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Summary

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

One of the most captivating aspects of the solar magnetetifehe so-called activity
cycle. The magnetic field on the Sun evolves from poloidaloital 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 activitlf predominantly toroidal
field is characterised by the appearance of sunspots. Thiseptf the cycle has been
studied in depth for long time.

During the realisation of the present work, the Sun was neamanum 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.present work has focused
on polar faculae (PFe), small-scale, bright magnetic featthat appear at the polar caps
of the Sun, down to latitudgg| ~ 60°. From previous studies, PFe are known to possess
magnetic fields in the kilo-Gauss range and to have an actyitle 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 observationthke present study were
obtained.

This thesis work analyses the properties of PFe and thatiaalto 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 I1) attached to the echelle spectrograpthe Vacuum Tower Telescope
(VTT) at the Observatorio del Teidgélenerife, thus allowing to have information on PFe
with high spatial resolution (FPI plus speckle reconstacinethods) and with high spec-
tral resolution (TIP Il). 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 chromospheriea Hine was used to trace the penetration of PFe
to higher layers, up to the chromosphere. The magnetically sensitive iron lines at
1.56um were observed with TIP II, supplying observations in tHeaired spectral range
for comparison with results from the visible spectral line.

The comparison of infrared and visible lines yields a highststency 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 retigriield from TIP Il data
compared to FPI data. This is caused by the much lower spasialution of TIP II.



Summary

PF counting results in a much higher occurrence than obdéitleerto. An asymme-
try between north and south poles is seen, in the sense thiatheenorth pole more PFe
are found than in the south polar cap. The asymmetry beirgehigom 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 ansghigible amount of PFe
possesses opposite polarity.

A long time series of a particular PF, lasting approximaédipurs, was also observed.
Despite the fast evolution of small substructures of the iPEnne 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 diference mentioned above in the values of the strength of ti& 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 ®leetotal magnetic
flux in the polar caps residing in PFe has been measured angdacethwith previous
works. Although harbouring an important amount of flux, PRarmt account for the
total magnetic flux at the poles of the Sun. The magnetic fluxdbin the FOVs outside
PFe is of the same order of that of PFe.

Velocity analyses, performed over the threfatent regimes (infrared, visible and
Ha), show a high agreement. PFe present a constant outflow ofxipmately 0.3 km st
until the top height of the observations, around 1 Mm. Froeséresults, PFe qual-
ify to be the photospheric sources of the fast solar wind. eBladions 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@hfrpolar 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 amdje¢ 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, usualhyjyoallows small capacity to
uncover the tiny details, the trees hidden in the forest.turately, each passing year
new instruments, simulations and theories make thesdsletare 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.L.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 diaﬂMhich stars are fusing hydrogen in their
cores, producing helium — stars spend most of their lifedis $tate. Nothing by itself
suggests that the Sun should be given so much attention iantgsis of the universe.
Only its location. Just by being close to us, makes the Sueat gixample, an indispens-
able element of the whole puzzle. For with it and with the hasg capabilities thanks

to the Sun’s proximity, we can test and learn about plasnmeasgrinos, stellar magnetism,

Figure 1.1:Aztec solar calendar.

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

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

Apart from the Sun, the closest star to Earth is Proxima Gen&d approximately
4.2 light years distance which is about 270 000 times fartheem 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. Therghseg 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 jrigcision along the years to
study the Sun. These techniques have allowed to discéerett layers in the solar at-
mosphere. This distinction is depicted in Hig.]1.2 with tleenes of the layers as well
as some observable features. The surface of the Sun, wheg¢nsvghen observing the

Chremesphere

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

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

as well as the granulation. The atmospheric layers belowphio¢osphere are not acces-
sible to optical observation and the layers above the ppbte are transparent at most
wavelengths.

The outer solar layers can be studied by means of filters armhagraphs (a special
telescope in which an occulting disk prevents the scattiggatiof the very bright photo-
sphere to reach the detector). Photons from these layersscape from the Sun, while
the layers below are optically thick. One way to know abouet itmer structure of the
Sunis through helioseismology. Studying the waves thaétiaside the Sun (denoted in
Fig.[L2 agp andg) in the same manner as do seismic studies on Earth, the stdaior
has been probed and subdivided into three areas. In thammsépart, the core, hydro-
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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 modftieient 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 d&dgiation is no longer f&-
cient enough. The energy transport here is mainly perforpyetbnvection. Gas parcels
move to the surface carrying the energy and release it thi@egranules observed in the
photosphere are the outermost manifestation from thisaypeergy transport.

Above the photosphere of approximately 500 km thicknegsginomosphere extends
2000—-4000 km higher up. It is characterised by an outwanskase of temperature, on
average, from 4000 K to 10000 K. Also it is very rugged and bitbimany dynamic
features.

The last two layers of the solar atmosphere are the transgigion 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 chromespto 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 abosbthestructure.

The corona is a low-density plasma region which extends Q3efar radii outwards. It
is the origin of the solar wind which permeates the wholerssjatem.

One of the most fascinating characteristics of the Sun imégnetic field. Although
the solar magnetic field is not a special case among starhénaispecially strong nor
especially fast evolving), the proximity of the Earth to B allows to analyse this mag-
netic field with high spatial and temporal resolution, aslaslin diferent solar layers.
According to the present knowledge, the solar magnetic feftoduced and anchored
at the base of the convection zone, in the area known as tawfioErom there, the solar
magnetic field rises to the solar surface, expands from tteetiee corona in magnetic
loops and drives the solar wind, filling the interplanetarydiim 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 pertugbtror 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, ettigher layers in the solar
atmosphere, the magnetic field directly controls the behawf the gas, dominating its
dynamics, as in prominences or the whole corona. Soffieete of the magnetic field
influence are shown in Fig._1.2. The mutual influence of magrieid and gas can be
expressed by the numbgy 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, s@ is small.

A very important characteristic of the solar magnetic fiedhat 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 raermbsunspots 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 haeee tevoted to this solar
activity cycle and its implications, both on the Sun and atlgdeing the variation of the
sunspot number only one surfacéeet of the periodic behaviour of the solar magnetic
field.

Nowadays, the length of the cycle is established as 11 y@aaserage, with observed
durations from 9 to 14 years. The maxima and minima of an iagtoycle correspond
to the maxima and minima of the sunspot cycle, respectivBly.a maximum occurs
when the number of sunspots is highest. However, not evéay s@mgnetic phenomenon
exhibits the same cyclic behaviour. For example, the polagmetic fields of the Sun
reach their maximum extension over the polar areas durimgmaim of sunspot activity,
whereas during maximum of activity the polarity of the glbimagnetic field of the Sun
undergoes a reversal. This is shown in Eigl 1.3.
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Figure 1.3:Magnetic butterfly diagram.

Figure[ILB is a magnetic version of the so-called butterfagcim, named after the
shape of the latitude-time occurrence of sunspots, whichne of the wings of butter-
flies. It consists of sunspot numbers averaged over one suttaion period for each
latitude. In the case of Fi§._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 latitudgg| < 40°, are clearly visible. Note also that during the realization
of the present work (2005-2007), the Sun was almost at iteymim of activity.

The solar magnetic activity cycle can be considered as aigadlonagnetic 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 epposite polarity. The
mostly accepted mechanism for this behaviour isafedynamo, illustrated in Fid11.4.
Two consecutive féects take place during the activity cycle to regenerate thea snag-
netic field. Due to the dierential rotation of the Sun — the equator rotates faster ttha
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1.1 The Sun

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

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

«a effect is the twisting of the toroidal magnetic field lines, gexted 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 (negatpadrity of the leading spot in the
northern (southern) hemisphere. In the subsequent sucygget the polarities of leading
and trailing spots have reversed. This is known as Hale& riihus, the full magnetic
cycle is 22 years long. Both these two rules are sketchedgifilE.

The processes generated by &t 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.1L.3 by
the black curves. These elements of oppo-
Site polarity cancel the existing polarity and
sum up for the opposite one.

Wang et al. [(2002) and Baumann et al. (2004) have modelleddigct by simula-
tions of surface magnetic flux transport. The simulatiortuide the appearance of bipo-
lar fields during the time of sunspot activity;fiilision of magnetic field — the magnetic
field breaks up into smaller components —feliential rotation; and meridional poleward
circulation — longitudinal flows directed towards the retpe pole. The surface transport
of small magnetic flux elements instead of monolithic suhs$ploes appears reasonable
in view of the dynamic disconnection of sunspots at nediasarlayers discussed by

Figure 1.5:Magnetic polarities of the solar pole
and of sunspot groups through an activity cycle.
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1 Introduction

'Schiissler & 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 systemsiutly is of much interest
and importance. Earth’s orbital plane with respect to the, $e so-calleécliptic plane

is not too much inclined to the solar equatorial plane, asaeguence of the conservation
of angular momentum of the pre-solar system nebula. Thad)élst accessible areas for
observations are those near the solar equator, i.e., ddise &reas of sunspot appearance.
Those areas have indeed been the most investigated. Yeigdalf of the magnetic
cycle, the activity at the poles is of more importance tha #t the equator.

Figure 1.6:Image from SoHEEIT.

The so-called polar coronal holes — named
from their relative darkness in coronal emis-
sion lines as anfkect of lower density (e.qg.
Figs.[I.2 and1l6) — 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 alll 1998, 2000). From-
situ measurements of various spacecraft (e.g.
Mariner 2, Helios missions, Ulysses) the theo-
retically predicted solar wind_(Biermahn 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 ismm@omplex than just fierent
velocities. Ulysses data have shown that the fast solar’svartyular coverage, centred
on the poles, is cycle dependent. During sunspot minimunatigelar distribution of the
fast solar wind is wider, coinciding with the polar coronalés.

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

Nonetheless, information from very high solar latitudesegded 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 thenSan out-of-ecliptic or-
bit. In the near future new observational spacecraft whitothe Sun out of the ecliptic,

14



1.2 Aims of the present study

allowing to measure the magnetic fields in the very polarsaréaom ground, new tech-
niques used regularly in the last years as, e.g., adaptivesgnd image reconstruction,
give the possibility of studying the magnetic field and featuat the poles of the Sun
with an unprecedented high spatial resolution. This hasvaitl 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, focusing orpolar faculae (PFe; e.g.
Fig. L), by means of high-spatial and high-
spectral resolution observations. Polar facu-
lae are conspicuously bright magnetic features
of small spatial scale, with sizes of the or-
der of 1’ (corresponding on average to 725
km on the solar surface), that appear near the
solar poles. They are seen in photospheric
and chromospheric layers and in wavelengths
Figure 1.7: PFe example g = 044. from radio (Makarov et al. 1991 Riehokainen et al.
Tickmark distances correspond t8.2m-
age from August 2005 camppaign. 1998) to U|It]r_a/£et |(R|eh0kaln82)et|a[__25b01) o
@) found their field strength to be in the kilo-Gauss mngith short timescale
evolution of 1 minute, whereas remaining as an identifialfeeRtity for more than 1
hour. Since they are polar magnetic features, PFe follovathigity cycle of the poles,
i.e., they exhibit maximum occurrence during sunspot mimim{Makarov & Makarova

). Also at that time, PFe can be found down to latitudefg/ot= 60° while at
sunspot maximum their regions of appearance vanish (Wainme55 | 1962; Sheeley
1964,[1991| Makarov & Sivaramlan 1989; Makarov ét al. 200340kunel (2004) and
Okunev & Kneer|(2005) performed model calculations of PFartderstand their struc-
ture. Yet still, their role with respect to the global magdadield is not fully compre-
hended.

Beyond the role of PFe as contributors to the polar magneitkcahd to the magnetic
activity cycle, they also qualify as possible sources ofsiar wind.
Magnetic funnels, constructed from extrapolation of pspteeric magnetic fields to the
corona, have been suggested as origin for the solar Wilm ), on the ba-
sis of magnetic measurements with MDI (Michelson Doppleadper) and intensity and
velocity measurements with SUMER (Solar Ultraviolet Maasoents of Emitted Radia-
tion; IWilhelm et all 1995), both instruments on-board the4&(SOlar and Heliospheric
Observatory) spacecraft. In the same mariner, Wiegelmaalh(@005) arrive to similar
conclusions about equatorial coronal holes. Likewiseasaial faculae exhibit similar
properties as those of PFe. Because of the characterigtieEeoand the outflows of
plasma from them observed MMOO@, PFe are possibl®spheric footings
of the magnetic funnels. However, accordin n2eo05), the numbers
of PFe needed both to feed the solar wind and to obtain the etiagitux density at
Earth’s distance of 3.5 nT (Smith & Balogh 1995) do not fit tieeRbservations. Many
more PFe than observed would be needed to lead to the totaltfthe poles of the Sun,
whereas only few PFe would befiaient to feed the fast solar wind.

