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Abstract

Photosphericbright points are proxies for small-scalemagnetic
ux concentrations.Thesemag-

netic elementsare thought to be the buildingblocksof the solar magnetic�eld and are important

to understandmanyphysicalprocesseson the Sun,e.g. the variability of the solar irradiance.

Becauseof their small size (100-200km in diameter) the observationsof photosphericbright

points put special requirementson the seeingconditions,instrumentalsetupand post-processing

techniques.

The motivation of this work comesfrom theoretical predictionsconcerning
o ws associated

with magnetic elements. Solar magneto-convectionsimulationsindicate that the formation of

thesestructuresis accompaniedwith large down
ows that can reachvelocities of severalkm/s.

In somecases,the down
owing gasmay reboundin the deeper layerswhichcancausean upward-

propagatingshock.

MHD simulationshaveusuallymuch better resolutionthat observationaldata, so advanced

observationaltechniquesneedto be appliedto compare them.

Specklereconstructiontechniquesare widelyusedto improvethe quality of ground-basedsolar

observations.To date, there havebeenno comprehensiveanalysisof photometric errors of the

specklereconstructionprocessand of the in
uence of the speckledeconvolutionon spectral line

pro�les. In this thesis,the resultsof suchan analysisare presented,followed by a conclusionthat

speckle-reconstructedspectral line pro�les can be usedfor quantitative spectroscopy.

The data set presentedin this thesis consistsof speckle-reconstructedG-band imagesand

quasi-simultaneoustwo-dimensionalspectra in the neutral iron line at 557.6nm. The choiceof

the G-band- a molecular bandheadat around 430 nm - for observationsof photosphericbright

points is motivatedby their increasedcontrastwith respect to the surroundingsat this wavelength

range.

In this analysis,spectralpro�les wereusedto determineline-of-sightvelocitiesat photospheric

bright points locations. I found that the majority of bright points are associated with down
ow

regions,which is consistentwith previous�ndings. Velocities derivedfrom the line core (formed

in higher photosphericlayers) are reducedin comparison with velocities of the line wing which

is formed lower in the atmosphere,in agreementwith sometheoretical predictions. Individual

casesof photosphericbright points were studied in order to understandtheir interaction with

surroundinggranular 
o w. The maximumdown
ow usuallydo not coincideswith the maximum

G-bandintensity. No down
ows with velocities of few km/s as predicted by MHD simulations

havebeenfound, but it may be due to the lack of su�cient spatial resolution. There were only

very few photosphericbright points in the analyzeddata which showed up
ows with respect to

their immediatesurroundings.
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Zusammenfassung

Photosph•arischeBright Points sind Proxies von kleinskaligen magnetischenFlusskonzentratio-

nen. Man glaubt das diesemagnetischenElementeBausteinedes solaren magnetischenFeldes

sind, und somit als sehrwichtig f•ur dasVerst•andnisvon vielenphysikalischenProzessenunserer

Sonnenanzusehensind (z.B. die Variabilit•at der solaren Irradiation.). Wegender geringenGr•o�e

von photosph•arischenBright Points (100-200km im Durchmesser)gestaltet sich ihre Beobach-

tung schwierigund bedarf speziellerAnforderungenan das Seeing,dem instrumentellemSetup

und an post verarbeitendenTechniken.

Die Motivation der vorliegendenArbeit leitet sich von der theoretischenVorhersagevon 
us-

sassoziiertenmagnetischenElementenab. Simulationender solare Magnetokonvektionindizieren,

dassdie EntstehungdieserStrukturen in Begleitungmit gro�en Down
ows in der Gr•o�enordnung

von mehrerenkm/s auftreten. In einigenF•allen konnte gezeigtwerden,dassdasDown
ow-Gas

in tieferenLagenzur•uckprallt und somit aufw•arts propagierendeSchockwellenanregenkann.

