter= ro/D, whereD is the diameter of the telescope’s
entrance pupil and, is the Fried parameter.

In order to obtaine and, from thatro, the observed and the theoretical rati@) are
compared. The theoretical expressions of the averages.id.E@re based on work by
Fried (1966) forl(OT F(q))|? and by Koff (1973) for the STF. With this information, the
STF corresponding to the observations is known and, from#Eq.the amplitudes of the
object are obtained.

(4.5)

e(@ =

The speckle masking method uses igpectrunto retrieve the still missing phases.
The bispectrum is defined as

BS(d. p) = <H@I (P)I (- - P)) - (4.6)

Considering the image as a two-dimensional pixel matrixasidg Eq. 4.3, Eq. 4.6 can
be re-written as

BS(, j, k1) =0(, j)Ok, NO(-i —k,—j—1)
x(OTF(, JOTF(K )OTF(—-i —k,—j—=1)). 4.7)

It can be proven that the bispectrum of the OTF, upafficant averaging, gives a real
non-zero function. This means that its phases are zero amdftine,BS contains the
phases of only the original object.

Applying the closure equation to the phases in Eulerian tdation, yields

otk i) — o) ok i ikl) (4.8)
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where®d is the phase of the bispectrum. Now, a recursive calculatians from the initial
conditiong(0, 0) = 0 and from known phases at low frequencies, i.e. at largesckrom
here, all the phases will be recovered.

All this processing requires an instantaneous OTF that doesary over the FOV.
But this latter is correct only for an isoplanatic patch, n@med above in Sect. 3.1.1. The
size of an isoplanatic patch is of the order ¢f Bfauch smaller than the FOV of the FPI.
The FOV is hence divided into subfields with the approximie sf the isoplanatic patch
and the speckle reconstruction is applied to each of thetse&uently, the subfields are
reassembled again.

Figure 4.4 presents an example of an image before and aéesptckle reconstruc-
tion. The uppermost image is the best —i.e., the one withdsiptontrast — of the speckle
images of a burst of 330 frames. The middle image shows amageever all the images
from the burst, corresponding thus to a long exposure imelge small details are clearly
blurred. The lowest image is the speckle reconstructed émdde contrast is highly
enhanced and the small details are better defined than ipffex timage.

Recently, the speckle reconstruction code was improvedibgtiimann & Sailer (2006)
to take into account one furtheffect introduced by the use of AO.

In Sect. 3.1.1, the problem of the field dependence of the A@ction was pointed out.
This leads to a radial variation of the spectral ratio wheliedhe previous calculatiors
was only determined bgy/D. The solution was to divide the FOV into a circle centred
on the KAOS lockpoint and 6 further concentric annuli. Thandeter of the central circle
and the width of the annuli are the same. In each of these iarthelspectral ratio is
assumed constant and is estimated independently. Onlyulifeelsls whose centre lies
within an annulus are used for the calculationgiin that specific annulus.

Narrow-band reconstruction. Albeit much information on the structure of the solar
atmosphere is contained in the speckle reconstructed baoadmages, the information
that can be obtained from the narrow-band spectropolaricretans is much higher. As
was described in Sect. 2, spectropolarimetry gives the ryppity of analysing many
characteristics of the region under study unaccessiblehmr onethods. Thus the recon-
struction of the narrow-band images — i.e., the improveroétiteir spatial resolution —
is as important as the broadband reconstruction.
In the narrow-band case, the same speckle reconstructithothapplied to the broadband
would bring serious constraints. Taking a few hundred irsagjeeach spectral position
creates problems not only at a storage capacity level, batadltime resolution. One scan
would take up to 7 minutes from start to end. Most of the timsescon the Sun which
are of interest here, are shorter than this time, so thetesmegunder study would have
undergone a complete change during the scan.
This is the main reason to have a broadband and a narrow-t&ndperating in paral-
lel. The observations in both bands are taken simultangsasihey are fiected by the
same atmospheric perturbations. Once these perturbatierigown and removed from
the broadband images, that information can be used for thhewsdand reconstruction,
applying the method by Keller & von der Luhe (1992).

The observations are expressed as, again in Fourier space,

Ibbi = OppOTF; (4.9)
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4.2 Speckle reconstruction

Figure 4.4:Speckle reconstruction of a FOV showing an original shoposure speckle imageof), an
average of the 330 speckle imagesgddle) and the actual speckle reconstructed imamgton). Tickmark
intervals correspond to Y0 The observations for this figure were obtained in May 2005.
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Inbi = OnOTH;, (4.10)

where the index 'bb’ refers to the broadband train and thexridb’ to the narrow-band
train. The two objectsQy, andO,, are diferent as they correspond tdf@rent heights
in the solar atmosphere. But the OTFs in Egs. 4.9 and 4.1(thareame, provided that
the spectral regions used for the broad and narrow-bandatigms are close enough.
Thanks to the speckle reconstruction described above, Tis @s well as the estimate of
the broadband object are known. From Egs. 4.9 and 4.10 oasmshtpon averaging

O = ()

oTF ('"ﬂ>obb. (4.11)

b

This estimation can be very noisy because some oXh& may have values close
to zero at high spatial frequencies. To have a better esinkat. 4.11 is weighted with
the power spectrum dfy;,

(i /o) lonil? il py;?
bb = bb -
(boil?) (o)

Note that Eq. 4.12 can also be obtained from a least-squimelation, i.e. by min-
imising the error metric
E=)
i

A further reduction of noise was achieved by applying anroptn filterH,

Onp =

(4.12)

Ibbi 2
Onb—=— — lnn;i 4.13
nbobb nh,i ( )

<|nb4,i|;hi>
Ore = Al (414
The level of noise in the data, used to create the filter, isnes¢d from defocused
flat fields. These are images taken under the same conditiotieeadata but with the
telescope out of focus (see e.g. Koschinsky 2001).
The narrow-band reconstruction process is applied to ttefdam both channels of the
polarimeter in the same way.

The last step before further analysis of the data is perfograicareful, sub-pixel ac-
curate alignment of the images from both channels of\theolarimeter, and of these
images with the broadband images.

As noted in Sect. 3.1.2, the two channels of thgolarimeter give the two circularly
polarised states of Iigh%(l +V) and%(l — V). To obtain images of StokdsandV as
parameters to be analysed, one has to add and subtract thesifinram the two channels
of the polarimeter. Therefore, an alignment of the data ftbentwo channels must be
carried out to avoid false signals. Likewise, some of therlahalyses will require study-
ing together information obtained simultaneously from magrow-band and broadband
channels. Thus, the alignment of images from both bandsdsredcessary.

The alignment process consists of a global shift for maxinwamelation and of a de-
stretching with an extension of the code by Yi & Molowny Hord992). This de-
stretching corrects small displacements which vary adfus$OV, due to dferent op-
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4.3 Magnetic field and velocity determination

tical paths of the two polarised light channels and the hvaad optical train. The de-

stretching parameters are calculated from averaged camtiimages in the narrow-band
channels. The parameters so calculated are then applilee tedonstructed images at all
wavelength positions of the scanned line profile.

4.3 Magnetic field and velocity determination

Once the data are freed from imperfections as much as pessihd reconstructed, in
the FPI case — the next step is to obtain from them physicahpeters of the solar atmo-
sphere to infer the magnetic and velocity fields in the otetarea on the Sun from the
properties of the measured intensities, including pa&ios.

Section 2.3 described the response of the Zeeman splittihg tmagnetic field strength
and the polarisation of the fiierent Zeeman components. Th&elient methods used in
the present work to translate the response of the measueettgpolarimetric properties
— such as separation and amplitudes of Stdkestrema and line shifts — into the mag-
netic and velocity fields generating them, are discussddsr8ection. Also a comparison
of the diferent methods using synthetic Stokes profiles is carriedobufig. 4.7).

The magnetic field strength was measured by three methodsk fredd approxima-
tion (WFA), strong field regime (SFR), and centre of graviBOG). The former two
methods extract the field strengths from the Stokgsofiles whereas the COG method
uses the profiles corresponding to the two circular poIEidBastates%(lA +V,) and
(1= VY).

Weak Field Approximation. In the WFA, the Zeeman splitting\1g (cf. Eq. 2.13),
is assumed to be much smaller than the Doppler witli, of the line

[2kT A
A Alp = [—— 4.15
B << Adp Ma G ( )

wherek is the Boltzmann constari, the gas temperature ang the atomic mass. In this
case, the amplitudes of the Stoképrofiles increase linearly with the LOS component of
the magnetic field, as seen in Fig. 2.5b. From the expansitimederms in the equation
of transfer of polarised light in a Taylor series to first aroheA1g (Landi Degl'lnnocenti
1992), one obtains
dio()
di ’
wherelo(2) is the non-split Stokekprofile, By = a cosy Bis the LOS component of the
flux density averaged over the resolution element (and dneefdrmation heights), with
y the angle between the LOS aBde is the filling factor (cf. Sect. 2.3).