15



1 Introduction

This thesis work presents a continuation in the study of Rfeetlaeir role at global
solar scale. Since previous studies (@@2004) gopatant observational ad-
vantages have become available. One of them was noted inlS&ctvith reference to
Fig.[T.3. The observations for this work were performed i62007, close to the mini-
mum of sunspot activity. Thus, the number of PFe presenegidkes was higher and PFe
could be found in wider regions around the poles than dunuirgggot maximum. Their
role in the polar global magnetic field should therefore shpwnore clearly. In addition,
several upgrades have been performed at the instrumemt$ardbe observations of the
present study allowing for better spatial, spectral, anetresolution opening thus new
possibilities in the analysis of the small-scale propsrtEPFe.

ChapteR contains a brief introduction to spectropolaniynend some of its charac-
teristics which will be used in subsequent chapters. Theunmgents and the telescope
employed for the observations are described in Chdpter 3efisaw the diferent cam-
paigns when the data were taken. In Chalgter 4 the data redymticesses are explained.
There, also the dierent methods applied in the course of this study to retirdeemation
from the data are expounded. Chajpler 5 presents the resuled from the analysis of
the observations. The conclusions arising from this studystated in Chaptél 6.
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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?
| mean | ask a guy what time it is, he tells me 6 miles? What théshbat?”
Anything Else (2003)

Most of the time, the first thing told to students in an introury course in astrophysics
Is that almost all we know of the universe is thanks to radratAnd 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 atrikzarth or at a space-
craft. These days, high-energy astrophysics is enteriagrtlti-messenger era, where
information from diferent messengers (e.g. neutrinos, cosmic rays, gammaetaysis
correlated to study high-energy physical processes in ineetse. Still, the most com-
mon, easiest and modfieient way for investigating the cosmos is by means of phgtons
of light.

During the last centuries, the increasing knowledge of lbetemagnetic field and its
properties has yielded new methods to analyse the infoomabntained in the radiation
about the material and conditions where it comes from. Irptegent chapter, a summary
of one of those methods, spectropolarimetry, is preseteabfe thoroughly description

can be found in e.¢. del Toro Inies 03).

2.1 Spectroscopy

The study of the composition and properties of light staceaturies ago. Itis possible to
follow some of the ideas through the words of the great pbpbers of history, Aristotle,
Descartes, Hume, ... All of them tried to explain the colaafriight 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 prisimd then demonstrated that
the prism was not the cause of the colours but the light thatfaraned of them. He used
in his description of his experiments the wagdectrumto refer to this “apparition” of
colours and the term is still in use today.

Focusing on solar spectroscopy, perhaps the beginningvatitn 1802, when William
Wollaston noticed some black gaps in the solar spectrumitBuats not until 1814, when
Joseph von Fraunhofer designed a spectroscope and begatematc study of these
dark features, measuring the wavelengths of 574 dark lifiege. dark lines both in the
solar and stellar spectra are named after Htraunhofer 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 aghthines to emission processes.
Kirchoff and Bunsen discovered also that each chemical elementgeedwnique spec-
trum of lines. Thus, the spectrum can be used to identify ix@ents composing a fluid,
giving birth to a new analysis tool. It was namspgectroscopybeing the study of the
spectrum, and was applied to astrophysics from the verynbegy. Even a new element
was discovered in the Sun’s spectrum thanks to spectrosnalg68 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 (originatiypantg absorbed or emitted,

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

_hc

AE ,
A

(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& @&ntury, more and more complex,
more involved than simple orbits, as Bohr’s atomic modeifrtf13. 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 Chapfér 5 to obtain the plasmacitads 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 origiequiéncy of the wave due
to the source’s movement. It can be expressed, in the nativistic approximation, as

Al Vv

T (2.2)
whereAA 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 valuabléaioastrophysics. The
constituent elements of plasmas, their abundances, iomzstates, velocities, etc. can
be inferred by means of spectroscopic measurements.

2.2 Polarisation

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

already been observed in sunspots by G. Hale in 1908 and aiseektsure magnetic field
strengths, for weak fields the splitting is not detectabée (Secf—Z]3). The measurement
of polarisation — and, as a consequence, the possibilitysafsuring 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\es.e

Polarisation is an intrinsic property of the electromagnield as a consequence of
the plane of vibration of the field. Basically, radiation daa divided into three types:
unpolarised, linearly polarised and circularly polaris€te first one refers to a field with
no preferred plane of vibration of the electric vector. larlg 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 eitiplly polarised field represents
a more general case of the circular one, in which the am@gud the two components
of the electric field along the main axes are not equal. A diagof elliptical polarisation
is shown in FigCZR.

direction of
propagation

%

direction of
propagation

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

elliptic polarization.

e

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

Parametrization of polarisation. In the present work, polarisation is referred to by
means of the Stokes parametdr9Q, 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 polarisateand shape parameters of the
polarisation ellipse that was common.

The main advantage of the Stokes parameters to describasatilan is that each
parameter can be expressed in terms of additions or subtracif measurable intensities.
| is the total intensity. Be, y, z a Cartesian co-ordinate system wilthe 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 9@vhereadJ 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 ofaxters and linear polarisers, all
these intensities can be measured.

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

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

E, = Excost — k2) X
E, = E, cos@t — kz+ ¢) ¥ (2.3)
E,=027

with E, andE, the amplitudes an¢ the phase dierence between theandy compo-
nents. This dierence in phase can be used to describe in a semi-intuitiveendhe
polarisation states. Linear polarisation correspondg t00. Then, both components
are vibrating in phase and the direction of polarisatiory@#@pends on the ratig,/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 thesaaind opaque to fields vibrating
in the perpendicular direction to the acceptance axis. Ardet, or wave plate, is an
optical device characterised by two axes, so-called fadskow. The #ect of a retarder
to an incoming electromagnetic field is to add a phase to thgpooent parallel to the
slow axis. The most common type of retarders arejilrter-wave platgthat introduces
a phase ofr/2, and thenalf-wave platethat adds a phase of With the above description
of the polarisation types accordingdoit 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 illustragetito examples are shown in
Eqs[Z4 an@215, from where the Stokes paramétemadV can be calculated. Suppose
Ex = E, = E, ¢ = 0, and that the slow axis of the retarders are alongytt&ection.
Then,

linear polarisation (49 4% linear polarisation{45)
Eyx = Ecoswt -k X = Ey=Ecost-k2x (2.4)
ny = Ecospwt-kgy = ny = —Ecoswt - k2 y

linear polarisation (49 4% |eft circular polarisation right circular polarisation
E, = E cosgt — k) X = Ex = Ecoswt — k2 X = E, = Ecost -k X (2.5)
E, = Ecost — k2§ = E, = ~Esin(wt - k9 y = E, = Esinwt — k2 y

In nature, light is never completely monochromatic, as sspd for Eq[ZI3, but it
possesses a finite bandwidth in wavelength. Supposinghbkabandwidth of the light
is small compared to the width of a spectral line, so the ppasen be determined, the
Stokes parameters are

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

U = 2EE, cos¢) (2.6)
V = 2XEE, sing)

where the averages are over the superposition of the plaresi@rming the packet. Still,

as pointed out by Shurdli(1962), this expression of the Stokes parameters in terms of
the electromagnetic field is complicated. Light must be aesilito be monochromatic
enough so that a phages definable at any time, andffigiently 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 metleadh optical element is
expressed by a Mueller matrix, a 4x4 matrix that characseribe &ect of the element
upon polarisation. To add thdfect of various elements, the order of the matrices is
inverse to the order of the elements along the optical paik.r&sulting polarisation state
of light after N optical elements is

So=My-My1-...Mp- M;S (2.7)

whereS, andS; are the outcoming and incoming Stokes vector, respectilyis the
Mueller matrix of the first optical system along the opticatipandMy of the last one.

Instrumental Polarisation. On its way through dierent optical systems, the state of
polarisation of the radiation undergoes modificationshidase of the telescope used for
observations for this thesis work, the instrumental pe&tion, or instrumental crosstalk
among the Stokes parameters, arises from retardances effections at mirrors and
from internal stresses of entrance and exit window of theivacttank (see Sedi 3.1
for description and use of the vacuum tank). Crosstalk distbe profile of any Stokes
parameter by a linear superposition of the three other patiers1 The impact upon the
scope of the present work is commented in Ject. 4.3.

2.3 Zeeman splitting

When in 1896 Pieter Zeeman was extending the experimenis didsis work about in-
teractions between light and magnetic fields, he discovbiad spectral line is split into
several components in the presence of a magnetiE.fieId
As noted in Secf 211, 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 presd#ma magnetic field breaks
the degeneracy of the atomic levels and thus, of energidsedfansitions. While with-
out magnetic field only one single spectral line appearssra¢can 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 inteoastamong 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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arc sec
arc sec

0 2 4 6 8 1.56480 1.56485 1.56490 1.56495
arc sec A ()

Figure 2.3: Example of Zeeman splitting. Left image shows a pore at oontin intensity at 1.5@.
Right image is a Stokeg spectrogram from the position corresponding to the whit&aad line in the left
image. The observations for this figure were taken duringvthg 2007 campaign, c.f. Table-B.3.

momenta with quantum numbkicouple to a total orbital angular momentum with quan-
tum numberL, and the analogue happens with the spin angular momentaguéthtum
numbers to form the total spin angular momentum with quantum nunfer he total
angular momentum is given by

| 71?2 = h23(J + 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 quantum ensnhthS andJ, and the
magnetic quantum numbei¥);. The latter describes the projection of the total angular
momentum onto a reference direction and takes the valuegefl + 1, ...J-1,J. The
state of an atom is usually written &8*YL; 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 of] onto the direction of the
magnetic field and the degeneracy is broken. Under suchnestances, the displacement
of the line from the original position Zeeman splitting- is

e

Alg=A1—-Ap = g

AB@M; - guMy), (2.10)
wheree, mg, andc denote the electron charge, electron mass, and speed tfreghec-
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 upaerssof the transition,
respectively. The Landé factor is in essence a proporiitynadnstant that relates the
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2.3 Zeeman splitting
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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 momentearttbe written as

B JJ+1)-L(L+1)+S(S+1)
g=1+ 200+1) : (2.11)

It is important to note that not all transitions among dmndM; states are possible,
resulting in a set okelection 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 lgip@nsition.

An example with one of the lines used in this work 1B&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 Zeemi@ace 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 splittingitriplets 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 correlpg to theAM; = 0
transition, oor component, which is unshifted in wavelength. The other taroespond to
the AM; = £1 transitions, oo~ components, which are shifted from the central position,
one to the blue and the other to the red. Depending on the éegieen the LOS and
the direction of the magnetic field, the relative intensiié the three components of the
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2 Spectropolarimetry

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

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

Due to the broadening of the solar lines, for weak fields + csver than the ones
present in sunspots — or for smélling factors @ — 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 broadge(see Fig_2]5a). But the
polarisation of the components together with polarimednealyses, allows to detect the
small splitting and thus, to measure weak magnetic fieldsdbaiot cause strong line
splitting.

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

= 500+ 8) + 70— 9+ 1) - 33+ 1) 212)

Substituting the constants in Hq. 2.10 and using ¢iisas a general case, the Zeeman
splitting is
Adg = 4.67x 10 3g;13B (2.13)

with Alg and 1o 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 amatsystem in presence of
a magnetic field is
H =Ho+ Hy, (2.14)

whereHy is the unperturbed Hamiltonian of the atom, atig is the perturbation intro-
duced by the magnetic field. The interaction of magnetic i@th atoms gives rise to
three diferent regimes according to the strength of the field, i.eh¢oraitio ofHy,/Ho:
1) The Zeeman regime occurs in the presence of weak fieldsswwthemagnetic field is
only a perturbation to the LS couplingi(, < Hg). 2) For stronger fields, the LS cou-
pling is disrupted and the spectral lines rearrange, atthdbe perturbation introduced
by the field is smaller than the original unperturbed atonuteptial Hy < Ho), being
then in the Paschen-Back regime. 3) For ultrastrong fielelsrthgnetic field is no longer
a perturbation and dominates over the original potentidhefatom 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 atledoiathe scope of the
present work.

The theoretical behaviour of the Stokes profiles can beatifdom synthetic profiles
derived from the radiative transfer equation for the Stakesor (RTE; e.g. Bello Gonzalez
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2.3 Zeeman splitting

M). Here, the following assumptions were made: MilnéliEgton atmosphere, static,
constant magnetic field, spectral line ofiF&173.3 A, Doppler width of 30 mA and an
inclinationy = 40° between the magnetic field and the LOS, with the latter pelrtdl
the vertical. Thus, this situation is in-between the caddsrgitudinal and transverse
Zeeman #ect. The variation of StokdsandV with magnetic field strength ranging from
0 G (black) to 2500 G (red) is shown in FIg.R.5.

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

A (A

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

The StokesVv 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 untlusard 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 jposdf the lobes, and there-
fore their separation, barely changes. But for strongaddijghe separation of the extrema
is the dominantfect, reaching approximately 240 mA for 2500 G . Starting femound
1300 G, small lobes of opposite sign appear close to thealemaivelength. These are
associated witimagneto-optical gects i.e., transformations of linear polarisation among
themselves and into circular polarisation because of psla$iéngs during the propaga-
tion of the light in the solar atmosphere. According to predenowledge, PFe possess
field strengths in an intermediate range between the amdphtlominated 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 bi&.blhus, good observations
are needed. To obtain best observations, fine instrumentequired. Also, appropriate
conditions of Earth’s atmosphere —referred ta@sing- are desired since they determine
the quality of the observations to a large extent.