•Ublicherweisehaben MHD Simulationeneineh•ohereAu
•osungalsBeobachtungsmaterial,so-

dassfortschrittliche Beobachtungstechniken zur Veri�k ation der Simulationsergebnissenotwendig

sind.

Speckle-Rekonstruktionsverfahrenwerdenweitestgehendzur Qualit•atsverbesserungvonerdge-

bundenensolaren Beobachtungenverwendet. Bis jetzt gab eskeineumfangreichenAnalysender

photometrischenFehlervonSpeckle-RekonstruktionsprozessenundderenEin
 •usseaufdieSpeckle-

Dekonvolutionvon spektralenLinienpro�len. In dieserArbeit werdenErgebnissesolcherAnalysen

pr•asentiertmit der Schlussfolgerung,dassSpeckle-rekonstruiertespektraleLinienpro�le zur quan-

titativen Spektroskopie verwendetwerdenk•onnen.

In dieserArbeit haben wir einen Datensatzbestehendaus speckle rekonstruierten G-Band

Bildern und quasi simultanen2-dimensionalenSpektren der neutralen Eisenliniebei 577.6nm

verwendet. Die Wahl desG-Band,dasein Molek•ul-Bandheadbei ungef•ahr 430 nm darstellt, f•ur

die Beobachtungvon photosph•arischenBright Points zu verwendenist •uber den ansteigenden

Umgebungskontrast in diesemWellenl•angenbereichmotiviert.

In der AnalysewurdenSpektralpro�le verwendet um die Line-of-SightGeschwindigkeiten an

den Lokationen von Bright Points zu bestimmen. Im Zuge der Arbeit haben wir herausgefun-

den, dassein Gro�teil der Bright Points mit Down
ow Regionenassoziiertsind. Somit konnten

vorherige Ergebnissebest•atigt werden. Die Geschwindigkeiten in den Linienkernen, welche in

h•oherenphotosph•arischenLagenentstehen,sind geringerim Vergleichzu den Geschwindigkeiten

in den Linien
 •ugeln,welcheihren Ursprung tiefer in der Atmosph•are haben. DieseBeobachtung

steht in Einklang mit theoretischenVorhersagen. EinzelneF•alle von photosph•arischenBright

Points wurdenuntersuchtum die Interaktion mit der umliegendenGranulationbesserzu verste-

hen. Der maximaleDown
ow stimmt im Allgemeinennicht mit der maximalenG-BandIntensit•at
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•uberein. Heutige MHD Simulation sagenDown
ows in der Gr•o�enordnung von einigenkm/s

voraus. DieseVorhersagenkonnten durch unsereErgebnissenicht best•atigt werden. Es besteht

allerdingsdurchausdie M•oglichkeit, dassunsereErgebnisseauf eine eingeschr•ankte r•aumliche

Au
•osungzur•uckzuf•uhrensind. Esgabnur wenigephotosph•arischeBright Points in denBeobach-

tungsdaten,die Up
ows im Zusammenhangmit derenunmittelbaren Umgebungenzeigten.



Con ten ts

1 Intro duction 1

2 High resolution ground-based solar observations 5

2.1 Atmosphericturbulence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1 The structure of turbulence. . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1.2 Kolmogorov model of turbulence . . . . . . . . . . . . . . . . . . . . . . 6

2.1.3 Wavepropagationthrough turbulence . . . . . . . . . . . . . . . . . . . 6

2.1.4 Propertiesof long- and short-exposureimages . . . . . . . . . . . . . . 8

2.2 Imagereconstructiontechniques . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.1 Adaptiveoptics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.2 Speckleimaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3 Specklereconstructionand adaptiveoptics . . . . . . . . . . . . . . . . . . . . . 19

2.4 The summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3 Two-dimensional solar spectroscopy 23

3.0.1 2-D solar spectra from TESOS . . . . . . . . . . . . . . . . . . . . . . . 24

3.1 Speckledeconvolutionof 2-D spectra . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2 Photometricquality of speckledeconvolution . . . . . . . . . . . . . . . . . . . 27