V(1) = —~4.67 x 10304 A2Beg (4.16)

A low filling factor a < 1, e.g. due to limited spatial resolution, results in deseea
amplitudes of Stoke¥. In the case of very small signals, they become buried in the
noise. Given the characteristic shape of Stokes the presence of magnetic fields, the
observed profiles were fitted by a non-linear least-squaetsad (minimising,?) to two
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Gaussians, .
= ) [Vand ) = F()] (4.17)

where
F() = Ay B2 4 ppg(imB2/2CE (4.18)

The fit increases the polarimetric sensi-
tivity and allows to distinguish magnetic
signals from the background noise. The
amplitudes of Stoke® were calculated
from the amplitudes of the Gaussian fit in
the pixels where it worked properly. Fig-
ure 4.5 depicts two examples of Stokes
V profiles from data observed during the
_0.04 August 2005 campaign (cf. Table 3.2)

0.02 and their corresponding Gaussian fits. The
3 field strengths resulting from the profiles
§ 0.00 are—180 G and-80 G for the upper and
. lower panel of Fig. 4.5, respectively, calcu-
-0.02 lated from the amplitudes of the Gaussian
-200 -100 0 100 200 fits.
AN, mA

Figure 4.5: Examples of observed Stok#spro- . . . ,
files (solid lines) and fits with two Gaussians (dashed AS also explained in Landi Degl Inno.-
lines). The resulting field strengths ar&80 G (upper centi (1992), the Stokes parameters for lin-

panel) and-80 G (lower panel). ear polarisationQ andU, are often related
(although without solid physical justifica-
tion) to the second derivative of the intensity and can beesged as

. d?
Q) = —%(geﬁC/lSB)ZSInZ)/COSZ( O'Ii(f) (4.19)
U = ~2(guCa2BY ity sin 2y 1ol (4.20)
- _4 Qe LA Y 2\/ arz .

with C = 4.67x 103G A-1. Combining these two expressions@fandU, the azi-
muthal angle and the transversal component of the magneiticdiie calculated

1 U
X = > arctan6 R (4.21)
1
Btrans: B(QZ + UZ)% s (4-22)

whereD = [l—le(gefrcflé)“(%)z]m-

In addition to using the two-Gaussians fit, which does notkwmoperly at many
pixels in the FOVs since the fitting procedure does not findaeable values, a filerent
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approach was also performed. A least-squares calculatomEq. 4.16 yields

= V) C)
B = TS o) @29
whereC’ = —4.67 x 107 ger A2 dlo(4)/dA.
Likewise, a least-squares calculation from Eqgs. 4.19 a2d vields
2i Q(4) Di(4)
B2, =—"— " 1" 4.24
trans Zi Dllz(/li) ( )
i U() Do (4
se _ iU D) 4.25)

with D} = -1(gC12)2cos %% andD, = -1(gC12)2sin2¢ L. Like in Eq. 4.22, the
addition of the squares of Egs. 4.24 and 4.25 must be pertbimerder to eliminate the

unknown angle.

In this study, the summations in Egs. 4.23, 4.24, and 4.2bded all wavelengths in
the scanned line profile. These determinationBgfand ofByans Worked at all pixels in
the FOVs.

Strong Field Regime. For strong fields andr magnetically very sensitive lines the
SFR applies. As shown in Fig. 2.5, at strong fields, the aomidis of Stoke¥ are satu-
rated. They do no longer augment with the field strength, edeethe two lobes become
increasingly separated. In this regime, the Zeeman sgii8 bigger than the Doppler
broadeningAdg > Aldp, as seen also in Fig. 2.5. The separation of the lobhgg, ap-
proaches twice the Zeeman splitting and thus, the magnelicdan be calculated from

Ady = 2Adg = 2CgerA°B. (4.26)

In this way, the modulus of the magnetic field strength isested, independently of the
angley. The advantage of using the separation of the Stdkésbes to calculate the
magnetic field strength is that it is also not dependent orfilliveg factor. This latter
decreases the amplitudes of Stokelsut does not fiect the location of the extrema.

The separationaly were determined from the locations of the Stokeextrema,
obtained by means of the same two-Gaussians fit as in the WFA.

Centre of Gravity. The actual intensities obtained after ¥eolarimeter in the FPI
do not correspond to StokésandV but consist of the two circularly polarised states of
light. A way to derive the magnetic field directly from t%é +V) and%(l -V) profiles has
proven to be very robust and reliable. The COG method (cf.€688967; Rees & Semel
1979) obtains the LOS component of the magnetic field — aeerager the resolution
element and formation heights — from the separation of th&€0f the two profiles
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I, = 3(1, + Vy) andl_ = (1, = V,)). The COG of each of the profiles is defined as

Jlle = 1.(] ad
Jlle = 1.()]da

with | being the continuum intensity and the integration beindggoered over the whole
line profile. The calculation of the COGs is ndtexted by spectral broadening, e.g. by
the spectrometer.

Using Eqg. 2.13 and the above definition, the determinatiothefmagnetic field is
done with the relation

A = , (4.27)

1 _
Adg = E(ﬂ* — 1) = 4.67x 10 g 12Beg . (4.28)

In Fig. 4.6 a section from a FOV containing various PFe is shas an example of
the speckle reconstruction and of a magnetogram obtaireethei COG method. The
magnetogram only depictsfective fields ofiBer| > 75G and both magnetic polarities
are seen as bright and dark patches. The FOV is located étgs= 0.4, wheref is
the heliocentric angle. A spatial resolution of 0-0.5’ is estimated. Note in Fig. 4.6 the
presence of magnetic features with no associated brigintemart (upper-right area) and
of brightnesses with no identifiable magnetic field (lonefi)l Also note the existence of
both positive and negative polarities with associatedhtrigatures. These points will be
described more in-depth in Chapter 5.

Using the same assumptions for calculating synthetic pofik in Sect. 2.3 and for
Fig. 2.5 — Milne-Eddington, Fe6173 A, 30 mA Doppler width, static, constant magnetic
field —, the previous methods for the magnetic field retrievel tested. The results are
shown in Fig. 4.7. Three flerent inclinations of the magnetic field with respect to the
LOS are analysedy = 0° (red) for the behaviour when the magnetic field is parallel to
the LOS,y = 50° (yellow), andy = 80° (green) as the limits of the range of observations
studied in this work. The dashed lines in Fig. 4.7 are the torene correspondence
taking into account the inclination for the magnetic fields éan be seen in Fig. 4.7,
only the SFR gives the total field strength, not the LOS coreptinFor low fields, the
retrieval with this method is poor since it is the regime doatéd by the amplitudes and
the separation of the lobes does not change with field stneiggarting at approximately
1000 G, the measured separation of the lobes of Stéke=haves linearly with increasing
field. For that and higher field strengths the measured dtrdmeromes very similar to
the introduced strength, with only a small overestimation.

Both the magnetic field obtained by means of a least-squasdination using
Eq. 4.23 and the retrieval from the amplitudes of the two$3&ns fit give very similar
results to the introduced field strength uiil ~ 500 G. The retrieval of the field strength
is less accurate in the case of the WFA. The two methods reslomearly only at low
field strengths. Beyond around 500 G, the amplitudes of Stuksaturate. From there
and to higher strengths, the field measured under WFA comasonstant value, while
the strength determined with the least-squares startsaeage. Since with increasing
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arc sec
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0 2 4 6 8 10 12 14
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Figure 4.6: Example of PFe at cas= u = 0.4. Upper frame corresponds to section of the speckle
reconstructed image and lower frame to same section of nagraen. In the magnetogram only fields of
|Betl > 75 G are drawn and opposite polarities marked as dark anbtipagches. Arrow points towards
limb. Observations for this figure were performed duringAlugust 2005 campaign (cf. Table 3.2)
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Figure 4.7 Retrieval of magnetic field Beaswith respect to the input fields, from synthetic profiles. The
dotted lines give the LOS component of the input field. Uppér Hetermination with COG method; upper
right: least-squares determination with Eq. 4.23; lowér lgetermination in WFA; lower right: assuming
SFR.
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magnetic field strength, the lobes of Stokéstart to separate whereas the derivative of
the unperturbed Stokésdoes not change, the least-squares method using Eq. 4&8 giv
decreasing strength of the field. The COG method responds nworstantly to all ap-
plied field strengths than the other three methods, althéargield strengths higher than
approximately 1000 G it overestimates the observed fieldnidmation anglesy # 0°.

For lower field strengths, the fiierence between the measured and the introduced field
is lower than 10 G. Until approximately 500 G, thétdrence between the field strength
obtained from the least-squares determination and thegttrérom the COG method is
less than 20 G.

Velocities. Velocities in the atmosphere of the Sun can be obtained fremesponse
of the spectropolarimetric signals to the various dynaroieditions of the plasma from
which the radiation originated. In the present work, twomoels were employed to mea-
sure the LOS velocities: the COG method and the Stdkesro-crossing.

From the two circularly polarised states, the Doppler shifere measured by means
of the average wavelength position of their COGs. As zerregice, the average velocity
in the FOV was taken. This method gives the LOS velocity of nedig and non-magnetic
plasma in the resolution element averaged over the formaggghts of the line.

The zero-crossing positions of the Stoképrofiles were analysed with two methods,
the above mentioned two-Gaussians fit to Vherofiles and a third order polynomial fit-
ting the central part of th¥ profiles, yielding very similar results. The output are maps
of the LOS velocity of the magnetised plasma alone, sWgeofiles are formed only in
the presence of magnetic fields. These maps are not as comsiag the ones from COG.
Whereas the profiles c%f(l +V) and%(l —V) give a clear signal at every pixel, the Stokes
V signal is noisy, i.e. the zero-crossing is not measurabfgositions with only weak
fields.

Lambdameter Method. Velocities were also measured for the idata at diferent
heights in the solar atmosphere, applying in this case ttwabed “lambdameter method”
(Tsiropoula et al. 1993). This method calculates the shiftgavelength of the bisectors
of each profile at certain line widths, with respect to therage profile of a quiet Sun
region. Then, those shifts are related with Doppler shifts.