In the present chapter, the telescope with which the obsensawere taken as well
as the post-focus instruments used will be described hridflgewise, the diference
between the two kinds of data sets obtained will be pointedThe 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 Vacuawer Telescope (VTT)
located in the Observatorio del Teide, Tenerife, at anualdtof 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 mlgierg 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 whieliacuated to few mbar to
prevent turbulent air flows near the primary mirror, heatga@lbsorbed sunlight.

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

Very close to the entrance window of the vacuum tank, somdl gragt of the light
is deflected to feed the guiding system for the coelostat.if8ethe vacuum exit win-
dow, the adaptive optics (AO) is located. After the AO thdatigan be directed into an
optical laboratory where the “Goéttingen” Fabry-Perot ifgeometer (FPI) is located. Al-
ternatively — or simultaneously via a dichroic beam splitt¢he light can continue to the
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3 Instrumentation and Observations

Figure 3.1:Scheme of the VTT and building. In the scheme the path of it liepicted as an orange
line and the three parts described in the following subsestare marked as blue, green and red shaded
areas.

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

During the last years, new post-focus instruments have added at the VTT. Also,
upgradings of existing instruments have been performedA@rsystem has come into
regular operation, allowing high-quality observationthWiigh spatial resolution. Among
the upgraded instruments are the FPI and TIP Il, which ard feethis 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 catistnuof GREGOR is close
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to be completed, and will likely come into operation in la@8. With the new post-
focus equipment, it will allow unprecedented spatial regoh. For the present work,
high spatial resolution is of much importance, since PFearall-scale structures whose
study requires detailed information.

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

The FPI is a two-dimensional (2D) spectrometer. Fabry-Petaons are the heart
of this kind of instrument. With it, a 2D field of view (FOV) isbserved 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 spadaygmeans of modulating the
voltage applied to Piezo crystals which control the spacing

TIP, which consists of a polarimetric analyser and of a CCE2cter, makes use of
the grating spectrograph of the VTT. This kind of instrumeisperses in wavelength the
incoming light which enters the spectrograph through a Sk one observes simultane-
ously a certain wavelength range from all image points aliregslit. Therefore, a 2D
FQOV is obtained by scanning the solar image perpendicularlge slit direction.
Examples of spectrometric data from FPI and spectrografiRiobservations are shown
in Figs.[3.2 and313.

Both observational methods are complementary and havedteantages and dis-
advantages. Slit spectrographs can have a high spectofiitiea 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, 2ig-sp
trometers based on FPI etalons can cover a large FOV at ohagh furthermore admits
the application of image reconstruction methods. Howe@rspectrometers need spec-
tral scanning and the spectral resolution is usually loweantthat of slit spectrographs,
since only few wavelength positions are commonly coverealiservations with FPIs.
Also, the sequential scanning may hamper the study of fasegses.

3.1.1 Kiephenheuer Adaptive Optics System

The Kiepenheuer Adaptive Optics System (KAQS, von der L itz ©008), may be con-
sidered as the most important upgrade for the VTT in the leats; It allows, under good
seeing conditions, to achieve an angular resolution closieet difraction limit, which is
0.177’ for a 70 cm entrance pupil and a wavelength of 6000 A.

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

signed to correct the wavefront aberrations caused bylemba 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 wavesnitle of stars). For larger
apertures, theftects are image motion and blurring.
A short description of the functioning of KAOS mayflae here (for further informa-
tion se@EZLQbG). The main constituents of KAOS are @lSHartmann wavefront
sensor, a tip-tilt mirror and a deformable mirror. To penficall the calculations for the
wavefront corrections as quickly as possible, a fast coerpuith 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 @n@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 correspainel ppesented images. The lower row shows
images at wavelength positiorg0 mA of line minimum (eft), line minimum gentrd and+70 mA of
line minimum ¢ight). Tickmark intervals correspond td’ 5The observations for this figure stem from the
August 2005 campaign, cf. TadleB.2.

A small amount of the incoming light is directed to the wawetfr sensor located in an
image of the entrance pupil. There a lenslet array of 36 deradles produces 36 images
of a small subfield in the FOV, the so-calléatkpointof the AO. When the incoming
wavefront is unperturbed, the images are identical. But d&formed wavefronts the im-
ages are shifted from their zero position given by a refex@mage. These shifts are used
by means of a correlation algorithm to calculate the needecction for the wavefront.
For this algorithm to work properly, a high contrast objextiesirable in the lockpoint.
At the disc centre, mid seeing conditions transmit the gegian pattern with sfiiciently
high contrast. With worse conditions or closer to the limlzpaspicuous feature — e.g.
sunspot, pore, PF —is necessary.

The information about the corrections is then translatemefectric 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 colaontains the Stokds(upper row, Q, U
andV (lower) data corresponding to the red vertical line in the contmurmnage. The observations for this
figure were obtained during the May 2007 campaign, cf. Tale 3

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

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

Under adequate seeing conditions, the resulting image K&@QS 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 constarthwismall 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. Thisfeect is especially important for large FOVs, like the oneseobsd 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 tieas 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 “Gottingen” Fabry-Perot Interferometer

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

the Universitats-Sternwarte Gottingen in the early 198en6lin et al! 1992; Bendlin
119931 Bendlin & Volkmét 1995). Since then, it has been upgdaskveral times (see e.g.
IKnghmsk;Lel_dlLZD_(bi._Busghmann_dﬂ_aL_iOOG) The lastdaganent, which included
full Stokes polarimetry and an increase of the spectralugisn (Bello Gonzalez & Kneer
), was only implemented in early 2007. The observationthis thesis were taken
earlier. Thus this work could not benefit from the last upgrad
Figure[33 shows a basic scheme of the FPI. It is specificaygthed and built to allow
2D spectropolarimetric observations with high spatiabhason applying speckle meth-
ods. The FPI possesses essentially two optical trains. A lsgditter, located close to a
field stop in a focal plane, directs 5% of the light into thedstband train and 95% into
the narrow-band train.

l cch 1

Neutral density filter

=== Brgoadband filter

Filter_ wheeal L L

5 f ¥ Polarimete
J_ olarimeter
A
I T ek &

B am EPI 1 FPIZ
Splitter

— =
>

Figure 3.4:Scheme of the FPI. The greenish shaded area correspondsticoddband and the reddish
area to the narrow-band train, respectively. L: lense. Kl-B&op in focal plane.
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The narrow-band train is the core of the instrument. It cetisdasically — apart from
lenses to transfer the focal planes, interference pre-élte a laser and photomultiplier
for calibration — of a narrow-band interference filter, wathypical FWHM of 10 A, and
two Fabry-Perot etalons. This part of the instrument alltsvake 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 spectromé&ier this reason, usingars
pro toto, the whole spectrometer is often termed “Géttingen” FPed®mmetric scans
are performed by changing the spacimysf 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 greee)jrthe broadband etalon (dash-
dotted red line), the narrow-band etalon (dashed line) fle@dombination of the two latter (solid blue line)
around the central wavelength.

Figure[35b 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 ES R 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 vabue- 0° is assumed. At a wavelength
A = 6173 A — one of the solar spectral lines used in this work —1themm etalon has
aFSRof 1.73 A and the 0.125 mm etalonRS Rof 15.24 A. The purpose then of the
broadband etalon is to suppress the adjacent orders of thkklsamd etalon. As can be
seen from Fig2315, the composite curve of both etalons slalysa very small influence
from the neighbouring transmissions, less than 5%. Thetiaddi interference filter,
whose transmission curve is also seen in E1g. 3.5 as a greee, @elects 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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3 Instrumentation and Observations

light in its two circularly polarised componenti‘;(l + V) and %(I — V). Each of these
components or channels, illuminates fietient 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 firlult of the observa-
tions. The FPI etalons are mounted in the collimated — i.eallgh— beam close to an
image of the telescope pupil. Unlike having them in a tela@@mounting — which causes
the orange peel patteridue to small imperfections of the flatness of the etalon sada
—, the collimated mounting results irbéueshift This terminology refers to a shift of the
maximum of wavelength transmission across the FOV. Theference condition of FPIs
for maximum transmission is

mA = 2ndcoso, (3.2)

with mbeing the order. For small angles of incidei@eghe same ordanandn = 1, one
arrives at the blueshift 1

Al = -A(cos® — 1) ~ _§®2. (3.3)
The blueshift can be corrected as will be pointed out in $&d. For more informa-
tion about advantages and disadvantages of the two mosnseg Kneer & Hirzherger

(2001).

The broadband part of the instrument is composed of a broadieer, witha 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 hdirdietaken, which will
allow the post-facto speckle reconstruction of the dataec&le methods are techniques
of image reconstruction which improve the spatial resolutf the images taken during
the observations. These techniques will be explained irerdetail in Sec{412.

The upgrades of the FPI described in Puschmann et al./(2086),increased it
ciency by a factor of approximately 60.

The new CCDs, from LaVision GmbH, Goéttingen, possess subatly more pixels and
higher quantumféciency, and allow much higher frame rates than the former €£dMbe
new size of the FOV is 73x 55" for the broadband images and approximately 354"

for each narrow-band channel when using the Stékpslarimeter, with a pixel size cor-
responding to 112" 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. Thiggsrtant for the appli-
cation of speckle methods which require that the atmospleging conditions bieozen

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 conpesly several spectral regions.
For this purpose, various narrow-band interference filferghe corresponding wave-
length range can be mounted on a filter slider and be movedanit 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 aa@pee, with a sampling
in wavelength appropiate for the FWHM of the spectrometeassmission curve. Most

34
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times, at each wavelength position, 5—-20 frames are takas.igFimportant for image re-
construction (see Se€f#.2). Also important for the imagenstruction, short-exposure
frames of the same FOV are taken with the broadband CCDlgsimultaneously 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 Sedt.3.1).

In Fig.[Z®, an example of a spectral line profile, from B&73.3 A, obtained in April
2006 is shown. In addition, the FPI transmission as well aslitte profile from the
Fourier Transfrom Spectrometer (FTS) Atlas (Brault & Nd¢ckgeioted bmm
are shown. The FTS possesses a very high spectral reschmiibtme 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 Fif.23.6, the line depression of the obselatedis much lower than

‘/‘C
T/ Toos

0.0 Lewar ey R I L DT I L...]0.0
61731 61732 61733 61734 61735 61736
A (A)
Figure 3.6:Intensity profiles from the FTS atlas (solid line), the olveerdata (rhombuses connected by
dotted line) and the convolution of the FTS data with the Aurgiction 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 tiie=et of the FPI we have convolved the FTS
data with the transmission curve of the combined two etalding resulting line profile
has come close to the observed profile.

3.1.3 Tenerife Infrared Polarimeter Il

TIP Il is the new version of the original TIR_(Collados 1909at¥inez Pillet et al. 1999;
Collados et gl 2007). It possesses a better and biggerenfisensitive 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 VTgpectrograph. It measures
the four Stokes parameters by means of a couple of ferroeléquid 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 atieghpoltage, can change the
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orientation of their slow axes between two positions. Séemgthe optical path, the first
FLC possesses a (nominal) retardance /& and the second FLC af/4. The change in
orientation amounts to (nominally) 4%or each of the FLCs. The signal sent to the
retarder has twice the frequency of thygl. Therefore, a complete cycle of the polarimeter
is composed of four diierent states. In each of the states, combinations of theSimkes
parameters are measured, so that at thd,eQdU andV can be retrieved by combining
the four states.

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

| =M-S, (3.4)

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

S=M1t.1=D-I, (3.5)

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 pelag beamsplitter, and the
two outcoming beams reachfidirent parts of the same detector. The combination of
both methods to take observations on a two-dimensionattbetallows to minimise the
effects of crosstalk, both of gain-table uncertainties, wismme from using only a spatial
modulation, and of seeing-induced crosstalk arising froetémporal modulation.

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

1*(t) = (1 +V)/2 (3.6)
() = (1 + 61 =V -6V)/2 (3.7
I7(t) = (L + 6g)(I = V)/2 (3.8)
() = (1 + 6)(I +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

Imeas= 3171 + 1) +17(6) + 1 (2]

= (1+64/2)(1 +61/2) + 6Vy/4 (3.10)
Vineas= 3[1"(6) = 1"(t) ~ (1"(t) = 1~ ()]
= (L +64/2)(V + SV/2)V + 6154/4 (3.11)

The last term in Eq.3.11 corresponds to the crosstaikV. In most casesjl 64/4l 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 organisatimm|Collado$[ 1999)

After passing through the polarimetric analyser system light enters the spectro-
graph, mounted vertically and located mainly below the goblevel 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 thentlezxcitations in the
CCD chip and to avoid infrared stray light from the surroungd. Inside the cryostat
there are also three filters for selection of the wavelergtige. For the present work, the
one for 1.56u was used, which has a transmission of 90% at that wavelength.