3.2.1 Observations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.2 Data reductionand reconstruction . . . . . . . . . . . . . . . . . . . . . 28

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.3.1 \Grainy pattern" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.3.2 Di�erence betweenthe blue and red wing of 557.6nm Fe I line . . . . . 32

3.3.3 In
uence of the speckledeconvolutionon the spectral lines . . . . . . . . 33

3.3.4 Quiet and abnormal granulation . . . . . . . . . . . . . . . . . . . . . . 36

4 Photospheric bright points 39

4.1 From �ligrees to G-bandbright points . . . . . . . . . . . . . . . . . . . . . . . 39

4.2 Understandingphotosphericbright points . . . . . . . . . . . . . . . . . . . . . 42

4.3 Why are PBPs bright in the G-band? . . . . . . . . . . . . . . . . . . . . . . . 46

ix



x CONTENTS

5 Spectroscopy of photospheric bright points 49

5.1 Observations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

5.1.1 Velocity maps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

5.2 Identi�cation of bright points in the G-bandimages . . . . . . . . . . . . . . . . 52

5.3 Line-of-sightvelocity distribution . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.4 Are photosphericbright points bright in the line core of Fe I at 557.6nm ? . . . 60

5.5 Individualcases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.5.1 Individualcase1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.5.2 Individualcase2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.5.3 Individualcase3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.5.4 Individualcase4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.6 Elongatedstructures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.7 Velocities and height of formation of spectral lines. . . . . . . . . . . . . . . . . 67

6 Conclusions and outlo ok 71

A Spectroscopic observations 75

A.1 TESOS- TElecentricSOlar Spectrometer . . . . . . . . . . . . . . . . . . . . . 75

A.2 Intensity modulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

B Precision of velocity measurements 79

C The optical depth 81



Chapter 1

In tro duction

If it werenot for its magnetic�eld, the Sun would be

as dull a star as most astronomersthink it is.

Robert Leighton

At the beginningof the XVIIth century, soon after the telescope was invented,three indepen-

dent observers:GalileoGalilei,JohannFabricius and ChristopherScheinerusedit to observethe

Sun. Theyall saw dark patcheson the solar disc: the sunspots. Galileobelievedthat sunspots were

part of the Sun itself and speculatedthat they might be clouds
oating in the Sun'satmosphere,

blocking someof its light.

Galileo could not know that his discoveryopened a new door to understandingthe Sun.

However,the natureof sunspots remainedunclear for the next 300years until G. Haleprovedthat

sunspots are associated with strong magnetic�elds.

The generationmechanismof solar magnetic �elds still is a very controversialissue,but it

is generallyacceptedthat the magnetic�eld is generatedin the convectiveenvelope of the Sun

(seeFig. 1.1) by a dynamomechanism.The convectionstops at the photospherewhich is the

visiblesurfaceand the deepest layer of the Sun accessibleto direct observations.The magnetic

�eld createdin the convectivezoneemergesthrough the photosphere,revealingits presenceas

sunspots.

The sunspots are the largestand long-livingsolar magneticstructures,but not the only ones.

Poresare dark magneticpatches,too, but they are smallerthan sunspot and lackingpenumbrae.

Flux can be concentratedat evensmallerscales:micropores and small scalemagneticelements

havecharacteristic sizesbelow 1000 km. While micropores are darker then their surroundings,

like sunspots or pores, magneticelementsare brighter then the quiet photosphere.According to

Topka et al. [1997] this transitionsoccursat a diameterof about 300km.

While the sunspots andporesoccur only in activeregionswithin the activity belts, smallmagnetic

elementsare distributedover the wholesolar surface,with larger concentrationsat the bordersof

1
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Figure 1.1: The structure of the Sun.
Image: ESA/NASA

supergranular cellsand in active regions.