Instrumental Crosstalk. The instrumental crosstalk (cf. Sect. 2.2) is of concereher
since it can fiect the measurement of magnetic and velocity fields. Refggpecifically
to the methods described above, the determinatioBg;oéind ofV zero-crossing veloci-
ties, are susceptible to instrumental crosstalk, espgta, U — V crosstalk.

For TIP Il data, the double — spatial and temporal — modufatiinimises the crosstalk
induced by seeing and by uncertainties in the CCD'’s gairetédfl Sect. 3.1.3). The
crosstalk from the telescope and the AO is measured via tlitleration optics in the
course of the observations to remove it afterwards during daduction. Unfortunately,
for the FPI none of these possibilities were available — aitige the last upgrade of the
FPI (Bello Gonzalez & Kneer 2008), it is possible to measwih Ibhe full Stokes vector
and the instrumental crosstalk, thus to correct for thedatt

An estimation of the crosstalk with the FPI was performed Iyuaev (2004) and
Bello Gonzéalez et al. (2005). THg, U,V — | crosstalk is of negligible influence due to
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the low amplitudes of the polarisation signal compared oititensity. The influence of

| - Vis also small and could be corrected during data analysiseier, the impact of
Q,U — V distorts the Stoke¥ profiles, leading to systematic errors in the determination
of magnetic field strengths and velocities. The crosstatkeases towards the limb with
increasingQ andU. According to the estimates for the WFA and for the C®g;, comes
out too small by 20% whereas the separations oftextrema, i.e. in the SFR, are little
affected. But still, the velocities measured from the positibthe zero-crossings have to
be taken with caution.
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“- Inconceivable!
- You keep using that word. | do not think it means what yolktliimeans.”
The Princess Bride (1987)

The favourable conditions during the realisation of thiskvei.e., time of sunspot min-
imum, instrumental upgradings providing very high spatgsolution — allow to gain a
deeper insight into the characteristics of PFe and theitiogl to the global magnetic field,
based on statistical samples from many observed PFe. Assabfshe main properties of
PFe and their variation with heliocentric angle are cardet] providing new information
and constraints for future studies and numerical modell@gmparisons between infor-
mation obtained from the photospheric magnetic line@%73.3 A and the infrared lines
at 1.56yu are carried out as well.

This Chapter presents the results obtained from the olisamsadescribed in Chap-
ter 3, by means of the methods explained in Chapter 4. Thétsesill be discussed as
well. Section 5.1 deals with photometric analyses of PFees in the broadband and
continuum intensity maps, such as the number density, saghdition and contrast vari-
ation. Also the penetration of PFe into higher atmosphewyels is described with ¢
observations. A complete interpretation of these dataficdit because H is a chromo-
spheric line, formed under conditions of non-LTE. The fultlerstanding of the dynamic
Hea structures would require aféérent interpretational method outside the scope of this
thesis work. The magnetic properties of PFe and their oelatiith the global field are
described in Sect. 5.2. Finally, Sect. 5.3 takes into accthendynamics of the plasma
related with PFe.

Firstly, a way to distinguish and flierentiate PFe from other features in the observed
FOVs must be developed. The main properties of PFe — i.er,dhistanding brightness
above most background intensities, their strong magnedid &nd their small size — are
used to create a combination of three thresholds that seégcthe PFe in a FOV. For a
structure to be considered a PF, its intensity must,ha > 1.1 x Ty, wherely, is the
average broadband intensity in the neighbourhood of thddaé\s second threshold, for
magnetic field strength obtained from the COG method, itdsiired tha{Be pe > 60 G.
This value is approximately three times the noise of the reggrams. Finally, a thresh-
old in size was also applied in the sense that to be consi@elRel the feature must have

* Part of this Chapter is an extended version of Blanco et 8072
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a minimum area of % 10* km?, which corresponds to three contiguous pixels on the de-
tector.

The above values are the ones chosen when dealing with F®1 Bat TIP Il observa-
tions, the thresholds in intensity and field strengthlage> 1.02x Ty, and|Berpd > 18 G
(again, approximately three times the noise), respegtividie threshold in size is taken
the same as for the FPI case. The threshold in intensity neusivieered for two rea-
sons: a) Intensity enhancements due to temperature emhantseare much lower in the
infrared at 1.56u than at 6173 A, a general property of Planck functions. b) Jee

tial resolution strongly influences the contrast, as dbsdrin Sect. 5.1.2 below, and the
spatial resolution of TIP Il observations is much lower thiaat of the FPI observations.

The combination of the three thresholds at the same timecisssary since, as noted
when referring to Fig. 4.6, there exist some bright featuwvéh no magnetic field as-
sociated andice versa The magnetic flux stored in non-bright features is analysed
Sect. 5.2.3. The size threshold impedes some spurioud sigvidch are not bigger than
one pixel, two contiguous at most — from entering the analyse
This method of identifying PFe will be applied throughoutthe different analyses that
will be performed in this study.

However, the method is not completely reliable at all latés since some PFe are
below the selection thresholds and thus would escape @etediowards the disc centre
PFe are not much brighter than their surroundings. Theitrasthidecreases and becomes
similar to the contrast of bright granules. This is cleadgis below, in Fig. 5.4. Therefore,
for FOVs observed at latitudes near the lower latitude bawndf PFe appearance, the
intensity threshold was lowered in order not to create a indke PFe selection. Yet,
the magnetic field threshold was kept at the same level. Botices on intensity and
magnetic field thresholds will be discussed in Sect. 5.12%ett. 5.2.2, respectively.

Along with this difficulty at the lower boundary, it is to be noted that magnetid fie
signatures do not exactly coincide with the facular brightgs. The polarimetric sig-
nal appears shifted towards the disc centre with respettetecdntinuum intensity. The
amount of the displacement increases towards the limb., Thaser to the limb, this shift
can generate a bias in the facular identification. Howeecaa be seen in Fig. 5.1, the
amount of the displacement even for the FOVs closest to thie i not high enough to
exclude a PF from being counted with the chosen thresholds.

Furthermore, before entering into the separate analyskdiscussion of facular prop-
erties, an important result must be pointed out. Some eatliéies (e.g. Okunev & Kneer
2004) stated that PFe possess unipolar magnetic fieldsheitseime polarity as the global
magnetic field. However, during the present work, many PHRedf polarities have been
found near both solar poles, although a preponderance dfidfieg the same polarity as
the global field is observed (see Tables 5.2 and 5.3 and cotsitiene). Also it has been
observed that PFe from both polarities appear not as bipokabinations, but as isolated
magnetic patches.

In several of the following presentations of the resultse RFe separated according to
their polarity as well as to the solar pole where they weresplesi.
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arc sec
arc sec

0 2 4 6 8 10 0 2 4 6 8 10
arc sec arc sec

Figure 5.1:Examples of PFe at = 0.34 (eft) andu = 0.20 (right), sections of speckle reconstructed
images overlaid with contours of magnetic field calculatednf the COG method. Blue and red contours
correspond to -75 G and 75 G, respectively. Arrows point td&émb.

5.1 Photometric analysis

The first analyses to be carried out correspond to the basimbproperties of PFe, i.e.,
brightness, number and size, since subsequent work is basszime of these properties.
Except for Sect. 5.1.3, where intensity images froffiedlent positions along thedHine
profile are studied to follow the penetration of PFe into theomosphere, the results
presented here are obtained from the plain broadband arnichieom images.

5.1.1 Number and size density

In order to understand deeper the relation of PFe with glebkdr phenomena, the first
necessary study deals with the occurrence of PFe in the vpotde cap areas as well as
their typical sizes. While PFe may be small and do not havh strong magnetic fields
as sunspots, they could be polar phenomena of high relevantke global magnetic
field if they appear in dfticiently large numbers, given that their maximum occurrence
takes place during sunspot minimum, i.e. when the solar etagfield is predominantly
poloidal. The PFe number and size would also be a constaisirhulations of magnetic
flux transport from equator towards the poles and for the gerere of magnetic patches
near the poles.

Not only is the number of PFe important for the polar magnetisit also for the solar
wind (see Sect. 1.2). PFe could be sources of material fgetdanfast solar wind out of
the polar coronal holes, considering the coincidence ie @md latitudinal extension of
PFe appearance and polar coronal holes. But for PFe beimitiespheric source of the
fast solar wind, a dficient amount of PFe is needed to match the material flux fram th
wind observed at Earth’s distance as well as the magnetic@iniained in the wind.

In order to check whether there is some trend in the numbeiFefdbserved with
respect to the heliocentric angle in any of the two instrutsigrounts of PFe are grouped
into intervals ofAu = 0.05 without distinction between magnetic polarity or solatep
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The resulting facular numbers are given in Table 5.1. Sontaef intervals show no
PFe counts because there were no FOVs observed at thatdmtioangles.

Table 5.1:Number of observed PFe in intervalsfyi = 0.05 together with the number of observed FOVs
at those intervals in brackets, for both instruments.

winterval  FPI counts (FOVs) TIP counts (FOVS)

0.20-0.25 16 (2) -
0.25-0.30 - -
0.30-0.35 12 (2) 14 (2)
0.35-0.40 14 (3) 57 (8)
0.40-0.45 43 (5) 42 (6)
0.45-0.50 36 (2) 32 (3)
0.50-0.55 74 (2) 32 (3)
0.55-0.60 - -
>0.60 62 (3) -

As seen from Table 5.1, both FPI and TIP Il results show a sudderease towards the
limb in the number of PFe at ~ 0.4. Yet, according to the analyses in Sect. 5.1.2 and
Sect. 5.2.2, no bias is introduced due to the intensity ormatg field thresholds in the
selection of PFe.