A scheme of the light path from the exit of the telescope’suuae tank through TIP
and the spectrograph to the detector is shown in[Ewg. 3.7.ca@lieration optics is also
depicted there. This system consisting of a linear polaerd a retarder serves two pur-
poses: 1) to calibrate the FLCs, and 2) to measure the instrtahpolarisation induced
by all the optical elements from the exit of the vacuum tahkptigh KAOS, to the detec-
tor.

For the spectrograph, there is a set of slits witfiedent widths from 4Qum 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 ifitplies that observations
can be made faster and with better signal to noigd)&tio. On the other hand, a nar-
rower slit allows better spectral resolution and gatheagitlfrom 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 meastetimes 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 Parameteiis

4
Z 2, (3.12)

j=1

just by applying error propagation to Hg.13.5. This is thesegber modulation cycle.
Now, for a numbeiN, of cycles and with theféiciencies of the device;, defined as (e.g.

ISanchez Almeida et Al. 1994) 1
6 = (4241 Dﬁ.)_? (3.13)

the noise can be written as

’2 2
, 0" o1
vk 3.14
Then, the N ratio of the Stokes parameters is
(S/N)i = (s/n)& V4N, 1=1,234, (3.15)

where (gn) 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. Theaide 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[31.

| | TIPI [ TIPII |
Spatial sampling| 0.36"/px 0.18"/px
Spatial coverage 36" 77
Spectral sampling
1.08 um 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 118 A
1.56 um 75A 159 A

Table 3.1: Summary of the main characteristics of TIP | arfd W(afterml.
0o7)

3.2 Campaigns

The observational campaigns are split into two groups atagrto 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 gsdiot¢Kor KAOS (cf.
Sect[3T11), a systematic coverage of the polar areas &uthecould not be performed.
The intention was to observe PFe both close to the limb anowahkliocentric angles,
i.e. as close to the disc centre as possible. Thus, obsamgatiere constrained by the
heliographic latitude of the disc centre of the SBg, For positiveB, the solar north pole
is better observable than the south pole, aicé versafor negativeB,. Some data were
also taken from faculae near the solar equator, for commansth PFe.

The campaigns with the FPI were performed in Ay 2005, August 2005 and
April 2006. The observing conditions were very variablenglthe campaigns. An ade-
uate measure for the quality of the atmosphere for obsensais the Fried parametey
m ). 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 2005cdlpm of astigmatism
was detected. The beam-splitting calcites — Savart platehed/ polarimeter, mounted
in front of the detector in the convergent beam, generataibgiple a small astigmatism
in the extraordinary beams. The orientations of the astiggmaare perpendicular for
the two channels%(l +V) and%(l — V). Now, the optical components between KAOS
and the FPI spectrometer also generated an astigmatisrh vineedentally, doubled the
astigmatism in one polarimetric channel and compensaitadhe other. At high spatial
resolution, the polarimetric measurements were sericafédgted. 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 flerent
astigmatism. During the other campaigns, a feature of KAQ#ctbe used which allows
a pre-setting of aberrations of the deformable mirror. Mmy the astigmatism of the
optics between KAOS and the spectrometer could be comphsatd the detector of
the spectrometer could be placed at the position of theecotleast confusion.

Taking advantage of the new possibility of observing in @asi wavelength ranges,
one filter for observations in the F&173 A and another one fordH(6563 A) were
chosen. This provided information about the photosphen® fa magnetically sensitive
Ferline — Landé factog = 2.5 — and about the chromosphere from. Hable[3.P presents
the main parameters chosen for the observations.

Table 3.2:Main characteristics of FPI observations: date of campaipectral lines observed, number of
spectral positions scanned, number of frames taken at paclral 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 2122+ 23 15 23.65+ 100.67 5+ 10
04.2006 6173 A-6563A  22+23 15 23.65+ 100.67 5+ 10

In order to perform correct speckle reconstructions (ctt$82), the wavelength of
the broadband images must be close to the wavelengthseskfectthe narrow-band ob-
servations. Here, a 6300 A filter with a FWHM of 50 A was used.

Observations with TIP Il were performed in Novemiizacember 2005, October 2006
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and May 2007. The weather and seeing conditions were veiablar At the beginning of
the 2005 campaign, the passage of the famous Delta storraccdasmages and problems
in the telescope control. After a few days of repairing argketing everything, the sky
was clear, so the seeing was stable although not very goodesage. During the 2006
campaign the sky was much more clouded making observatiarengely 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 wohilemdays observations
could be performed and good data could be acquired.

Throughout all TIP Il campaigns, the range aé@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 observategs/an in Tabl€-313.

Table 3.3:Parameters of TIP Il observations: date of campaigns, Sipsed slit, number of accumu-
lations in each position, exposure time for each of thosé&ipaos, 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 obsenveditged from 15 to 120,
depending on the amount and size of PFe visible in the FO\sd karious spatial exten-
sions contain from just one or two PFe to many of them as wejuast Sun allowing for
some magnetic flux measurements outside PFe.

The step size of @5” corresponds approximately to twice the pixel size alongtite
which is Q17”, making it easy with an interpolation to have the same sgaitirboth slit
and scanning direction. Likewise, the step d0Ocorresponds closely to three times the
pixel size along the slit, so again a simple interpolatioregithe same scaling in both
directions.

Simultaneously with the spectropolarimetric observatjatht jaw images were recor-
ded. Mainly white light images were taken, but also some msag 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 positmmsvhere spectropolari-
metric data with the slit spectrograph were taken.

The usual flat field and calibration data were also obtaineatdler to perform later the
data reduction, explained in Chapiér 4.

40



4 Data Reduction

“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 tbject under study but
result from the way the data were obtained. Earth’s atmasplest in the instruments,
inexact telescope guiding and telescope jitter, instruaigrolarisation, etc. are sources
for these imperfections.

This chapter will describe some of the steps to be undertb&éare the actual work with
the data, to have them prepared for scientific interpratatim Sect[Z4]l the standard
processing will be described. Sdct]4.2 deals with the dpe@ekonstruction, which was
mentioned above in Se€i_311.2 as a way to improve the spasialution of the observa-
tions. In Sectl”413 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,ldasic reduction processes
concerning the dark correction and flat fielding, were penfeat in the usual way. Dark
frames and flat field exposures were obtained during the witsens and are used as
explained in the following.

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

Flat fields allow to measure theffirent 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 fluatnat the detector is exposed
to a homogeneous constant intensity (flat field). On the Simpnaogeneous field does
not exist since there are always spatial structures suctaasligtion. Thus, to correct for
this dfect, several images are taken whilst changing the telegooipéing in a random
way near the disc centre of the Sun. These several flat fielgamare then averaged in
order to smooth out the intensity variation due to spatiaicttires of the images, and to
obtain the required homogeneous field. All data will then beected for the remaining
pattern.
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In summary, the dark and flat field corrections are applied as

original data — dark
flat field — dark

data reduced = (4.1)

Special care must be taken with the reduction
of the narrow-band FPI data, regarding the previ-
ously mentioned (Sedi._3.1.2) blueshift induced by
the mounting of the FPI. An example of such a
blueshift is presented in Fi_4.1. The image shows
the pattern of the blueshift from a narrow-band flat
field scan. The brightness variation in Hig.4.1 cor-
responds to the ffierent amount of displacement of
the FPI transmission in wavelength. It is calculated
just by measuring the fiference 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 'ar 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 andnag data — separately for
each narrow-band channel — because flat fields and scierecard@atqually fected.

A continuum correction is also applied to the data from bostruments, FPI and
TIP Il, to rectify the variation of continuum intensity witkiavelength. This fect results
from the transmission curve of the order sorting interfeespre-filters. The continuum
correction is performed ffierently for each instrument.

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

For TIP Il there is no halogen lamp from which to calibrateitifeuence of the pre-filter.
However, the high spectral range covered by TIP Il allowsdiec several continuum
windows at diferent wavelengths. A polynomial is then fitted to these weavgth areas
to estimate the filter’s transmission curve. Dividing by lter leaves a constant contin-
uum level throughout the whole spectral range. Fidurk 4@ctlean original spectrum
along with the continuum corrected spectrum and the one fren+TS atlas. The con-
tinua of both the corrected and the atlas profile coincide lErge extent. It was stated
above in Sec{:311.2, that the FTS atlas can be consideredeasffinstrumental broad-
ening. Since it can be seen from Hig.4.2 that the correctectspn 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 thatlghm® mentioned.
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Figure 4.2:Flat field spectrum before (dash-dotted red line) and as@lid line) continuum correction.

The dashed blue line shows the spectrum of the atlas by Istamg& Wallack [(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 argerform the dark and flat
field corrections, take out the signature of some bad pixelsamove the crosstalks, i.e.
the polarisation induced by the optical elements.

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

One important pre-analysis measure is the wavelengthrgheeimpling 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 requyifeidher work. For TIP 11,
the diference between the tabulated wavelength positions ofdhdiires was compared
with the observed dierence. This yielded a step width corresponding to 14.4pixAl.

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 c@tibn of AO with somepost
factum— after the acquisition of the data — image reconstructichrigjue is needed.
Here, speckle techniques have proved highly successful.

The namespecklecomes from an intensity pattern created by mutual intenfereof
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coherent wavefronts with aftierence in their phases — e.g., a laser reflected by a rough
surface. Such a laser pattern is presented in the left frdfig d4.3.

Figure 4.3:Examples of speckle pattern, from a lageft{ and from the/ Bootis binary systenright).
The ¢ Bootis observation was made with the Nordic Optical Telpec(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@sra point source. A ground-
based long-exposure image of the star appears aSuse@lintensity pattern, th&eeing
disc But if observed with short exposure, it reveals a speckieepawhich changes
and moves globally in time. The exposure time must be shdnter 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 frahteég.[4.3 with an
observation of thé Bootis binary system.

Speckle images are taken with these short time scales. &acis,of them is onlyféected
by the instantaneous atmosphere. Then a statistical agpoaa be made. Many — of the
order of 100 or more — speckle images are taken so the arithenatrages 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.g@s¢epe and atmo-
sphere — can be expressed mathematically as the followimgpadion

i(¥) = 0o(X) ® psf(x), (4.2)

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

N
> OTR(@, (4.3)
i=1

pd =

1 N
5 2, i@ =0
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 imagée,; |(g), comes from the summation of the OTFs. Due to the
changing atmosphere the complex Fourier components acelézsh upon summation of
the instantaneous OTFs. Thus, information at high spagaencies is lost. Theffert
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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 developtrkainiversitats-Sternwarte
Gottingen m&. The idea of the code is the separedsery of the amplitudes
) is
0), thepectral

applied. For the amplitudes, starting from Labeyrie’s iflez
ratio method(von der Lilhe 1984) is used.

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

1g 1g

— > (@) =10@)P= ) |IOTFR(@)> 4.4
N;ucm | (®|N;| (@ (4.4)
With this approach the speckle transfer function &Tﬁ >N, |OTF(g)[%, does not cancel
out at high spatial frequencies.

Since the real object is unknown — and, therefore, also itsi€otransformO(q) — von
der LUhe set forth the spectral ratio method, dividing theasgd modulus of the averaged

Fourier transforms by the average power spectrum:

_ K@) _ 10(@F KOT (@)~
@R ~ I0@F (OTHAP)

This ratio depends only on the telescope and atmospherditaoms 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 ra{@) are
compared. The theoretical expressions of the averages.BBE@re based on work by
Eried @) fol(OT F(q))|? and by@ (@) for the STF. With this information, the
STF corresponding to the observations is known and, fronffEL the amplitudes of the
object are obtained.

€(q) (4.5)

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

BS(d, B) = (H@I(AI (-G - A)) - (4.6)

Considering the image as a two-dimensional pixel matrix esidg Eq[4B, Eq_416 can
be re-written as

BS(, j, k1) = O, )Ok, )O(—-i =k, —j —1)
X(OTF(, ))OTF(k,)OTF(-i —k,—j = 1)). 4.7)

It can be proven that the bispectrum of the OTF, upadfficgant 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 idation, yields

golirki+l) — o)) goll) il jkl) (4.8)
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whered is the phase of the bispectrum. Now, a recursive calculatiars from the initial
conditiong(0, 0) = 0 and from known phases at low frequencies, i.e. at largescilom
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, tieamed above in Sedi_31.1. The
size of an isoplanatic patch is of the order 6f Blnuch smaller than the FOV of the FPI.
The FOV is hence divided into subfields with the approximete sf the isoplanatic patch
and the speckle reconstruction is applied to each of thefmse&uently, the subfields are
reassembled again.

Figure[43 presents an example of an image before and aétesptckle reconstruc-
tion. The uppermostimage is the best —i.e., the one withgsigtontrast — of the speckle
images of a burst of 330 frames. The middle image shows aageaver all the images
from the burst, corresponding thus to a long exposure imBlge 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 irpfier image.

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

In Sect[3. 11, the problem of the field dependence of the A&ction was pointed out.
This leads to a radial variation of the spectral ratio whetiedhe previous calculatiors
was only determined bky/D. The solution was to divide the FOV into a circle centred
on the KAOS lockpoint and 6 further concentric annuli. Thendeter of the central circle
and the width of the annuli are the same. In each of these iathelspectral ratio is
assumed constant and is estimated independently. Onlytifeelsls whose centre lies
within an annulus are used for the calculation@iin that specific annulus.