The rangeof magnetic 
ux spatial scalesin the solar photosphereis very large: spots have

diametersup to 105 km, whilemagneticelementsare thousandtime smaller.Evenmore surprising

is the fact that all thesestructurescan be, at least to a �rst approximation, described as 
ux

tubes. This is one of the most important conceptsin the solar physicsand it will be addressed

later.

Investigatingthe nature, formation and evolution of the magneticelementsis important to

understandmanyprocessesin the Sun, suchas variations of the solar irradiance,or formation of

active regions.

Photosphericbright points are proxies for magneticelements. They are very challengingto an

observerbecauseof their small sizesand requirehigh resolutionpost-focus instrumentsand ad-

vancedobservationaltechniques.

Resultsof MHD simulationsindicate that there may be strong vertical 
o ws associated with the

magnetic elements,but measurementsof line-of-sight velocities at bright points locations are

scarce.

The aim of this thesis is to present the high resolutionobservationaltechniquesthat have

been (co)developed by the author and their application to observationsof photosphericbright

points. The main scienti�c goal was to usespectral information in order to understandvertical


o ws associated with magneticelements.

This thesisis divided into six chapters. The introduction is followed by Chapter2 that gives

an overviewof high resolutionobservationaltechniques.Moreover,it discussesthe basicprinciples

andtestsof the specklereconstructioncodedevelopedat Kiepenheuer-Institutandusedto improve

data analyzedin this thesis.Chapter3 introducesthe readerto two-dimensionalsolar spectroscopy
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anddiscussesthe achievementsof the author in speckledeconvolutionof spectraldata. Chapter4

is introductory and deals with past observationsand modeling of photosphericbright points.

Chapter 5 presentsresults on dynamic properties of photosphericbright points, resulting from

high resolutionspectroscopicobservations.Finally, the resultsare summarized and concludedin

Chapter6, which alsogivessomeoutlook on the future work.
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Chapter 2

High resolution ground-based solar

observations

The resolution of a solar telescope is limited by the di�raction at the telescope aperture and

imagingerrors of the optics. The di�raction limit of ground-basedtelescope with 1m diameteris

about 0.1arcsecin the visible,which correspondsto approximately 75km on the solar surface.In

reality, the spatial resolutionof a large telescope is limited by the in
uence of turbulencein the

Earth's atmosphererather then by the performanceof imagingsystems.

This problem requiresthe applicationof techniquesthat compensatee�ectively the degrad-

ing e�ects inducedby the Earth's atmospherein an either active and thus real-time way (i.e.

correlation tracking, adaptiveoptics), or post-facto in a passiveway (i.e. speckleimaging,phase-

diversity and deconvolutiontechniques). In this chapter I give a short introduction to the image

reconstructiontechniqueswhich have been applied to the data presentedand analyzedin this

thesis.1

2.1 A tmospheric turbulence

Big whorls havelittle whorls

That feedon their velocity,

And little whorls havesmallerwhorls

And so on to viscosity.

L. F. Richardson

1Many issuesaddressedin this chapter are discussedin more detail by Roggemann and Welsh [1995] and
Hardy [1998].

5



6 CHAPTER 2. HIGH RESOLUTION GROUND-BASED SOLAR OBSERVATIONS

2.1.1 The structure of turbulence

The velocity �elds in Earth's atmosphereare almost always turbulent with Reynoldsnumbersof

oder of 106 (fully developed turbulence). The kinetic energyof the turbulenceis generatedon

larger scalesL 0 (outer scaleof the turbulence)and dissipatedin small eddieswith characteristic

sizel0 (inner scaleof the turbulence). l0 is of order of a few millimeters,while L 0 can be tens

to hundredsof metersand corresponds to the thicknessof turbulent layers. We can therefore

distinguishthree rangesof the turbulence,as characterizedby an eddyscale:

� Excitation rangewith scalesl > L 0: in the lower atmosphere

� Inertial (Kolmogorov) range (l0 < l < L 0): the kinetic energyof large scalemotions is

transferredto smallerscales

� Dissipationrange(l > l0): the kinetic energyis dissipatedinto heat by viscousfriction.