A possible cause of the descent in the number of PFe is of geicaleorigin. Due
to the increasing heliocentric angle, some PFe may not hbleias separate features
but as forming part of a larger brightness structure becafiagrojection €ect in three
dimensions. Granules and embedded faculae are three-ginahstructures such that
the interfacular areas become hidden when observing atihajjhation angles with re-
spect to the vertical. Limited spatial resolution then Edparated faculae appear as one
structure.

To take into account the role of PFe in the global solar magmetan extrapolation
from the limited surface covered with the observations ® whole polar cap area is
necessary. The surface of a polar cap is

90°
Spc = f 27RE cosy dy ~ 4.1 x 10"km?, (5.1)
60°

with R, the solar radius and the integral performed between therxtrlatitudes of PFe
appearance during sunspot minimum. This will be the areaidered for the extrapola-
tion of the observations.

Due to the high heliocentric angles at which the observativare performed, and
to the large FOVs observable with both instruments, thesfuweening fect - because
of the planar projection of a spherical surface - is of releea changing also across the
FOVs under observation. In order to take this into accolnet,ROVs were divided into
sectors parallel to the limhy is different for each sector, thus also the correction factor
1/u. Each of the sectors was corrected according to its posam®shown in Fig. 5.2.

Once the PFe are selected from each FOV as described in tioeluntion to this
section, they are segregated into north pole and south eplendling on where the PFe
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were observed. They are also separated according to thgitetia polarity. The results

of the extrapolation are presented in Tables 5.2 and 5.3RbaRd TIP Il observations,
respectively.

Table 5.2:Extrapolated number counts and extrapolated areas of BFeAP| observations.

total numbers total areas [A@m?]

north pole, total 4120 7.65
magn. positive 620 0.65
magn. negative 3500 7.0
south pole, total 1250 3.44
magn. positive 720 2.8
magn. negative 530 0.64

Table 5.3:Same as Table 5.2 for TIP Il observations

total numbers  total areas [1&@m?]

north pole, total 4365 24.7
magn. positive 1440 4.5
magn. negative 2925 20.2
south pole, total 2720 18.8
magn. positive 1630 13.9
magn. negative 1090 4.9

First of all, one notices that PFe with magnetic polarity agife to the global magnetic
field are not a rare phenomenon but in fact, they do appean.ofip to 20-30% of the
total amount of PFe found in these observations presentgakdp polarity.

An important asymmetry is observed between north and salésin the total num-
ber of PFe as well as in the ratio of polarities, especialllyfh observations. With regard
to these latter, there were almost four times more PFe neandfth pole than near the
south pole. With respect to TIP Il data, nearly two times niRife were observed close to
the north pole than around the south pole. The ratio is muekra.e. closer to one, for
opposite polarity PFe (magnetically positive at the noxfe@and magnetically negative
at the south pole) in both cases.

This dfect could be due to the fiierent number of observed FOVs near the north and
south poles. In the case of FPI observations, the total ebdearea near the north pole
was almost three times larger than that near the south pbie fdct possibly introduced a
bias during the extrapolation due to low number counts. Hewdor TIP Il observations
the total observed areas were very similar for both polestamdsymmetry is still present

in these data.

The reason for the lower observational coverage of the sonholar cap in the case
of FPI observations is a consequence of the inclinatione§tiar axis with respect to the
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ecliptic pole. During the FPI observational campaigns tbehern polar cap was better
visible and observations could be carried out to lower loelitric angle® than near the
south pole. For TIP Il data, the solar equator was seen ctosstge-on, so none of the
poles was better observable than the other.

Benevolenskaya (2004) also found asymmetries
(in total magnetic fluxes) between both poles when
analysing SoOHEMDI magnetograms in a more re-
stricted area than that studied here, between helio-
graphic latitudes 78< || < 88, but with no obser-
vational coverage ¢tierence. This, combined with
the present TIP Il results, points more in the direc-
tion of an intrinsic asymmetry between north pole
and south pole than to an observational bias. Fur-
ther observations of both poles at the same epoch
are needed to confirm thisftérence.

arc sec

¢ : Figure 5.3 depicts the distribution of areas of
o 5 0 B PFe, separately for both poles and both magnetic
Figure 5.2; Example of correction for po!arities. The areas are corrected for the foreshort-
foreshortening. White lines are parallel t08NiNG @fect, by dividing them by.. The two left

the limb. Crosses mark the centre of eacpanels show the distribution of areas for PFe on the
sector. northern cap, separated into negative and positive
polarities in the upper and lower panels, respectively. fitiet panels show the same
distributions for the south pole. The results of observatifvom both instruments, FPI
and TIP Il, appear as red and black lines, respectively.
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Figure 5.3:Distribution of PFe areas. Two left panels correspond to &fke northern polar cap, with
negative (upper panel) and positive (lower) polaritiesgtRipanels are from the southern polar cap. Red
lines depict the area distributions from FPI data, blac&difrom TIP Il data.

From Fig. 5.3, the distribution of sizes obtained from TIRidta peaks always at larger
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areas than that from FPI data. This fact also arises fromdhwgarison of total extrapo-

lated areas in Tables 5.2 and 5.3. This is the result of therd@patial resolution of TIP

Il observations which impedes to discriminate smaller Pfponents in conglomerates.
In both cases, FPI and TIP Il, PFe of the same polarity as thigagfield are larger on

average than those of opposite polarity. Since the globgheitic field is poloidal (to a

good approximation) at this epoch, the flux in PFe of the saof@ripy must be larger to

contribute actively to the total magnetic flux of the corr@sging pole.

The mean size of all observed PFe — both poles, both pokaritis approximately
of 25.10* km?. Supposing a circular shape for PFe, the mean area impliagiasrof
approximately 270 kmr~ 0.33”. This underlines, the importance of very high spatial
resolution to distinguish the small PFe as separate feature

5.1.2 Centre-to-limb variation of contrast

With respect to the local quiet Sun, magnetic field featuresgnt enhanced or decreased
intensity, depending on their size. Strong magnetic fiehdgbit the convection in the
subphotospheric layers and thus, the energy input andthyget@ture are reduced. How-
ever, PFe appear brighter than the surrounding atmosphesiele the tube, the density
is lower because of evacuation of the tube caused by the riagnessure — the external
and internal pressures of the tube must balapfg, = pg‘;s+ Pmag When observing at
large heliocentric angles, one obtains more radiation fiteenwalls of a vertical magnetic
tube than near disc centre and due to the evacuation, ddwitsy layers of the ambi-
ent atmosphere than the one observed outside the tube, cmeb&ot wall model see
Spruit 1976). Studying the contrast of PFe as well as itsatian towards the limb can
provide valuable information about the internal thermalaiure of PFe.
Furthermore, the change from sunspots to PFe during thetgaycle contributes to the
variation of the solar irradiance (Solanki & Fligge 2002§laonstraining the contrast of
PFe, and of faculae in general, would help in modelling théavae.

During the observational campaigns, PFe were observeditatkes fromu ~ 0.6 to
1 ~ 0.2, i.e. nearly their whole region of appearance during soinspnimum, except for
the very limb. This high coverage together with the high namdf PFe found, allows a
statistical analysis of the contrast of PFe and its vamatiih heliocentric angle.

The contras€ is defined as

| -1
C= ( bb,max bb,FOV) . (5.2)

I'bbFov

wherelpnmax denotes the maximum broadband intensity in each faculd gge is the
average broadband intensity of the whole FOV. A normatliseti a second order surface
was applied to the images before measuring the contrasteptove the centre-to-limb
variation (CLV) of the broadband intensity within each FOV.
The determination of the contrast from Eq. 5.2 was performitidl different averages of
Tosrov- The averages were calculated including the PFe presdm iR®V and excluding
them. Averaging only the local surrounding intensity wa®aonsidered. Thefiierences
from the three methods turned out to be negligible.

In Fig. 5.4a) the mean contrast of PFe from each FOV versusdliecentric angle is
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presented. The standard deviations of PF contrast witlun E®V are depicted as error
bars. Dashed lines correspond to linear fits to the contedses as a tentative indication
of the CLV of the contrast. Before performing the linear fite measurements have been
split into two groups according to their heliocentric angléth 4 > 0.42 andu < 0.42.
The reason for this separation is the apparefience in the steepness of variation of
PF contrast. Towards the disc centre, the contrast of PRealses whereas towards the
limb it stays approximately constant or increases sligttl ~ 0.4. This not-decreasing
behaviour and the amplitude of the contrast coincide wighGhV obtained with the same
speckle reconstruction as applied here by Hirzberger & Wi2005).
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Figure 5.4:a) ContrasC of PFe and of granules vg.. The asterisks give the mean contrast of PFe
within one FOV and the error bars represent the standaratieviof facular contrast within the same FOV.
The dashed straight lines are linear fits to the data spéttimb sets, delineating tentatively the variation of
facular contrast towards the limb. The crosses show twieertts contrast of granules in the FOVs with no
(or little) magnetic flux, 2< Cimsgran (S€€ text). The dotted straight line is a least square fiteaytanular
contrast. b) Diference of contrast for flerent resolutions vsu. Triangles correspond to theftirence of
contrastC for PFe between the reconstructed image and the average iofidige burst, and diamonds to
the diference between the reconstructed image and the “best”|lsgewge of the burst.