Narrow-band reconstruction. Albeit much information on the structure of the solar
atmosphere is contained in the speckle reconstructed lbanddmages, the information
that can be obtained from the narrow-band spectropolaricrstans is much higher. As
was described in Sedil 2, spectropolarimetry gives the pity of analysing many
characteristics of the region under study unaccessiblghmr onethods. Thus the recon-
struction of the narrow-band images — i.e., the improvernétheir 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 irsajeeach spectral position
creates problems not only at a storage capacity level, bataltime resolution. One scan
would take up to 7 minutes from start to end. Most of the timedescon the Sun which
are of interest here, are shorter than this time, so thetsregunder study would have
undergone a complete change during the scan.

This is the main reason to have a broadband and a narrow-k@ndperating in paral-
lel. The observations in both bands are taken simultang@asthey are fiected by the
same atmospheric perturbations. Once these perturbatierisiown and removed from
the broadband images, that information can be used for thiewadoand reconstruction,
applying the method by Keller & von der Liihe (1992).

The observations are expressed as, again in Fourier space,

Ippi = OppOTH (4.9
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4.2 Speckle reconstruction

Figure 4.4:Speckle reconstruction of a FOV showing an original shoposxre speckle imagéog), an
average of the 330 speckle imagesddle and the actual speckle reconstructed imdgeton). Tickmark
intervals correspond to 0 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 objectDy, andO,;, are diferent as they correspond taférent heights
in the solar atmosphere. But the OTFs in Hqsl 4.9[and 4.1tharsame, provided that
the spectral regions used for the broad and narrow-band\atgms are close enough.
Thanks to the speckle reconstruction described above, Tha @s well as the estimate of
the broadband object are known. From Eqd. 4.90and 4.10 oa@shtpon averaging

Inbi I
Onp = <OTIEJII:,> = <|ZZ: >Obb (4.11)

This estimation can be very noisy because some oOh& may have values close
to zero at high spatial frequencies. To have a better estinBat[4.TIl is weighted with
the power spectrum dfy;,

(('nb,i/'bb,i)||bb,i|2>o _ (bl pp;?
(onil?) T U loni?

Note that EqQCZ.2 can also be obtained from a least-squarelation, i.e. by min-
imising the error metric
E= 2,

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

Onb =

Obp - (4.12)

I
Onb(;_t;:) - Inbl (4-13)

<|nb,i I ;b,i>
(1ol

The level of noise in the data, used to create the filter, isnas¢d from defocused
flat fields. These are images taken under the same conditsotieealata but with the
telescope out of focus (see €.g. Koschinsky 2001).

The narrow-band reconstruction process is applied to ttefdam both channels of the
polarimeter in the same way.

b = (4.14)

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

As noted in Secf—3.11.2, the two channels of theolarimeter give the two circularly
polarised states of Iigh%(l + V) and %(I — V). To obtain images of StokdsandV as
parameters to be analysed, one has to add and subtract thesifinam 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 tiagrow-band and broadband
channels. Thus, the alignment of images from both bandsasracessary.

The alignment process consists of a global shift for maxinoamelation and of a de-

stretching with an extension of the code by Yi & Molowny Ho¢4892). This de-stretching

corrects small displacements which vary across the FOVialdéterent optical paths of
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4.3 Magnetic field and velocity determination

the two polarised light channels and the broadband opt@il.tThe de-stretching param-
eters are calculated from averaged continuum images indtvew-band channels. The
parameters so calculated are then applied to the recotesirimages 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 obegarea on the Sun from the
properties of the measured intensities, including pcd&ions.

SectiolZB described the response of the Zeeman splittthg imagnetic field strength
and the polarisation of the fierent Zeeman components. Thé&elient methods used in
the present work to translate the response of the measueettgpolarimetric properties
— such as separation and amplitudes of Stakextrema and line shifts — into the mag-
netic and velocity fields generating them, are discussddsr8ection. Also a comparison
of the different methods using synthetic Stokes profiles is carriedobufFig.[4.T).

The magnetic field strength was measured by three methods fretd approxima-
tion (WFA), strong field regime (SFR), and centre of graviBQOG). The former two
methods extract the field strengths from the Stokewofiles whereas the COG method
uses the profiles corresponding to the two circular polﬁdsastates%(l 1+ V) and
:_2L(|/l - V).

Weak Field Approximation. In the WFA, the Zeeman splittingy1g (cf. Eq.LZIB),
is assumed to be much smaller than the Doppler witlila, of the line

/2kT/l
AA Alp = |—— 4.15
B << D M C ( )

wherek is the Boltzmann constant, 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 HIig.12.5b. From the expansitimedrms in the equatio

of transfer of polarised light in a Taylor series to first arifeA1g (Landi Degl’lnnocenti
), one obtains
dlo(1)

da ’

wherely(1) is the non-split Stokekprofile, B =  cosy B is the LOS component of the
flux density averaged over the resolution element (and dwefdrmation heights), with
y the angle between the LOS aBda is the filling factor (cf. SecfZ13).

V(1) = —4.67 x 10 3getA2Bes (4.16)

A low filling factor @ < 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

49



4 Data Reduction

\/)\/‘c

Gaussians, ,
K=" [Voud) = F(1)| (4.17)
i
where
F(i) = Aje BY /200 4 p g (i-B*/2CE (4.18)
0.04 : : - : The fit increases the polarimetric sensi-

tivity and allows to distinguish magnetic
signals from the background noise. The
amplitudes of Stoked were calculated

from the amplitudes of the Gaussian fit in
the pixels where it worked properly. Fig-
ure [L% depicts two examples of Stokes
i 1V profiles from data observed during the
0040, ‘ ‘ ‘ .1 August 2005 campaign (cf. Table_B.2)

0.02

0.00

-0.02

0.0z and their corresponding Gaussian fits. The
. I field strengths resulting from the profiles
§ 0.00¢ are—-180 G and-80 G for the upper and

lower panel of Fig4l5, respectively, calcu-

—0.02[ ‘ ‘ ‘ ‘ lated from the amplitudes of the Gaussian
-200 -100 O 100 200 fits.
AX, mA

Figure 4.5: Examples of observed Stok&spro-

files (solid lines) and fits with two Gaussians (dashed_AS also explained inLandi Degl'lnnocenti

lines). The resulting field strengths ar&80 G (upper ), the Stokes parameters for linear
panel) and-80 G (lower panel). polarisationQ andU, are often related (al-

though without solid physical justification)
to the second derivative of the intensity and can be expiesse

Q) = —%(geﬁcags)z sirfy cos a(dzc:&(j) (4.19)
L, d?
U) = —%(geﬁc/lé B)?sirf y sin 2y d?l(;l) , (4.20)

with C = 4.67 x 10 2¥ Gt A-L. Combining these two expressions@fandU, the azi-
muthal angle and the transversal component of the magnelticaire calculated

1 U
== 4.21
X=3 arctana , ( )
1
Brrans = B(Q2 + UZ)Z11 5 (4-22)

2
whereD = [ (gerCA2)*(2)2 Y.

In addition to using the two-Gaussians fit, which does notkwmnoperly at many
pixels in the FOVs since the fitting procedure does not findaeable values, afiierent
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approach was also performed. A least-squares calculatomEq[4.Tb yields

= _ i) C()
R AL 4.23
o i C2(Ai) 4.23)

whereC’ = —4.67 x 10713 geir A2 dlo(2;)/dA.
Likewise, a least-squares calculation from Hqs.4.19aPd ields

2 Q(4) Dy (i)
BZ s = 4.24
trans ZI D;LZ(/L) ( )

U () Do(4

Bz ZI ( ) 2( ) (425)

trans — > D/zz(/li) ,

with D} = —2(gC13) cos 3(% andD;, = —2(gCa2)?sin 2»(% Like in Eq.[£22, the
addition of the squares of E4s—4.24 4nd#.25 must be pertbimarder to eliminate the

unknown angle.

In this study, the summations in Egs.4.23, %.24,[and 4.28ded 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 Fig2.5, at strong fields, the anomidis 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
broadeningAlg > Alp, as seen also in Fig._2.5. The separation of the lohgg, ap-
proaches twice the Zeeman splitting and thus, the magnelitdan be calculated from

Ady = 2Alg = 2Cg A°B. (4.26)

In this way, the modulus of the magnetic field strength isnested, 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 orfiliveg factor. This latter
decreases the amplitudes of Stokklsut does not fiect the location of the extrema.

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

Centre of Gravity. The actual intensities obtained after Mgolarimeter 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@(d +V) andi(l -V) profiles has

roven to be very robust and reliable. The COG method (cf.e54867; Rees & Semel
@) 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, = (I, + V) andl_ = (I, - V,)). The COG of each of the profiles is defined as

Jllc—=1.()] 2d2
Jlle = 1.(]da

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

Using EqZIB and the above definition, the determinatiothefmagnetic field is
done with the relation

A, = (4.27)

1 —
Adg = E(,L — A1) = 4.67x 10 3g;A2Bes . (4.28)

In Fig.[48 a section from a FOV containing various PFe is shag an example of
the speckle reconstruction and of a magnetogram obtairethei COG method. The
magnetogram only depictdfective fields ofiBg| > 75 G and both magnetic polarities
are seen as bright and dark patches. The FOV is located at<€qs= 0.4, wheref is
the heliocentric angle. A spatial resolution of 0-0.5’ is estimated. Note in Fi§.4.6 the
presence of magnetic features with no associated brigintequart (upper-right area) and
of brightnesses with no identifiable magnetic field (loweft)l Also note the existence of
both positive and negative polarities with associatedhtrigatures. These points will be
described more in-depth in Chapiér 5.

Using the same assumptions for calculating synthetic pofis in Secf_2.3 and for
Fig.[ZB — Milne-Eddington, Fe6173 A, 30 mA Doppler width, static, constant magnetic
field —, the previous methods for the magnetic field retri@raltested. The results are
shown in Fig[4l7. Three fferent 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 Hig.14.7 are the torere correspondence
taking into account the inclination for the magnetic fields éan be seen in Fig.—3.7,
only the SFR gives the total field strength, not the LOS coneptinFor low fields, the
retrieval with this method is poor since it is the regime doated by the amplitudes and
the separation of the lobes does not change with field stne@garting at approximately
1000 G, the measured separation of the lobes of Stékehaves linearly with increasing
field. For that and higher field strengths the measured stidmgromes very similar to
the introduced strength, with only a small overestimation.

Both the magnetic field obtained by means of a least-squatsmination using
Eq.[Z2ZB and the retrieval from the amplitudes of the two<S&ns fit give very similar
results to the introduced field strength uly; ~ 500 G. The retrieval of the field strength
Is less accurate in the case of the WFA. The two methods réslpwarly only at low
field strengths. Beyond around 500 G, the amplitudes of St@keaturate. From there
and to higher strengths, the field measured under WFA comesdmstant value, while
the strength determined with the least-squares startsd@ase. Since with increasing
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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 nhagyaen. In the magnetogram only fields of
|Betl > 75 G are drawn and opposite polarities marked as dark anttlpaches. Arrow points towards
limb. Observations for this figure were performed duringAligust 2005 campaign (cf. TadIEB.2)
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Figure 4.7 Retrieval of magnetic field Beaswith respect to the input field, from synthetic profiles. The
dotted lines give the LOS component of the input field. Uppér betermination with COG method; upper
right: least-squares determination with Eq_2%.23; lowér ldetermination 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 Stokeésdoes not change, the least-squares method usirig’Ed|. 428 giv
decreasing strength of the field. The COG method responds nmorstantly to all ap-
plied field strengths than the other three methods, althémudireld strengths higher than
approximately 1000 G it overestimates the observed fieldnidmation anglesy # 0°.

For lower field strengths, the fiérence 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 fhenndsponse
of the spectropolarimetric signals to the various dynaroieditions of the plasma from
which the radiation originated. In the present work, twomoefs 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 zerresice, 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 formagaghts of the line.

The zero-crossing positions of the Stoképrofiles were analysed with two methods,
the above mentioned two-Gaussians fit to Vhprofiles 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 comsias the ones from COG.
Whereas the profiles (%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 measurabfgsitions with only weak
fields.

Lambdameter Method. Velocities were also measured for the idata at diferent
heights in the solar atmosphere, applying in this case tltorabed “lambdameter method”
(Tsiropoula et dl. 1993). This method calculates the shiftsavelength 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. Selci.]2.2) is of concere her
since it can fiect the measurement of magnetic and velocity fields. Refegpecifically
to the methods described above, the determinatioBsoénd ofV zero-crossing veloci-
ties, are susceptible to instrumental crosstalk, espgtea, U — V crosstalk.