In the inertial rangethe turbulencestrengthdependson the cell size(so the spatial frequency� ).

This very important fact underliesthe Kolmogorov model of turbulence.

2.1.2 Kolmogoro v model of turbulence

Kolmogorov [1941]suggestedthat, in a fully developed turbulence,kinetic energycascadesfrom

larger to smallerscales,so turbulent eddiesbecomesmallerand smalleruntil they are subject

to viscousdissipation. Assumingthe stationary state, we can demandthat the rate of energy

dissipation� 0 be equal to the rate of production of turbulent energy. If we assumethat the

velocity v of motionsat scalel dependsonly on l and � 0, a dimensionalanalysisleadsto

v / � 0
1=3 l1=3 : (2.1)

The kinetic energyis proportional to v2. Then the energyspectrum E(� ) , wherethe � is the

spatial frequency(or wavenumber) and the � / 1
l , is

E(� ) / � � 2=3 : (2.2)

Expression2.2 is calledthe Kolmogorov law and is only valid in the inertial rangeand under the

assumptionthat the turbulenceis homogeneousand isotropicand the mediumis incompressible.

Despitetheselimitations (e.g. Earth's atmosphereis not homogeneousand isotropic), the range

wherethe Kolmogorov model appliesis surprisingly large.

2.1.3 Wave propagation through turbulence

An optical wave arriving from the Sun can be consideredas plane before entering the Earth's

atmosphere.But randomtemperatureinhomogeneitiescausesthe refraction indexdistribution in
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Figure 2.1: Propagation of a plane wave
through the atmosphere.

the atmosphereto be randomaswell. They introducerandomphasedelays into di�erent parts of

the waveand the wavefrontbecomesdeformed. This e�ect reducesthe angular resolutionof the

ground-basedtelescopesand in most casesrendersdi�raction limited imagesimpossible.

Considera planewavefrontwith a constantamplitude	( x) = exp(i �( x)) (seeFig. 2.1) that

propagatesthrough turbulent layer of thickness� h at height h. In the geometricapproximation

the phaseshift introducedby refractiveindex
uctuation is

�( x) = k
Z h+ � h

h
n(x; z) dz ; (2.3)

wherek = 2� =� and the wavefrontafter passingthe turbulent layer is

	( x) = ei �( x)+ k
Rh + � h

h n(x;z ) dz (2.4)

becauseamplitudevariations are neglected.

If the turbulenceis not too strong, the phaseerrors from di�erent layersadd linearly.

The randomprocessesare mostly described by correlation functions,but for the atmospheric

turbulencethere is sometimesa problem in de�ning them (becausethe Kolmogorov spectrum

divergesfor � ! 0), and a structure function is de�ned instead:

D � (~r ) = h[� (~x + ~r ) � � (~x)]2i : (2.5)

It can be shown that the temperature and the refractive index 
uctuations follow the Kol-

mogorov law (in three dimensions),too:

DT = C2
T r 2=3 (2.6)

Dn = C2
n r 2=3: (2.7)

C2
T and C2

n are called temperature structure constant and refractive index structure constant,
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respectively.

The structure function D � can be derivedfrom Eq. 2.7 by integrating along the direction of

the wavepropagationwith the result:

D � (~r ) = 2:914k2 sec
 r 5=3
Z 1

0
C2

n (z) dz = 6:88
�

j~r j
r0

� 5=3

; (2.8)

whereCn
2(z) is a continuousdistribution of the structure coe�cient with height z, k is a wave

number and 
 is the zenithdistance.r 0 is calledatmosphericcoherenceradiusor Fried parameter

and is a measureof the turbulencestrength(in astronomymostly referredasto \seeing"). It can

be understood asthe diameterof a wavefrontareaoverwhich the rmsphasevariationsdueto the

atmosphericturbulenceare within 1 rad. Secondly, the resolutionof an imageobtainedthrough

the atmospherecharacterizedby r 0 is the sameas the resolutionof an di�raction-limited image

taken with a telescope with diameterr 0. This meansthat whenthe diameterof the telescope D

� D < r 0 - the resolvingpower is limited by the telescope.