For comparison with the PFe contrast, the contrast of thghtest granules in the
quiet Sun is also shown in Fig. 5.4a). To estimate this cehttaice the rms contrast
of granules was used, 2 Cinsgran = 2 X 0. (For a pure two-dimensional sinusoidal
intensity distribution, one has2 o = A, with A the amplitude. For two-dimensional
Gaussian noise, the threshaldl/T > 2 x ¢ gives the brightest intensity values.) The
dotted line represents a linear fit to the granular contresttgs an indication of the trend,
with no scientific interpretation. Fluctuations aroundsthégression line are due to the
low number of granules with contrast higher than@. Towards the disc centre, both the
contrast of PFe and that of the bright granules become sirince, near the disc centre
it is difficult to distinguish between PFe and granules from a broatibarrontinuum
intensity analysis alone.

Note also that, although in other properties (e.g., Settl5Sect. 5.2, Sect. 5.3) an
asymmetry in the behaviour between PFe from north and saiés jnas been observed,
no difference is noticeable regarding their contrast.

A wide range of values has been published in the literature@ming the facular
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and bright point contrast and their CLV (Lawrence & Chapm@88&, Autret & Muller
1991, Ortiz et al. 2002; Okunev 2004). One of the main reaganthe diferent values
seems to be the spatial resolution of the data — with highatiadpesolution leading to
higher contrast. Domingo et al. (2005) found also, from Mbservations, that the trend
of the CLV changes with the spatial resolution. For higieheson data, the contrast to-
wards limb was always increasing whereas for low-resahutiata the contrast presented
a maximum aroungt = 0.4 and decreases towards limb. In Fig. 5.4b), théedeénce
between the contrast of PFe in the “best” speckle image obthst and in the recon-
structed image is presented, and th@edence between the contrast of PFe in the average
image and in the reconstructed one. Obviously, the PF csistadbtained from the recon-
structed images are always higher than those from the avewad)the best images. For
u > 0.4, this diference stays approximately constant towards the discecatfC ~ 0.2,
whereas towards the limb there is an increase of tiferénce. This result is similar to
what Domingo et al. (2005) found. When comparing semieroali@tmospheric models
with observations from the Precision Solar Photometrie3ebpe at Mauna Loa, Penza
et al. (2004) find that network features show a decrease inasimear the extreme limb.
They suggest that this results from the instrumental pr(fie limited spatial resolution)
causing the measurement of the thin network elements todduted” by an increasing
quiet Sun area dependent on the heliocentric angle. Théafacontrast is not so much
affected because facular structures are more extended thaorkefements.

However, the present resultsidr from the suggestion made by Domingo et al. (2005)
that in regions of isolated flux elements the CLV would dezlin

5.1.3 Hx analysis

The height of formation of the &line, up to the chromosphere (at 1200-1700 km, Ver-
nazza et al. 1981) at the line core, and down to 100-300 kmeinvihgs, allows to study
the behaviour of PFe throughftirent atmospheric layers. Also, a photometric analysis
of Ha is useful as proxy for magnetic elements.

Leenaarts et al. (2006) analysed observations from thetDDpen Telescope in dif-
ferent wavelengths in order to refine intensity proxies foal-scale magnetic elements.
On the basis of G-band bright points - widely used indicafmrsmall intergranular mag-
netic elements -, they performed a comparison witm€&b& K lines and with the blue
wing of Ha at —0.8 A off line centre. From their analyses, they conclude that the blu
wing of He, although giving less sharp images than the G-band, is arlzéignostic tool
to track intermittent magnetic elements.

Ha data obtained for the present work have the advantage ofdpdngen observed
at 23 diferent positions across the line profile. Also, the fact thasé observations are
performed quasi-simultaneously in a magnetically saresitne and in K permits the
direct comparison between magnetic field and btightness. This allows to study the
relation of magnetic fields with & structures in a wavelength range of 2 A across the
profile. Figure 5.5 shows a subfield of a speckle reconstiuictege from FPI data at
u = 0.46, at 21 diferent wavelength positions in theaHine. Overlaid in each frame
are contours of magnetic field strength at 75 G (blue) anfl G (red), measured from
the COG, and contours ofd(green) with an intensity 14% higher than the mean at the
corresponding wavelength position.
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Figure 5.5:Section of speckle reconstructed broadband image overitfidcontours of magnetic field
(red at -75 Gauss, blue at 75 Gauss) anddrdightenings (green at 14% brighter than mean intensitaett e
wavelength position). The numbers in mA show the positiothwéspect to the centre of thexHine. The
arrow in the lower left image points towards the limb.

From Fig. 5.5, it seems that the bright structures seenviaté expanding with height,
with its centres in the magnetic elements, when advancingaivelength from the blue
wing to the line core. Yet, near the centre of the line, i.ethi@ chromosphere proper,
the intensity pattern changes strongly from the imageseémtings. On the other side of
the line, towards the continuum in the red, the intensityguatbecomes again similar to
that of the blue wing, although not identical. The compariebimages in the blue and
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red wings of Hy, as proxies for the magnetic elements, shows that the blng depicts
much more precisely the concentrations of magnetic field tha red wing.

In the example given in Fig. 5.5, the best wavelength pasio using Hr as a mag-
netic field proxy, is at-0.7 A off line centre, similar as the0.8 A intensities analysed by
Leenaarts et al. (2006). As visible also at e-§.7 A, the polarity of the magnetic field is
of no relevance, H traces both polarities. At further wavelength positiorss ithtensity
contours of the positive polarity disappear because thengity pattern is masked by a
nearby darker H structure.

Brightenings in the red wing nearaHine centre ¢ 0.2 A —+ 0.4 A) appear as elongated
structures displaced from the magnetic elements. Thidfierdnt in the blue wing where
the brightenings include the magnetic elements.

Two further notes concerning theeHanalysis and results are appropriate: First, as
with the intensity threshold for selecting PFe, the thrédheed for Hr in Fig. 5.5 must be
lowered when observing at lower latitudes, i.e. closer éotbundary of PFe appearance.
Second, whereasthas proved to be a good proxy for PFe, it does not mark properly
(if at all) magnetic elements without associated brighénascontinuum. Whether this
phenomenon is rare or common requires further observations

5.1.4 Temporal evolution

During the April 2006 campaign, a long time series of a pktiEOV, lasting approxi-
mately 6 hours, was observed. Throughout the whole timesehe PF was recognizable
although continuously changing, as seen in Fig. 5.6, wherditne-series images have
been co-align.

Figure 5.6:Speckle reconstructed images of the same FQY -at0.31. Data are from 08:56 UTiefft)
and 14:13 UT (ight). Tickmark distances correspond t6.5

In their study of the polar rotation of the Sun, Solonski & Matva (1992) analysed
PFe with lifetimes longer than 8 hours. From their obseovetj they found that only 16%
of the total number of PFe had lifetimes of that order.

Albeit with limited information from only one FOV, in the pgent observations apparently

67



5 Results

all of the PF structures remain for the whole time series witlor only little relative shifts
across the FOV.

Thanks to the fast scanning of the new FPI, the evolution efé¢¥n be studied in time
scales of approximately 10 seconds from the speckle rexmbstl images, as presented
in Fig. 5.7. However, the magnetic field measurements onkg laacadence of approxi-
mately 40 seconds. In the present work only the intensitgetspf the long time series
has been analysed.

Figure 5.7 shows a section of the time series data startifg:&6 UT, which focuses
on the central conglomerate shown in Fig. 5.6. The sequenE&i 5.7 covers almost
four minutes, although a gap of approximately 90 secondst®kietween the twelth and
thirteenth images due to a failure of the AO.

Note at this closer look and at this time cadence, the manyl soade activity that is
taking place. From this analysis, the time evolution of PfFaithe order of ten seconds,
shorter than thought before.

In Fig. 5.7, two brightenings are marked with circles. Thperone shows an increase
and subsequent decrease in intensity in a time interval ofr2 mhe lower one also
presents an intensity increase at the beginning. Aftersyade intensity diminishes while
nearby brightenings appear. In the last row, after the 90ps there is no appreciable
brightness in the lower circle.

For future PF studies, a fast time evolution measurementaiBgnetic field with
high spatial resolution will be a primary option in order tatyse whether these increas-
ing/decreasing brightenings are due to changes in magneticsfieddgths or to lateral
shifts of magnetic fields. Or whether the brightenings respm a completely dierent
phenomenon, such as convection in the ambient granulatioDé Pontieu et al. 2006).

5.2 Magnetic field

The study of PF magnetic fields is relevant for both the charestic properties of PFe
and the role of PFe for the global magnetic field. The fact thay possess a strong
field together with their high number of appearance duringspot minimum implies that
PFe are important features for the polar magnetic flux. Is $wction, both their internal
magnetic field and its relation with the polar field are anedlysAlso, the magnetic flux
outside PFe, i.e. in structures with no associated brighgeis measured and compared
with that contained in PFe and in the polar caps.