For TIP Il data, the double — spatial and temporal — modutatiinimises the crosstalk
induced by seeing and by uncertainties in the CCD’s gairetétfl Sect[3.113). The
crosstalk from the telescope and the AO is measured via thteratgon optics in the
course of the observations to remove it afterwards duririg eduction. Unfortunately,
for the FPI none of these possibilities were available — aintge the last upgrade of the
FPI (Bello Gonzalez & Knekr 2008), it is possible to measuabhe full Stokes vector
and the instrumental crosstalk, thus to correct for thetatt

An estimation of the crosstalk with the FPI was performem M) and
Bello Gonzalez et all (2005). THg, U,V — | crosstalk is of negligible influence due to
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the low amplitudes of the polarisation signal compared &itttensity. The influence of

| — Vis also small and could be corrected during data analysiseMer, the impact of
Q,U — V distorts the Stoke¥ profiles, leading to systematic errors in the determination
of magnetic field strengths and velocities. The crosstatkeiases 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 oMlextrema, 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 yoikthimeans.”
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 theitiozl to the global magnetic field,
based on statistical samples from many observed PFe. Aasabfshe main properties of
PFe and their variation with heliocentric angle are caraed 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 1.56u are carried out as well.

This Chapter presents the results obtained from the olsmmgadescribed in Chap-
ter[3, by means of the methods explained in Chdgdter 4. Thétsesili be discussed as
well. Sectiorf 51l deals with photometric analyses of PFeesl in the broadband and
continuum intensity maps, such as the number density, sa#bdition and contrast vari-
ation. Also the penetration of PFe into higher atmospheayels is described with &
observations. A complete interpretation of these datafiicdit because H is a chromo-
spheric line, formed under conditions of non-LTE. The fultlerstanding of the dynamic
Ha structures would require aftierent interpretational method outside the scope of this
thesis work. The magnetic properties of PFe and their oglatiith the global field are
described in Seck8.2. Finally, Sect.]5.3 takes into accthendynamics of the plasma
related with PFe.

Firstly, a way to distinguish and filerentiate PFe from other features in the observed
FOVs must be developed. The main properties of PFe — i.er,dbestanding brightness
above most background intensities, their strong magnedit &nd their small size — are
used to create a combination of three thresholds that sehd¢the PFe in a FOV. For a
structure to be considered a PF, its intensity must,pg- > 1.1 x Iup, Wherelpy, is the
average broadband intensity in the neighbourhood of thddaés second threshold, for
magnetic field strength obtained from the COG method, itgsired thatBes pe > 60 G.
This value is approximately three times the noise of the mtagrams. Finally, a thresh-
old in size was also applied in the sense that to be considelrEe] the feature must have

* Part of this Chapter is an extended versioh of Blancolel 807
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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&l Bat TIP 1l observa-
tions, the thresholds in intensity and field strengthlage> 1.02x Iy, and|Begpd > 18 G
(again, approximately three times the noise), respegtivigie threshold in size is taken
the same as for the FPI case. The threshold in intensity neutivieered 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) 3

tial resolution strongly influences the contrast, as dbedrin Sect 5. 112 below, and the
spatial resolution of TIP Il observations is much lower tiiaat of the FPI observations.

The combination of the three thresholds at the same timecisssary since, as noted
when referring to Figl4l6, there exist some bright featwvéh no magnetic field as-
sociated andiice versa The magnetic flux stored in non-bright features is analysed
Sect[5.218. The size threshold impedes some spurioud sigvtach are not bigger than
one pixel, two contiguous at most — from entering the analyse
This method of identifying PFe will be applied throughodtthk 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 dwtediowards the disc centre
PFe are not much brighter than their surroundings. Theitrashdecreases and becomes
similar to the contrast of bright granules. This is cleadgs below, in Fi. 5l4. Therefore,
for FOVs observed at latitudes near the lower latitude bawndf PFe appearance, the
intensity threshold was lowered in order not to create a indbe PFe selection. Yet,
the magnetic field threshold was kept at the same level. Buodices on intensity and
magnetic field thresholds will be discussed in Sect. b.1PSeTt[5.212, respectively.

Along with this dificulty 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 respettet@dntinuum intensity. The
amount of the displacement increases towards the limb., Thaser to the limb, this shift
can generate a bias in the facular identification. Howewecaa 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 analysedistussion of facular prop-
erties, an important result must be pointed out. Some eatlidies (e.d. Okunev & Kneer
M) stated that PFe possess unipolar magnetic fieldsiveitsetme polarity as the global
magnetic field. However, during the present work, many PH®uf polarities have been
found near both solar poles, although a preponderance oh&Feg the same polarity as
the global field is observed (see Talled 5.2[and 5.3 and cotsrti@me). Also it has been
observed that PFe from both polarities appear not as bipotabinations, 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 weresplesl.
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arc sec
arc sec

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 calculatefthe COG method. Blue and red contours
correspond to -75 G and 75 G, respectively. Arrows point tda#mb.

5.1 Photometric analysis

The first analyses to be carried out correspond to the basialvproperties of PFe, i.e.,
brightness, number and size, since subsequent work is bassaine of these properties.
Except for Sec{_5. 113, where intensity images froffiedent positions along thedHine
profile are studied to follow the penetration of PFe into theomosphere, the results
presented here are obtained from the plain broadband anichgom images.

5.1.1 Number and size density

In order to understand deeper the relation of PFe with glsbkr phenomena, the first
necessary study deals with the occurrence of PFe in the vplodde 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 releyantlke global magnetic
field if they appear in dficiently 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 constaistrhulations of magnetic
flux transport from equator towards the poles and for the germare of magnetic patches
near the poles.

Not only is the number of PFe important for the polar magnetisit also for the solar
wind (see Seci112). PFe could be sources of material fgedanfast solar wind out of
the polar coronal holes, considering the coincidence i tmd latitudinal extension of
PFe appearance and polar coronal holes. But for PFe beiqpdnttespheric source of the
fast solar wind, a dticient 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 numbelFefdbserved with
respect to the heliocentric angle in any of the two instrusiecounts 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 Tdbld 5.1. Soméej intervals show no
PFe counts because there were no FOVs observed at thatdmttio@angles.

Table 5.1:Number of observed PFe in intervalsii = 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&. 1, both FPI and TIP Il results show a sudéerease towards the
limb in the number of PFe at ~ 0.4. Yet, according to the analyses in S&ci. §.1.2 and
Sect[5.2P, no bias is introduced due to the intensity ormetg field thresholds in the
selection of PFe.

A possible cause of the descent in the number of PFe is of gecalerigin. Due
to the increasing heliocentric angle, some PFe may not bbleias separate features
but as forming part of a larger brightness structure becafiagrojection &ect in three
dimensions. Granules and embedded faculae are three-simnahstructures such that
the interfacular areas become hidden when observing atihajhation angles with re-
spect to the vertical. Limited spatial resolution then k#parated 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 27R2 cosy dyr ~ 4.1 x 10"km?, (5.1)
60°

with R, the solar radius and the integral performed between therestrlatitudes 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, thestowetening &ect - because
of the planar projection of a spherical surface - is of reheea changing also across the
FOVs under observation. In order to take this into accouna,ROVs were divided into
sectors parallel to the limhu is different for each sector, thus also the correction factor
1/u. Each of the sectors was corrected according to its posa®shown in Fid. 5]2.

Once the PFe are selected from each FOV as described in toeuntion to this
section, they are segregated into north pole and south gplendling on where the PFe
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5.1 Photometric analysis

were observed. They are also separated according to thgiretia polarity. The results

of the extrapolation are presented in Taljle$ 5.2[add 5.3RbaRd TIP Il observations,
respectively.

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

total numbers total areas [1&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 Tab[gd.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 polarityogife 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 presenfeaisdp polarity.

An important asymmetry is observed between north and salésn the total num-
ber of PFe as well as in the ratio of polarities, especiallyfh observations. With regard
to these latter, there were almost four times more PFe neamdfth pole than near the
south pole. With respect to TIP Il data, nearly two times nieife 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 noxle@nd 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 vbdearea near the north pole
was almost three times larger than that near the south pbls fact 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 sonttolar 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 thethern polar cap was better
visible and observations could be carried out to lower feeldric 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.

arc sec

Figure 5.2: Example of correction for
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IBenevolenskaya (2004) also found asymmetries

(in total magnetic fluxes) between both poles when
analysing SoH@MDI magnetograms in a more re-
stricted area than that studied here, between helio-
graphic latitudes 78< |y| < 88°, but with no obser-
vational coverage tlierence. 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 thisfterence.

Figure[®:B depicts the distribution of areas of
PFe, separately for both poles and both magnetic
polarities. The areas are corrected for the foreshort-

foreshortening. White lines are parallel to2NiNg €fect, by di\(iding t.hem 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. figlet panels show the same
distributions for the south pole. The results of observetixom 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) polaritiesgHRipanels are from the southern polar cap. Red
lines depict the area distributions from FPI data, blackdifrom TIP Il data.

From Fig.[5.B, 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 fromdhgarison of total extrapo-

lated areas in Tablés®.2 andl5.3. This is the result of thedewatial resolution of TIP

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

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

good approximation) at this epoch, the flux in PFe of the saoh& by must be larger to

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

The mean size of all observed PFe — both poles, both pokritis approximately
of 25-10% km?. Supposing a circular shape for PFe, the mean area impliagiasrof
approximately 270 km~ 0.33”. This underlines, the importance of very high spatial
resolution to distinguish the small PFe as separate fesature

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 fiehdsbit the convection in the
subphotospheric layers and thus, the energy input andiygct@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 magnessure — the external
and internal pressures of the tube must balapgt, = pg1§s+ Pmag: When observing at
large heliocentric angles, one obtains more radiation fiteerwalls of a vertical magnetic
tube than near disc centre and due to the evacuation, ddeptar layers of the ambi-
ent atmosphere than the one observed outside the tube, caebd&ot wall model see
m ). Studying the contrast of PFe as well as itsatian towards the limb can
provide valuable information about the internal thermalcure of PFe.
Furthermore, the change from sunspots to PFe during thetgaycle contributes to the
variation of the solar irradiance (Solanki & Fligge 2002}jamonstraining the contrast of
PFe, and of faculae in general, would help in modelling theavae.

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

The contrasC is defined as

C= (Ibhmax_ I_bb,FOV) , (5.2)

I bhFov

wherelppmax denotes the maximum broadband intensity in each facula_@ag\, is the
average broadband intensity of the whole FOV. A normalisetid a second order surface
was applied to the images before measuring the contrastsptove the centre-to-limb
variation (CLV) of the broadband intensity within each FOV.
The determination of the contrast from [EQ.5.2 was performigial different averages of
Ipnrov- The averages were calculated including the PFe presem i@V and excluding
them. Averaging only the local surrounding intensity wa®alonsidered. Theflierences
from the three methods turned out to be negligible.

In Fig.[5.4a) the mean contrast of PFe from each FOV versusdlecentric angle is
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presented. The standard deviations of PF contrast witlah 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 fitee measurements have been
split into two groups according to their heliocentric angiéth u > 0.42 andu < 0.42.
The reason for this separation is the apparefiedince in the steepness of variation of
PF contrast. Towards the disc centre, the contrast of PReakss whereas towards the
limb it stays approximately constant or increases sligiatlg ~ 0.4. This not-decreasing
behaviour and the amplitude of the contrast coincide wighGhV obtained with the same

speckle reconstruction as applied here hy Hirzberger & Y(2005).
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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 standardii@viof facular contrast within the same FOV.
The dashed straight lines are linear fits to the data sptittimbd 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<x Cimsgran (S€€ text). The dotted straight line is a least square fitegtanular
contrast. b) Diference of contrast for flerent resolutions vqu. Triangles correspond to theffiirence 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”Ilsgatkge of the burst.

For comparison with the PFe contrast, the contrast of thghtest granules in the
quiet Sun is also shown in Fif.Th.4a). To estimate this cehttavice the rms contrast
of granules was used, 2 Cimsgran = 2 X 0. (For a pure two-dimensional sinusoidal
intensity distribution, one has®2 o = A, with A the amplitude. For two-dimensional
Gaussian noise, the threshaldl/l > 2 x o gives the brightest intensity values.) The
dotted line represents a linear fit to the granular contuesttgs an indication of the trend,
with no scientific interpretation. Fluctuations aroundsthegression line are due to the
low number of granules with contrast higher thaxn@. Towards the disc centre, both the
contrast of PFe and that of the bright granules become sirkiEnce, near the disc centre
it is difficult to distinguish between PFe and granules from a broatbarcontinuum
intensity analysis alone.

Note also that, although in other properties (e.g., $e&fI5Sect[5]2, Sedi.$.3) an
asymmetry in the behaviour between PFe from north and sal#s pas been observed,
no difference is noticeable regarding their contrast.