5.2.1 Comparison of methods

In Sect. 4.3 dierent methods to obtain the magnetic field were presentegeTdf them
measure the LOS component of the magnetic field, the COG migteamplitudes from
two-Gaussians fit and the least-squares calculation of 2§. Also, a theoretical study
from synthetic profiles of the four methods — including th&RSFwas performed and the
results were shown in Fig. 4.7. Here, another comparisomd®et the three methods for
the LOS component is presented in Fig. 5.8, from actual easens. The data are from
the August 2005 campaign.
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Figure 5.7:Section of speckle reconstructed images from the timeseFiee series goes left to right and
top to bottom, with a cadence of10 s. Between the third and fourth row there is a gap @fmin. Circles
mark appearing-disappearing PFe. Tickmark distancesspond to 3.
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Figure 5.8:Comparison of the three methods applied for the deterntinatiBer from a FOV af = 0.5.

The most noticeable fact is that the plot from the two-Gaussifit (left panel in
Fig. 5.8) has a lower limit of field detection. Also the aredseve the magnetic field is
not zero are less crowded than in the other two cases. Bosle tfn facts are a con-
sequence of the noise, thus limited capability of the fitjimgcedure, as mentioned in
Sect. 4.3.

The least-squares calculation and the COG methods givesiumihar results as was also
noted in Sect. 4.3. For mid field strengths the least-squ&Esws some overestimation
while for low field strengths the COG method gives some ovemegion, as in the syn-

thetic profiles analysis. Thus, most of the studies inva\Bg; presented in this work are
performed with values d8 from the COG method.

5.2.2 Polar Faculae

Here the diferent methods to measure magnetic fields will be applied eodefected as
explained above. Section 5.2.2.1 deals with the resulta ftee LOS component of the
magnetic field. Section 5.2.2.2 analyses the results ofdta magnetic field strength
from the SFR, which are used in Sect. 5.2.2.3 to compare thdérbm PFe with the flux
from the polar caps determined earlier by other methods.

5.2.2.1 Centre Of Gravity and Weak Field Approximation

Figure 5.9 depicts the averageztive field of each PF measured by means of the COG
method, vs. the heliocentric angle for FRIff) and TIP Il fight) observations, respec-
tively. No distinction with respect to the magnetic polaidtr whether the PFe belong to
the north or south pole is made.

The diference in the strength of the LOS component between thelésdanfrared lines
—around 4 times lower in the infrared — is puzzling. A possiskplanation is the much
lower spatial resolution in TIP |l data compared with FPledathis yields a higher influ-
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Figure 5.9: variation towards the limb of the LOS component of magnetidfistrengthBeg| of PFe
measured with the COG method for FPI observatideft) (and TIP Il observationgight). The asterisks
represent averages from each PF.

ence of profiles of unpolarised light in the resolution elemehich causes the COG to
measure lower fields than expected. Figure 5.10 shows aseaftStoked andV spec-
trograms of one FOV from TIP Il observations. The high sefianaf the Stoke¥ lobes

1.5644 1.5646 1.5648 1.5650 1.5652 1.5654 1.5656
A (k)

Figure 5.10:Section of Stokes (uppel) andV (lower) spectrograms of a TIP [l FOV at= 0.39. Each
major tickmark corresponds td’ 2Data from May 2007 campaign.

indicates a stronger magnetic field than the one measurbédhatCOG. The strength of
these fields is described in Sect. 5.2.2.2.

Both sets of observations, FPI and TIP I, give the same t®sohcerning the vari-
ation of Bg with the heliocentric angle. The measured LOS magneticsisttbw no
centre-to-limb variation.

Explanations, such as a bias caused by specific methodsdplan instrumental cross-
talk effect, have to be discarded. As shown in Fig. 4.7, the COG methbibits an
almost linear behaviour in the measurement of the LOS coeptarf the magnetic field
for the whole range of input fields, it works reliably. On thither hand, as explained at
the end of Sect. 4.3, previous works suggest that crosstalkdayield a weaker mea-
sured magnetic field strength than the actual one, thus piogla steeper decay of the
field strength towards limb. Besides, TIP Il data are freero$stalk éects and, although
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in a narrower range qf than FPI observations, still show no centre-to-limb véaoiat
Thus, the choice of the 60 G threshold (18 G for TIP Il datajependent of heliocentric
angle, does not introduce any bias in the detection of PFe.

For TIP Il observations, where full-Stokes polarimetry icbioe performed, the trans-
versal magnetic field strength has also been measured.eFiglit shows the centre-to-
limb variation of the transversal field similarly as in Fig95with the LOS component,
the asterisks denoting averages from each PF. As for the lo@fanent, no variation of
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Figure 5.11Variation towards the limb of the transversal magnetic feglthponentin PFe obtained with
a least-square fit to TIP Il data in the WFA, Eqgs. 4.24 and 4A&%erisks represent averages from each PF.

the transversal magnetic field component towards the linmoiceable. A comparison
between the values in the right panel of Fig. 5.9 and in Fiyl Shows that, from TIP Il
observations, the strength of the LOS component amounystom@lpproximately 20% of
that of the transversal component on average. Followingdissible explanation for the
lower strengths of the LOS component of the field from TIP Hadeompared with the
FPI data, the dierence between LOS and transversal component here coulel from
the diferent methods used to derive the measurements, COG and.E¢andl 4.25.

These findings, including the absence of a noticeable vami&dwards the limb of the
LOS and of the transversal magnetic field component, dfiewlt to understand. Further
studies are definitely needed.

5.2.2.2 Strong Field Regime

In order to relate the magnetic flux from PFe to the global lalbflux, two things are
needed. First, the total area occupied by PFe, which waadirealculated from the
extrapolations and presented in Tables 5.2 and 5.3 for FP[T&éR 1l observations, re-
spectively. Second, the total magnetic field strength iaigio PFe.

To obtain the total strength, as described in Sect. 4.3, BR iS applied. The SFR
resuls of the PF field strengths are given in the histograrfsgn5.12. Here, the values
for the north and south solar poles are given by the solid @sthed lines, respectively.
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Figure 5.12Histograms of magnetic field strengths from the separati®iakesV extrema for FPI data
(left) and TIP Il dataiight). The solid lines correspond to the northern PFe and thedlattd dashed lines
to the southern PFe.

The percentage ordinate refers to the PF pixels, sepafateliye northern and southern
polar caps. The left frame corresponds to FPI data and thefrgme to TIP Il data.

From the visible line observations, the histograms peaketd 8trengths of 1400—
1600 G. For the infrared line, the histograms show a bimouktidution, with the high
peak reaching again the kilo-Gauss regime, at 1100-1200iS high peak is especially
pronounced for PFe of the same polarity as the global magfiettl, whereas for opposite
polarity PFe it is much less clear.

In the case of the visible line measurements, the histogexibit tails that extend
into stronger fields. This arises from the overestimatiotheffield strength when apply-
ing the SFR, as noted in Sect. 4.3.

5.2.2.3 Total magnetic flux in PFe

This section deals with the role of PFe in the global magrigtid of the Sun. From
magnetic flux densities in PFe and from the areas of PFe etai@a from the observed
FOVs to the polar cap areas, the total magnetic fluxes fromalPRE-measured. These total
fluxes are then compared with measurements from previoussvar PFe and with the
global magnetic flux at the solar poles.

As already noted in Sect. 5.1.1, the PF size determinatiom ffIP 1l data is not
as reliable as from FPI data, due to the lower spatial reisolua key requirement for
an accurate measurement. Thus, the estimations for thi®sere performed using
FPI data. For the determination of the total magnetic fluxtfi®Fe at the polar caps, a
magnetic field strength of 1500 G at the base of PFe is adojpted the FPI histograms
in Fig. 5.12. The areaBpr (in cn?) are taken from Table 5.2. The total magnetic flux is
then

®pc = a x 1500 (Z Fee) [Mx] . (5.3)

Here, a magnetic filling gacter is included to account for the limited spatial resolution.
This calculation was done separately for the northern amthson polar caps, for both
magnetic polarities. Threeftiérent magnetic filling factors @f= 0.1, =0.3, andv=1.0
were used. In view of the COG measurements of PF magnetis f{€id. 5.9) which
gave strengths of 100 G without variation towards the limb, a magnetic fillirgtor of
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a = 0.1 appears reasonable. The results are presented in Table 5.4

Table 5.4:Total magnetic fluxepc at the polar areas of the Sun around the minimum of the sunspot
cycle. The three numbers for the entries from this work rédethe fluxes with magnetic filling factor
a=0.1,0=0.3, andr = 1.0, from left to right. The signs indicate the polarity.

source magnetic flusbpc [10%2 Mx]
Sheeley (1966) 1.2
summing over PFe fluxes
Svalgaard et al. (1978) 3.2
from direct magnetograms
Smith & Balogh (1995) 2.8
from Ulyssedata
Benevolenskaya (2004) ~3.0
SoHQMDI magnetograms
this work
summing over PFe fluxes ¢=01|a=03| =10
north pole, signed flux -0.095| -0.32 -0.95
north pole, unsigned flux 0.115 0.38 1.15
south pole, signed flux +0.032| +0.11 +0.32
south pole, unsigned flux 0.052 0.17 0.52
summing over non-PFe fluxes
north pole, signed flux -0.13| -0.39 -1.32
north pole, unsigned flux 0.26 0.76 2.52

Table 5.4 shows that, with a filling facter = 0.1, the summed magnetic fluxes in
PFe are lower by factors 30—100 than needed, to accountddiukes emanating from
the polar caps of the Sun. This is in agreement with the egitnaOkunev et al. (2005),
who concluded that approximately52x 10* PFe, many more than observed, would be
needed to account for the global magnetic flux at the polas.capound the south pole,
more flux is “missing” in the PFe than near the north pole. ¥&tce the southern polar
area withy < —60° was not well observable during the end of August 2005, asdnote
above in Sect. 5.1.1, the extrapolation from the obsematio the polar cap is uncertain
for the south pole.

The filling factor 1.0 appears unlikely as much stronger netigrsignals would have
been detected. But even with= 1.0, the measured total signed fluxes are too low by
factors of 3 and 10 for the northern and southern polar cagpectively.

Total magnetic fluxes in PFe calculated by means@é&ognt approaches, from former
studies, are also presented in Table 5.4 for comparisonthetipresent work. They are
described below. Likewise, the magnetic flux detectabldvéndbservations which does
not belong to PFe is also included in Table 5.4. This non-Pagmatic flux analysis is
detailed in Sect. 5.2.3.

Sheeley (1966), via a calibration of the PF flux with equalofaculae of similar
size, obtained a flux obpr ~ 2 x 10°°Mx per facula and arrived, with approximately
60 PFe present during maximum PF occurrence, at a total fux f polar cap of
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Dpc ~ 1.2 x 10P2Mx. For comparison, our estimate of the upper limit of the metic
flux in one PF, assuming a circular shape with a diameter ok2%= 1) and a field
strength of 1500 G, givedpr ~ 6.2 x 108 Mx. This is a factor of 30 less flux than Shee-
ley’s (1966) estimate. Note that the area of a PFe withiameter is significantly larger
than the usual areas of observed PFe (cf. Fig. 5.3).

According to Svalgaard et al. (1978) the average polar ntagfield is of the order
of 6 G. With the polar cap area (Eg. 5.1), one obtains a signaeghetic flux of®pc ~
2.5x 10?>Mx. From the variation of the average magnetic flux densityaials the poles,
these authors obtained a total fligc ~ 3.2 x 10?2 MX.

The (signed) magnetic flux in the fast win@g, calculated at JAU with By ~
3.5nT (=35uG) (Smith & Balogh 1995) is

90°
Opy ~ 3.5x 10°° x 27(1 AU)Zf cosydy ~ 2.8 x 1072 Mx , (5.4)
25

whereAU is theastronomical unit= 1.496- 10° km. Here the integration from 2%o 90°
takes into account the angular expansion of the solar wincdOdnas et al. 2000). The
flux in the fast solar wind is consistent with the value givgrgvalgaard et al. (1978). For
the magnetic flux at AU approximately 4 500 PFe, with flux per PF from our optimum
estimate, are needed.

Benevolenskaya (2004), from an analysis of SgMDI magnetograms between78
and 88, obtained total unsigned magnetic fluxes for the north podgr®pc ~ 2.7 x
10??Mx and for the south polar cappc ~ 3.4 x 10??Mx. As noted in Sect. 5.1.1, she
pointed out the asymmetry in both poles. However it was natr@sg as that identified
in the present study regarding FPI observations.

Two further estimates are presented as follows:

1. A measurement of 60 G in three contiguous pixels (as a nimmrequirement for
a PF identification) gt = 0.4 (as an example) gives after correction for foreshort-
ening of the area, a flux 030" Mx. Then assume a magnetic feature which is
spread due to limited resolution to a Gaussian field distiolowf 0’5 FWHM from
which we measure a maximum field strength of 60 G. This straatantains a flux
of ~ 9 x 10'® Mx, i.e. a factor of three more than that in the three pixelsvab
Therefore, it is concluded here that the filling factois possibly larger than 0.1.

2. In the present work a total (extrapolated) number of deteBPFe per polar cap of
3500 (Table 5.2) has been adopted. The polar areas wi#i@-1km? of PFe oc-
currence contain approximately 500 supergranulation fjosroospheric) network
cells (NCs) of %10* km average diameter. This yields 7 detected PFe per NC.
Furthermore, an unsigned flux per polar areaxi@?Mx is assumed, with 25%
of it in flux of magnetic polarity opposite to the global gealefield at the solar
poles (Table 5.4). Thus each NC harbours a fluxxf@°Mx. This flux would
be contained in 13 PFe with the above upper flux estimate pef BRx10% Mx.
These numerous strong flux features were not identified, Wesg definitely not
present.

Magnetic fields are prone to become intermittent and conatat flux tubes by con-
vective collapse and to be advected to the borders of graanthsupergranular convec-
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tion cells (Galloway & Weiss 1981; Hasan 1985; Vogler et @D%). Therefore the picture

of small-scale, strong-field flux tubes is retained in thesprg work as the building blocks
for the general, unipolar magnetic field at the solar polesxeltpolarity structures are
not excluded, yet require ficient surplus of one polarity over the other. Assuming a
magnetic filling factorr = 0.3 (Table 5.4), the measured flux in PFe is 3—-10% of the net
flux in polar areas.

The main conclusion from the magnetic flux results is thataverwhelming part of
the total flux is still hidden in smaller flux tubes or bundléslox tubes with less flux
than those seen in PFe with the present resolution. Thissstigigests that PFe represent
the “large-scale” end of a distribution of flux tubes withdiGauss field strength, with
increasing number but decreasing magnetic flux towardslsnsaales.

5.2.3 Magnetic flux outside PFe

Having analysed the flux in PFe, the magnetic flux in the FOM<santained in PFe will
now be discussed. This flux comes from features which do n& &y associated bright-
ness in continuum images although their field strength ivaltee 60 Gauss threshold
(see the examples shown in Figs. 4.6 and 5.1). Thus, thesedsare not counted as
PFe but may account for an important amount of magnetic flikerpolar caps.

Table 5.4 includes the magnetic fluxes in non-facular stinest, but only for the north
pole, due to the observational limitation of the south poléne time. For their selection,
a flux density oflBe| > 60 G within at least three contiguous pixels was also require
Usually, the field strengths (from COG) of the non-faculaustures were smaller than
100 G and, on average, their areas a little smaller than thioB&e. From the total flux
presented in Table 5.4 these non-facular structures casuatéor the same amount of
magnetic flux as the PFe. Yet here also a filling factor of Linisealistic. In this case,
it is expected that they would appear as bright structurbsis The non-facular magnetic
structures seen in this study also do not harbour the miflsingecessary to account for
the global magnetic field at the poles of the Sun.

5.3 Velocity

A statistical study of LOS velocities in PFe was performead|ding very similar results
for both FPI and TIP Il observations. First, an analysis @& Wariation of velocities
towards the limb was carried out. Studying separately ugflamd downflows, an increase
in both of them towards the disc centre was found. In Fig. 3fE8mean velocities,
determined from the COG shifts of therofiles, of PFe within each FOV are depicted, for
FPI data [eft) and TIP Il dataiight). The error bars correspond to the standard deviation
of facular velocities within the same FOV, negative velesitare towards the observer,
and zero reference velocity refers to the averagalldfne positionsin the FOVs. The
dotted straight lines are least square fits to the data. A diggendence of velocities on
u is seen, in the sense of increasing blueshift towards theecgistre. On average, there
is a surplus of negative velocities, i.e. flows towards theeoker. This is interpreted
as predominant up-flows in the bright convective elementthasnain constituents of
faculae (Fig. 4.6). Regarding the flows away from observaickvare also detected, one
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Figure 5.13:variation of velocities in PFe measured with the COG methorhfStoked profiles for FPI
data (eft) and TIP Il dataight). Asterisks denote the average velocities of PFe in each EQWr bars
correspond to the standard deviation of facular velocitigBin the same FOV. Reference zero velocity is
the average line position in the FOV.

explanation is that near the limb, at< 0.6, and depending on the inclination of the
convective up- and down-flows, the velocities may also apjpetae direction away from
the observer.

Second, Figs. 5.14 and 5.15 show separately for PFe neapttfeand south poles,
the velocities measured from all PFe pixels with the COG wetpplied to the profiles
and with the zero-crossing of théprofiles, for FPI and TIP Il observations, respectively.
As is also seen in Fig. 5.13, the RFprofiles tend to be blue-shifted, with velocities
IVeod < 2.5 kms™. The average COG velocities ar©.30 kms! and—0.61 kms? at
the north and south pole, respectively, for FPI observatidn the case of TIP Il data,
the values are-0.29 km s and-0.30 kms?, correspondingly. The velocities from the
V zero-crossings are as well spread betwe2rkm s, with average®,. = 0.15 kms*
andv,. = —0.29 kms? for FPI data and,. = —0.40 kms! andV,. = —0.32 km s for
TIP Il data, at the north and south pole, respectively.

These findings, i.e. atendency to negative velocities nredsnl profiles and, within
the measurement accuracy, zero average velocity ¥farero-crossings (or slightly neg-
ative velocities also for TIP Il data), is consistent witte tfresults by Okunev & Kneer
(2004, see their Fig. 11). After adding a velocity due to thavgational limb dfect
(Schroter 1957), a net up-flow was found by the latter authOisunev et al. (2005) ar-
gued that very few PFe with an up-flow @ ~ 0.5 km s™* would suffice to feed the fast
solar wind from the polar coronal holes. In view of the largetw of the velocity dis-
tributions and in view of the limited accuracy, no furthetiesites into this direction are
developed here, especially since the reference zero Welocihe present observations
refers to the average of the line positions in the FO\&fo the position of the averade
profile. This means that the limlsfect must not be taken into account in the determina-
tion of the zero velocity. For a more accurate analysis, &otkof inferring the properties
of PF flows is to compare the observed velocities with nunaériagneto-hydrodynamic
simulations of facular magnetic flux tubes and bundles of tillbes.