A wide range of values has been published in the literatune@ming the facular and
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bright point contrast and their CLV (Lawrence & Chapman 198&fret & Mulled1991;
Ortiz et al. 2002} Okunev 2004). One of the main reasons fedifierent values seems
to be the spatial resolution of the data — with higher spa¢isblution leading to higher
contrast._Domingo et al._(2005) found also, from MDI obséores, that the trend of the
CLV changes with the spatial resolution. For high-resolutilata, the contrast towards
limb was always increasing whereas for low-resolution taacontrast presented a max-
imum aroundu = 0.4 and decreases towards limb. In Higl5.4b), tHéedince between
the contrast of PFe in the “best” speckle image of the budirathe reconstructed image
is presented, and theftBrence between the contrast of PFe in the average image and in
the reconstructed one. Obviously, the PF contrasts olatdioen the reconstructed im-
ages are always higher than those from the average and themaeges. Fou > 0.4,
this difference stays approximately constant towards the disccatitC ~ 0.2, whereas
towards the limb there is an increase of th&etence. This result is similar to what
IDomingo et al.|(2005) found. When comparing semiempiritaaspheric models with
observations from the Precision Solar Photometric Telgse@d Mauna Lod, Penza ef al.
@) find that network features show a decrease in comteastthe extreme limb. They
suggest that this results from the instrumental profile (jineited spatial resolution) caus-
ing the measurement of the thin network elements to be “gEdilby an increasing quiet
Sun area dependent on the heliocentric angle. The facutéas is not so muchfizected
because facular structures are more extended than netleonkats.

However, the present resultsfi@ir 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 &l line, up to the chromosphere (at 1200-1700 km,
Vernazza et al. 1981) at the line core, and down to 100-300rkthé wings, allows to
study the behaviour of PFe throughffdrent atmospheric layers. Also, a photometric
analysis of K is useful as proxy for magnetic elements.

ILeenaarts et all (2006) analysed observations from thehDDpen 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 indicafimrsmall intergranular mag-
netic elements -, they performed a comparison withi €& 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 arlzbé&tgnostic tool
to track intermittent magnetic elements.

Ha data obtained for the present work have the advantage ohdpdneen observed
at 23 dtferent positions across the line profile. Also, the fact thasé observations are
performed quasi-simultaneously in a magnetically seresiine and in ki 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. FiguredlRb shows a subfield of a speckle reconstiuicbege 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 ofdid(green) with an intensity 14% higher than the mean at the
corresponding wavelength position.
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—1006.70 mA -906.030 mA —805.360 mA

—704.690 mA

1006.70 mA

Figure 5.5:Section of speckle reconstructed broadband image ovewigtidcontours of magnetic field
(red at -75 Gauss, blue at 75 Gauss) anddarghtenings (green at 14% brighter than mean intensitaet e
wavelength position). The numbers in mA show the positiaiiwéspect to the centre of thexHine. The
arrow in the lower left image points towards the limb.

From Fig[&.b, it seems that the bright structures seermiate expanding with height,
with its centres in the magnetic elements, when advancingawvelength 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 imagesamtings. 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 comparisbimages in the blue and

66



5.1 Photometric analysis

red wings of Hr, 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. 8.5, the best wavelength pasiio 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 6). As visible also at e-0.7 A, the polarity of the magnetic field is
of no relevance, Hl traces both polarities. At further wavelength positiorss ithtensity
contours of the positive polarity disappear because thengity pattern is masked by a
nearby darker ki structure.

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

Two further notes concerning theatHanalysis and results are appropriate: First, as
with the intensity threshold for selecting PFe, the thrédheed for Hr in Fig.[5.8 must be
lowered when observing at lower latitudes, i.e. closer édtbundary of PFe appearance.
Second, whereasdhas proved to be a good proxy for PFe, it does not mark properly
(if at all) magnetic elements without associated brighgnascontinuum. 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 pkti€OV, lasting approxi-
mately 6 hours, was observed. Throughout the whole timeseghe PF was recognizable
although continuously changing, as seen in Eid. 5.6, wherdime-series images have
been co-align.

Figure 5.6:Speckle reconstructed images of the same FQY at0.31. Data are from 08:56 UTi(ft)
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 obseoretj they found that only 16%
of the total number of PFe had lifetimes of that order.

Albeit with limited information from only one FQV, in the pgsent observations apparently
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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 recmbstl images, as presented
in Fig.[EX. However, the magnetic field measurements onlg laacadence of approxi-
mately 40 seconds. In the present work only the intensitgetspf the long time series
has been analysed.

Figure[E.¥ shows a section of the time series data startifg:86 UT, which focuses
on the central conglomerate shown in Higl5.6. The sequenE&i[5] covers almost
four minutes, although a gap of approximately 90 secondssketween the twelth and
thirteenth images due to a failure of the AO.

Note at this closer look and at this time cadence, the manyl soae activity that is
taking place. From this analysis, the time evolution of P&=m ithe order of ten seconds,
shorter than thought before.

In Fig.[51, two brightenings are marked with circles. Thpenone shows an increase
and subsequent decrease in intensity in a time interval ofr2 mhe lower one also
presents an intensity increase at the beginning. Aftersydine intensity diminishes while
nearby brightenings appear. In the last row, after the 90ps tjeere is no appreciable
brightness in the lower circle.

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

5.2 Magnetic field

The study of PF magnetic fields is relevant for both the chiarestic 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 $@ction, both their internal
magnetic field and its relation with the polar field are anadlysAlso, the magnetic flux
outside PFe, i.e. in structures with no associated brighgeims measured and compared
with that contained in PFe and in the polar caps.

5.2.1 Comparison of methods

In Sect[4.B dferent methods to obtain the magnetic field were presentegeTdf them
measure the LOS component of the magnetic field, the COG migit®amplitudes from
two-Gaussians fit and the least-squares calculation di’E2g§. Also, a theoretical study
from synthetic profiles of the four methods — including théRSFwas performed and the
results were shown in Fif§_4.7. Here, another comparisomnd®at the three methods for
the LOS component is presented in Figl] 5.8, from actual eatiens. The data are from
the August 2005 campaign.
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Figure 5.7:Section of speckle reconstructed images from the timesséeTiee series goes left to right and
top to bottom, with a cadence sf10 s. Between the third and fourth row there is a gap @fmin. Circles
mark appearing-disappearing PFe. Tickmark distancessgpond to 3.
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Figure 5.8:Comparison of the three methods applied for the deternoinatiBe; from a FOV afu = 0.5.

The most noticeable fact is that the plot from the two-Gaussifit (left panel in
Fig.[28) 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. Botle tfaed facts are a con-
sequence of the noise, thus limited capability of the fitjongcedure, as mentioned in
Sect[4B.

The least-squares calculation and the COG methods givesurmilar results as was also
noted in Sec{_4]13. For mid field strengths the least-sqdiEd®wws some overestimation
while for low field strengths the COG method gives some ovanedion, as in the syn-
thetic profiles analysis. Thus, most of the studies inva)\Bg; presented in this work are
performed with values dB from the COG method.

5.2.2 Polar Faculae

Here the diferent methods to measure magnetic fields will be applied eodefected as
explained above. Sectidn 5.Z12.1 deals with the resulta fiee LOS component of the
magnetic field. Section 5. 22.2 analyses the results ofdte¢ magnetic field strength
from the SFR, which are used in Sdct. 5.2.2.3 to compare tkérim 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[2.® depicts the averaggestive field of each PF measured by means of the COG
method, vs. the heliocentric angle for FIR#f) and TIP Il {ight) observations, respec-
tively. No distinction with respect to the magnetic pohkagr whether the PFe belong to
the north or south pole is made.

The diference in the strength of the LOS component between thel\asdanfrared lines
—around 4 times lower in the infrared — is puzzling. A possixplanation is the much
lower spatial resolution in TIP Il data compared with FPlad&this yields a higher influ-
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Figure 5.9: Variation towards the limb of the LOS component of magnettdfistrengthBeg| of PFe
measured with the COG method for FPI observatidef) (@and TIP 1l observationgight). The asterisks
represent averages from each PF.

ence of profiles of unpolarised light in the resolution elethevhich causes the COG to
measure lower fields than expected. Fidgurels.10 shows @seaxftStoked andV spec-
trograms of one FOV from TIP Il observations. The high sefiamaf the Stoked lobes
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Figure 5.10:Section of Stoke$ (upper) andV (lower) spectrograms of a TIP || FOV at= 0.39. Each
major tickmark corresponds td’ 2Data from May 2007 campaign.

indicates a stronger magnetic field than the one measurédh@tCOG. The strength of
these fields is described in Sdct. 5.2.2.2.

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

Explanations, such as a bias caused by specific methodgedjmplan instrumental cross-
talk effect, have to be discarded. As shown in Higl] 4.7, the COG metibibits an

almost linear behaviour in the measurement of the LOS coeptaof the magnetic field

for the whole range of input fields, it works reliably. On thter hand, as explained at
the end of Sec{43, previous works suggest that crosstalkdwield a weaker mea-
sured magnetic field strength than the actual one, thus piogla steeper decay of the
field strength towards limb. Besides, TIP |l data are freero$stalk &ects and, although
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in a narrower range qf than FPI observations, still show no centre-to-limb vaoiat
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 lcbioe performed, the trans-
versal magnetic field strength has also been measured.efigllt shows the centre-to-
limb variation of the transversal field similarly as in Hig9%vith the LOS component,
the asterisks denoting averages from each PF. As for the lo@®anent, no variation of

400: T e
g x 1
300 {
r % ]

r x
. r % X x g
2 Fx ¥ * * x f *¥ * i * X 3
e 200 - * ¥ ox X *
g [ X o * x* *x 1
o - X% % * x ]
r * * ]
[ * il . "
100 % * o 0x x 3
E* . y y ¥ X ox i#
% o : i
¥ ¥ * X * ¥ ¥ 7
Ofwe v v v 1 wiw %% \ﬁ‘ ¥ % [ ‘i L ¥ ¥

0.30 0.35 0.40 0.45 0.50
“w

Figure 5.11 Variation towards the limb of the transversal magnetic fagthponent in PFe obtained with
a least-square fit to TIP Il data in the WFA, EQS—3.24 [andl4A®%erisks represent averages from each PF.

the transversal magnetic field component towards the linmoigeable. A comparison
between the values in the right panel of figl 5.9 and in[Efl Shows that, from TIP Il
observations, the strength of the LOS component amounysto@pproximately 20% of
that of the transversal component on average. Followingdssible 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 coule fom
the diferent methods used to derive the measurements, COG and Edsnm{ 4.25.

These findings, including the absence of a noticeable vami&dwards the limb of the
LOS and of the transversal magnetic field component, dhieuli 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 plaloflux, two things are
needed. First, the total area occupied by PFe, which waalrealculated from the
extrapolations and presented in Talles 5.2[and 5.3 for HPIT&A Il observations, re-
spectively. Second, the total magnetic field strength iaieto PFe.

To obtain the total strength, as described in Jeci. 4.3, BR iS applied. The SFR
resuls of the PF field strengths are given in the histogranksgrio. 12. Here, the values
for the north and south solar poles are given by the solid asthed lines, respectively.
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Figure 5.12 Histograms of magnetic field strengths from the separati®iakesV extrema for FPI data
(left) and TIP 1l dataight). The solid lines correspond to the northern PFe and thedlatid dashed lines
to the southern PFe.

The percentage ordinate refers to the PF pixels, sepaffatetiye 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 peakedd trengths of 1400—
1600 G. For the infrared line, the histograms show a bimoukitidution, 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 magfeiil, whereas for opposite
polarity PFe it is much less clear.

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

5.2.2.3 Total magnetic flux in PFe

This section deals with the role of PFe in the global magrfeid of the Sun. From
magnetic flux densities in PFe and from the areas of PFe etatago from the observed
FOVs to the polar cap areas, the total magnetic fluxes fromalRFmeasured. These total
fluxes are then compared with measurements from previoussveor PFe and with the
global magnetic flux at the solar poles.

As already noted in Sedi.5.1.1, the PF size determinatiom ffIP Il data is not
as reliable as from FPI data, due to the lower spatial resolug key requirement for
an accurate measurement. Thus, the estimations for thi®sere performed using
FPI data. For the determination of the total magnetic fluxnfil®@Fe at the polar caps, a
magnetic field strength of 1500 G at the base of PFe is adofpted the FPI histograms
in Fig.[5I2. The areaBpr (in cn?) are taken from Tablged.2. The total magnetic flux is
then

®pc = a X 1 500x (Z Fee) [MX] . (5.3)

Here, a magnetic filling gactar is included to account for the limited spatial resolution.
This calculation was done separately for the northern anthson polar caps, for both
magnetic polarities. Threeftierent magnetic filling factors @f= 0.1, = 0.3, andr= 1.0
were used. In view of the COG measurements of PF magnetis f{€id.[59) which
gave strengths of 100 G without variation towards the limb, a magnetic filliagtor of
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a = 0.1 appears reasonable. The results are presented in[Table 5.4

Table 5.4:Total magnetic fluxe®pc 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, andx = 1.0, from left to right. The signs indicate the polarity.

source magnetic fluppc [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 Ulysseddata
Benevolenskaya (2004) ~3.0
SoHOQMDI magnetograms
this work
summing over PFe fluxes a¢=01|a=03| a=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 0.0582 0.17 0.52
summing over non-PFe fluxes
north pole, signed flux -0.13| -0.39 -1.32
north pole, unsigned flux 0.25 0.76 2.52

Table[&.# shows that, with a filling factar = 0.1, the summed magnetic fluxes in
PFe are lower by factors 30-100 than needed, to accountddiutkes emanating from
the polar caps of the Sun. This is in agreement with the emiMI 5),
who concluded that approximately52< 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. ¥gice the southern polar
area withyy < —-60° was not well observable during the end of August 2005, asdnote
above in Secf. 5111, the extrapolation from the obsematio the polar cap is uncertain
for the south pole.