Ha velocities. Once the velocities of PFe at a photospheric level had bealiysed,
studying the plasma flow at higher atmospheric layers cowkel @ clue whether PFe are
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Figure 5.14:Velocities measured from Doppler shift of Stoke€OG and fromV zero-crossing from
FPI data. Reference zero velocity is the average of the lositipns in the FOVs. Vertical dotted lines
indicate the average velocities. Positive velocitiesaavayfrom the observer.
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Figure 5.15:Same as Fig. 5.14 for TIP |l data.
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feeding the solar wind or the material flow does not reach titercsolar atmosphere.
Ha observations were only taken at the northern solar polepsaformation from the
south pole is available. The results of the lambdameter odedine depicted in Fig. 5.16
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Figure 5.16: Histograms of k velocities calculated with the lambdameter method. Calaefer to
different wavelength separations for the measurement of thelBspift in He, black: A1 = 0.2 A, dark
blue: A1 = 0.41 A, light blue:A1 = 0.62 A, greenA1 = 0.82 A, orangeAd = 1.03 A, red:A1 = 1.23 A
Points with zero velocity have been removed for clarity.

as histograms of the number of pixels for each velocity. Tikelp selected to enter the
measurement are only those which, at photospheric levieingeo PFe according to the
selection criteria described above. Thé&etient histograms overplotted as coloured lines
correspond to the velocities measured #iiedent heights.

As can be seen in Fig. 5.16, the shapes of the histograms astyrtite same for
the six diferent heights at which velocities were measured in thepkbfile (note that
wavelength separationst for the lambdameter method refer tdfdrent heights in the
solar atmosphere where the velocity signals are formede mban velocities at each
height vary slightly between0.26 kms? to —0.46 km s, with positive velocities mean-
ing again flowsawayfrom the observer. The velocity range from maximum to mimmu
increases with the atmospheric height fref and+8 kms™* at the lower layer te-15
and+12 kms*! at the highest layer.

The consistency of the mean velocities obtained from theetdiferent analyses per-
formed here is remarkable. Both photospheric lines, ieffaand visible, and the chro-
mospheric k line indicate a low although clear continuous outflow of maldrom PFe
from the photosphere towards higher layers. This suggkeatghie plasma feeding the
solar wind could indeed come from PFe.

From magnetic field extrapolation and data from the SUMERumsent on board the
SoHO spacecraft, Tu et al. (2005) suggested that plasmawastéire accelerated inside
coronal funnels at a height of 5 Mm. The analyses performebérpresent work reach
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a height of approximately 1 Mm. Observations of PFe at hiddagers than 1 Mm could
confirm the scenario presented by Tu et al. (2005) and theérncants upflow of material
and eventual feeding of the fast solar wind from PFe.
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“...a four-year-old child could understand this report.
Run out and find me a four-year-old child, | can't make headadrdf it.”
Duck Soup (1933)

This thesis work has focused in the analysis of polar facif&e) on the Sun, both to have
a more in-depth characterisation of these structures andderstand their significance
on a global scale.

State-of-the-art observations with recently upgradettinsentation have been the
cornerstone for this study. Data of high spectral resotutiith high polarimetric sen-
sitivity observed in the magnetic infrared lines at 1;bBave been combined with data
with very high spatial resolution in the photospheric Visibine of Fe: 6173 A and the
chromospheric H line to investigate PFe atfiierent wavelength ranges andfdrent at-
mospheric layers on the Sun. Measurements of propertidsthgt visible and infrared
magnetic lines have yielded very similar results, givingsistency to the analyses.

The observations for this work were performed when the Sus ve@ar a minimum
of sunspot activity, i.e. the global magnetic field was moptloidal and the occurrence
of PFe was maximum. Thanks to this, statistical analyes &f fdéim a wide range of
heliocentric angles have been performed.

Spatial resolution has been proved to be the most importargtiaint in the study of
these small-scale features. Area estimations and conteeturements of PFe are highly
affected by the spatial resolution of the observations, in émse that, with lower spatial
resolution, PF areas appear larger (since PFe cannot lermksktinto their smaller com-
ponents) and contrasts are lower than with high spatialugen. This éfect, regarding
the contrast measurements, increases with decreasirapcksto the solar limb of the
observations.

A much higher number of PFe than hitherto observed was fortle observations
for this work. Probably with even higher resolution than ¢ime achieved here, PFe can
be resolved into smaller components and still higher numban be counted.

From a centre-to-limb study of the occurrence of PFe a stepfaand atu ~ 0.4 in
both visible and infrared lines. A bias introduced in the RFestion process by either
the intensity threshold or the magnetic field threshold i®eodiscarded. Presumably,
the drop in the PF numbers can be explained by a projecti@tte With increasing
heliocentric angles interfacular areas become hiddenradididual faculae appear then
forming part of a larger structure. Again, observationdwhilgher spatial resolution can
help in studying this possibility. Also observations fromt-@f-ecliptic spacecraft, with
better views to the poles of the Sun, will not have this pridpecproblem.
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Throughout the PF counting, PFe with opposite magneticripplthan that of the
global field were found in higher numbers than thought presfipy Most PFe possess
a magnetic field with the same polarity as the global field. ®et opposite polarity
faculae amount up to 20-30 % of the total PF number, makingy tagnon-negligible
phenomenon.

Besides, PFe with the same polarity as that of the global festd, on average, to be
larger in size than those with opposite polarity.

To study the impact of PFe on a solar global scale, extrapolaof the number and
sizes of PFe were performed from the areas observed dugng#hisation of this work
to the total polar cap areas. When comparing the occurreh&-e near each solar
pole, an important asymmetry was found. The north pole haghat the dates of the
observations, a larger number of PFe than the south polea3ymametry is not so strong
for the infrared line observations with respect to the \esiime. However, at the time
of the visible line observations, the south pole was not silyeabservable due to the
inclination of the solar axis with respect to the ecliptidgpo

The PF contrast was measured from speckle reconstructegbseand its centre-to-
limb variation analysed and compared with that of the beghgranules in the vicinity of
the PFe. At the lower boundary of PF appearance, the coutrasth PFe and brightest
granules converge to a common value. Thug; at 0.6 PFe are very dicult to distin-
guish in intensity from granules. Towards limb, a steepease in the PF contrast until
1 ~ 0.4 turns to an approximately constant value for higher heliddc angles, i.e. for
smalleru.

Quasi-simultaneous observations of the magneticallyiten$173 A iron line and
He allow to investigate the penetration of PFe into the chrgshese and the response
of Ha as a magnetic field proxy. ddhas proved to be a reliable proxy for magnetic
bright elements when observed in the blue wing;-@t7 to—0.8 A off line minimum.
Starting from the blue wing towards the line centre — i.e.hvitcreasing height in the
chromosphere —, PFe brightenings in Beem to expand from the centre of PFe. A full
comprenhension of &l observations falls outside the scope of this thesis workurieu
analyses will focus on the behaviour of PFe in the chromaspleyer.

High spatial resolution speckle reconstructed images paveen that smaller com-
ponents of PFe evolve in time scales of the order of 10 sec@arigseas big PF structures
remain present for several hours. Future studies shoultbamneasure PF magnetic fields
in these short time scales and at this high spatial resoltdionatch the intensity analyses.

The line of sight component of the magnetic field in the visigpectral line and the
LOS and transversal components of the magnetic field in tlaeed line were measured
and their relation with the heliocentric angle analysed.ofAthem show a common result:
No apparent variation of the components towards limb isgarednstrumental cross-talk
of polarisation signals, that possibly falsify the magoéild measurements, and a bias
from selection thresholds are found not to be responsildeaaa discarded. Thus, this
puzzling result needs further studies for understanding.

In the case of the LOS component of the field measured witheéhe of gravity method,
the magnetic field retrieved from infrared observationgpisraximately four times lower
than that in the visible observations. However, the sejparaitof Stokes/ extrema in
the infrared lines indicate that a higher strength shouldliteined. The reason for this
difference is the lower spatial resolution of the infrared olzgéns. As a consequence,
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a larger non-magnetic areffiects the profiles from the magnetic areas and the centre of
gravity method retrieves a lower magnetic field.

From histograms of total magnetic field strength, PFe paessssnoted in previous
studies, a magnetic field strength in the kilo-Gauss ranfgapproximately 1500 G.

The contribution of PFe to the global magnetic flux was caltad by extrapolation of
PF areas and considering a magnetic field strength per PFQff G5With these values
and, even assuming a magnetic filling faator 1.0, the total magnetic flux in PFe is 3 to
10 times lower than that needed to account for the polar niagihex obtained by other
methods in earlier studies.

Likewise, the total magnetic flux found in the observations$ contained in PFe, i.e.
seated in magnetic structures with no associated contirarightness, is too low to ac-
count for the magnetic flux from the polar caps measured vifteranethods.

Velocities in PFe were measured in the threedent regimes treated in this work.
All of them, infrared, visible photospheric, and chromospt, give very similar results:
a small upflow of material with a velocity of approximateh8&kms*. This upflow of
material suggests PFe as candidates for the photospherizesoof the fast solar wind.
Observations from higher atmospheric layers are neededrtfirm the continuous up-
flows until the acceleration region of the solar wind.

Alternatively, the measured net upflows could be the reguttagnetoconvection. Possi-
bly one observes shifts of StokkandV profiles as a complex phenomenon of convection
seen obliquely (near the limb) through semi-transparemmatsed gas. Numerical sim-
ulations of magnetoconvection and of the expected potatigat from PFe are needed
to study this possibility.
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