The filling factor 1.0 appears unlikely as much stronger neéigrsignals 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 cagpgectively.

Total magnetic fluxes in PFe calculated by means#édent approaches, from former
studies, are also presented in Tdbld 5.4 for comparisonthétipresent work. They are
described below. Likewise, the magnetic flux detectablééndbservations which does
not belong to PFe is also included in Tablel5.4. This non-PRgmetic flux analysis is
detailed in Secf_2.2.3.

6), via a calibration of the PF flux with equatofaculae 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 fum & polar cap of
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Opc ~ 1.2 x 107?Mx. For comparison, our estimate of the upper limit of the metic
flux in one PF, assuming a circular shape with a diameter oki#2%= 1) and a field
strength of 1500 G, giveBpr ~ 6.2 x 108 Mx. This is a factor of 30 less flux than Shee-
ley’s Jqﬁé) estimate. Note that the area of a PFe witldiameter is significantly larger
than the usual areas of observed PFe (cf. [El. 5.3).

According to_Svalgaard etlal. (1978) the average polar ntagfield is of the order
of 6 G. With the polar cap area (Hq_b.1), one obtains a signeghetic flux of®pc ~
2.5x 107> Mx. From the variation of the average magnetic flux densityaials the poles,
these authors obtained a total fidxc ~ 3.2 x 10°? MX.

The (signed) magnetic flux in the fast win@®gy, calculated at JAU with By ~

3.5nT (=35uG) (Smith & Balogh 1995) is

90°
Opy ~ 3.5 x 107° x 21(1 AU)? f cosydy ~ 2.8 x 1072 Mx , (5.4)
25

whereAU is theastronomical unit= 1.496- 10 km. Here the integration from 2%o 9C°
takes into account the angular expansion of the solar inttnas et al. 2000). The
flux in the fast solar wind is consistent with the value givgiSivalgaard et all (1978). For
the magnetic flux at AU approximately 4 500 PFe, with flux per PF from our optimum
estimate, are needed.

BBenevolenskaya (2004), from an analysis of SgMDI magnetograms between 78
and 88, obtained total unsigned magnetic fluxes for the north podgr®pc ~ 2.7 x
10?2Mx and for the south polar cafpc ~ 3.4 x 10°2Mx. As noted in Sec{5.1l1, she
pointed out the asymmetry in both poles. However it was natiasng 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 nimmequirement for
a PF identification) att = 0.4 (as an example) gives after correction for foreshort-
ening of the area, a flux ob3.0*® Mx. Then assume a magnetic feature which is
spread due to limited resolution to a Gaussian field didtiobuwof 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 detePFe per polar cap of
3500 (Tabld®l2) has been adopted. The polar areas witi@*1km? of PFe oc-
currence contain approximately 500 supergranulation ljooraospheric) network
cells (NCs) of %10* km average diameter. This yields 7 detected PFe per NC.
Furthermore, an unsigned flux per polar area »1@?Mx is assumed, with 25%
of it in flux of magnetic polarity opposite to the global gealefield at the solar
poles (Tabld5]4). Thus each NC harbours a fluxot@°Mx. This flux would
be contained in 13 PFe with the above upper flux estimate pef BR2x10'® Mx.
These numerous strong flux features were not identified, wese definitely not
present.

Magnetic fields are prone to become intermittent and conatsuat flux tubes by con-
vective collapse and to be advected to the borders of graankd supergranular con-
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vection cells [(Galloway & Weiss 1981; Hasan 1985; Vogler 82805). Therefore the

picture of small-scale, strong-field flux tubes is retainethe present work as the build-
ing blocks for the general, unipolar magnetic field at theas@loles. Mixed-polarity
structures are not excluded, yet requirdfisient surplus of one polarity over the other.
Assuming a magnetic filling facter= 0.3 (Tabld5.l4), the measured flux in PFe is 3-10%
of the net flux in polar areas.

The main conclusion from the magnetic flux results is thatoverwhelming part of
the total flux is still hidden in smaller flux tubes or bundlddlox 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 towardsiensamales.

5.2.3 Magnetic flux outside PFe

Having analysed the flux in PFe, the magnetic flux in the FOMsantained in PFe will
now be discussed. This flux comes from features which do n& &ay associated bright-
ness in continuum images although their field strength ivale 60 Gauss threshold
(see the examples shown in Fi§s]14.6 5.1). Thus, thesgdsare not counted as
PFe but may account for an important amount of magnetic fluRerpolar caps.

Table[E.4 includes the magnetic fluxes in non-facular stinest, but only for the north
pole, due to the observational limitation of the south poléhe time. For their selection,
a flux density ofiBg| > 60 G within at least three contiguous pixels was also reduire
Usually, the field strengths (from COG) of the non-faculauastures were smaller than
100 G and, on average, their areas a little smaller than thioB&e. From the total flux
presented in Tabled.4 these non-facular structures cauatéor the same amount of
magnetic flux as the PFe. Yet here also a filling factor of 1inisalistic. In this case,
it is expected that they would appear as bright structurbssThe non-facular magnetic
structures seen in this study also do not harbour the milsingecessary 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 & tariation of velocities
towards the limb was carried out. Studying separately ulamd downflows, an increase
in both of them towards the disc centre was found. In Eig.]%tESmean 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 averagalldine positionsin the FOVs. The
dotted straight lines are least square fits to the data. A diegendence of velocities on
u is seen, in the sense of increasing blueshift towards tleecdistre. 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 (FigC416). Regarding the flows away from observaickvare also detected, one
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Figure 5.13Variation of velocities in PFe measured with the COG mettothfStoked profiles for FPI
data (eft) and TIP Il data fight). Asterisks denote the average velocities of PFe in each EQWdr bars
correspond to the standard deviation of facular velocitiglin 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 apipetae direction away from
the observer.

Second, Figd'5.14 afd 5115 show separately for PFe neaottreand south poles,
the velocities measured from all PFe pixels with the COG wetpplied to the profiles
and with the zero-crossing of théeprofiles, for FP1 and TIP Il observations, respectively.
As is also seen in Fid_5.113, the RFprofiles tend to be blue-shifted, with velocities
Vcoal < 2.5 kms?t. The average COG velocities ar€.30 km st 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 kms* and—-0.30 km s, correspondingly. The velocities from the
V zero-crossings are as well spread betwe2rkm s, with average#,. = 0.15 kms*!
andv,. = —0.29 km s for FPI data and/,. = —0.40 km s andV,. = —0.32 km s for
TIP Il data, at the north and south pole, respectively.

These findings, i.e. a tendency to negative velocities medsnl profiles and, within
the measurement accuracy, zero average velocity ¥fararo-crossings (or slightly neg-
ative velocities also for TIP Il data), is consistent witke tresults by Okunev & Kneer
( , See their Fig. 11). After adding a velocity due to tihavgational limb éfect
(Schrotdf 1987), a net up-flow was found by the latter autHotainev et di.[(2005) ar-
gued that very few PFe with an up-flowafr ~ 0.5 km s* would suffice to feed the fast
solar wind from the polar coronal holes. In view of the largielt of the velocity dis-
tributions and in view of the limited accuracy, no furthetimsites into this direction are
developed here, especially since the reference zero Welocithe present observations
refers to the average of the line positions in the FQ\M& o the position of the averade
profile. This means that the limlffect must not be taken into account in the determina-
tion of the zero velocity. For a more accurate analysis, dotedf inferring the properties
of PF flows is to compare the observed velocities with nunaérnagneto-hydrodynamic
simulations of facular magnetic flux tubes and bundles oftilipes.

Ha velocities. Once the velocities of PFe at a photospheric level had beglysed,
studying the plasma flow at higher atmospheric layers cowiel @ 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
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5.3 Velocity

feeding the solar wind or the material flow does not reach thitercsolar 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. 516

Pixels

-15 —-10 -5
Velocity (km/s)

Figure 5.16:Histograms of k velocities calculated with the lambdameter method. Calaefer to
different wavelength separations for the measurement of thelBrshift in Hr, black: A1 = 0.2 A, dark
blue: A1 = 0.41 A, light blue:A1 = 0.62 A, greenAd = 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 levieingéo PFe according to the
selection criteria described above. Thé&ealent histograms overplotted as coloured lines
correspond to the velocities measured &tedent heights.

As can be seen in Fig._5116, 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 formed} mban velocities at each
height vary slightly between0.26 km s* 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 frefi and+8 kms? at the lower layer te-15
and+12 km s 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 miatldrom PFe
from the photosphere towards higher layers. This suggkatghe plasma feeding the
solar wind could indeed come from PFe.

From magnetic field extrapolation and data from the SUMERumsent on board the
SoHO spacecraim 05) suggested that plasmawastfire accelerated inside
coronal funnels at a height of 5 Mm. The analyses performetdrpresent work reach
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a height of approximately 1 Mm. Observations of PFe at hidgnggrs than 1 Mm could
confirm the scenario presentethMOOS) and thencants 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 faci#&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 upgradettunsentation 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 Visitine of Fer 6173 A and the
chromospheric H line to investigate PFe atfilerent wavelength ranges andftdrent at-
mospheric layers on the Sun. Measurements of propertiésthgt 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 moptlloidal and the occurrence
of PFe was maximum. Thanks to this, statistical analyes &f faéi a wide range of
heliocentric angles have been performed.

Spatial resolution has been proved to be the most importargtaint in the study of
these small-scale features. Area estimations and comesturements 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 legrakskinto their smaller com-
ponents) and contrasts are lower than with high spatialugsn. This dfect, regarding
the contrast measurements, increases with decreasiragaisto the solar limb of the
observations.

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

From a centre-to-limb study of the occurrence of PFe a stepfaiand 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 ibeodiscarded. Presumably,
the drop in the PF numbers can be explained by a projecfi@cte With increasing
heliocentric angles interfacular areas become hiddenrahdidual faculae appear then
forming part of a larger structure. Again, observationdwhitgher 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 priogecproblem.
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Throughout the PF counting, PFe with opposite magneticripplthan that of the
global field were found in higher numbers than thought presiyy Most PFe possess
a magnetic field with the same polarity as the global field. &t opposite polarity
faculae amount up to 20-30 % of the total PF number, making thenon-negligible
phenomenon.

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

To study the impact of PFe on a solar global scale, extrapokbf the number and
sizes of PFe were performed from the areas observed durngeétisation 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 hagyat the dates of the
observations, a larger number of PFe than the south polea3jrametry is not so strong
for the infrared line observations with respect to the \esime. 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 ecliptidgoo

The PF contrast was measured from speckle reconstructegegvaand 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 comtrasth PFe and brightest
granules converge to a common value. Thug; at 0.6 PFe are very diicult to distin-
guish in intensity from granules. Towards limb, a steepease in the PF contrast until
u ~ 0.4 turns to an approximately constant value for higher helitiic angles, i.e. for
smalleryu.

Quasi-simultaneous observations of the magneticallyittem$173 A iron line and
Ha allow to investigate the penetration of PFe into the chrqrhese and the response
of Ha as a magnetic field proxy. dlhas proved to be a reliable proxy for magnetic
bright elements when observed in the blue wing;-@t7 to —0.8 A of line minimum.
Starting from the blue wing towards the line centre — i.e.hvititcreasing height in the
chromosphere —, PFe brightenings in Beem to expand from the centre of PFe. A full
comprenhension of & observations falls outside the scope of this thesis workuriéu
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 secarigdseas big PF structures
remain present for several hours. Future studies shoultbammeasure PF magnetic fields
in these short time scales and at this high spatial resoltmionatch the intensity analyses.

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

In the case of the LOS component of the field measured withaéh&e of gravity method,
the magnetic field retrieved from infrared observationgisraximately four times lower
than that in the visible observations. However, the sejparaitof Stokes/ extrema in
the infrared lines indicate that a higher strength shouldlttained. The reason for this
difference is the lower spatial resolution of the infrared olzg@ns. As a consequence,
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6 Conclusions

a larger non-magnetic areffects 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 pessssnoted in previous
studies, a magnetic field strength in the kilo-Gauss raniggproximately 1 500 G.

The contribution of PFe to the global magnetic flux was caltad by extrapolation of
PF areas and considering a magnetic field strength per PFQf G5With these values
and, even assuming a magnetic filling faatot 1.0, the total magnetic flux in PFe is 3 to
10 times lower than that needed to account for the polar niegihex 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 contirrightness, is too low to ac-
count for the magnetic flux from the polar caps measured wiieranethods.

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&km s*. This upflow of
material suggests PFe as candidates for the photosphearicesoof 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 resuttagnetoconvection. Possi-
bly one observes shifts of StokeandV profiles as a complex phenomenon of convection
seen obliquely (near the limb) through semi-transparemmeased gas. Numerical sim-
ulations of magnetoconvection and of the expected polatigat from PFe are needed
to study this possibility.
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