� D > r 0 - the resolvingpower is limited by the atmosphere.

There are two important functional relationsof the Fried parameter:

� r0 is an integral over the Cn
2(z)

r0 =
�

0:432k2 sec

Z 1

0
C2

n (z) dz
� � 3=5

: (2.9)

� r0 increaseswith wavelength

r0 / (� )6=5 : (2.10)

From the latter dependenceonecaneasilyseethat it is mucheasierto achievedi�raction-limited

imagesat longerwavelengthswith a telescope of givendiameter.

2.1.4 Prop erties of long- and short-exp osure images

The evolutionof the turbulencepattern usuallytakesmore time than it is neededfor the turbulence

to passin front of the telescope aperture. The frozenturbulencehypothesis[Taylor, 1938]states

that as the wind transports the turbulent layer past the aperture, the fundamentalpropertiesof

the turbulenceremainunchanged(or frozen) in this layer. It becomesmore complicatedwhenthe

light passesthrough many turbulent layers,but we can still characterizethe temporal changesof

the turbulenceby the time constant(atmosphericcoherencetime)

� 0 � r0=v ; (2.11)
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wherev is the mean wind speed in the (dominant) layer. For example,for the wind speed of

10m/s and a Fried parameterof 10cm, the � 0 is about 10ms.

Observationstaken with exposure time � 0 or shorter are called short-exposure imagesand

represent a single instantaneousrealization of the atmosphere. Such imagesare often called

speckleimagesand contain information at high spatial frequencies.There is a variety of speckle

reconstructiontechniqueswhich are able to recoverthosefrequenciesup to the di�raction limit

(seeSec.2.2.2).

With exposuretimes longer than � 0 , the atmosphericaberrationsare averagedand most of the

high-frequencyinformation is lost.

Light from two regionson the Sun separated by an angle � passesthrough di�erent atmo-

sphericconditions,so it experiencesdi�erent wavefront distortions. This e�ect is calledangular

anisoplanatism. It is usefulto introducethe isoplanaticangle� 0, for whichthe rmsphasevariation

is 1r ad2:

� 0 = 0:314(cos
 )
r0

H
; (2.12)

whereH is the meane�ective turbulencehight.

Long-exposureimagesdo not su�er from the anisoplanatism,but it hasto be carefully taken into

accountwhenapplyingthe speckleimagingtechniques.More about it in Sec.2.2.2.

2.2 Image reconstruction techniques

2.2.1 Adaptiv e optics

Sincethe data presentedin this thesisweretaken with the usageof an adaptiveoptics system,it

is worthwhile to brie
y describe its principlesand applications.

Adaptive optics (AO) are widely used in the night-time astronomicalobservationsince the

mid-1990s[seee.g. Hardy, 1998], and is regularly used for solar observationssince2000. As

alreadymentioned,the resolvingpower of large telescopesis limited not by their diameter,but by

the seeingconditions. The adaptiveoptics enablesto overcomestheselimitations by sensingand

removingthe disturbancesin real time.

All AO systemscomprise three main parts: the deformable mirror (correcting element), the

wavefront sensor, and the actuator control loop. When the light beamentersthe system,a part

of it is usedto measurethe distortions of the incomingwavefront by the wavefront sensor. AO

is a closed-loop system: the wavefront sensor follows the deformablemirror (seeFig. 2.2). The

control criterion is a 
at wavefront.

Solar adaptive optics systemsare in some aspects more challengingthan night-time AO.

The seeingconditionsare usuallyworse and more varying during the day and, due to the direct

sunlight, the near-ground turbulence is stronger. This requiresa larger number of correcting

elementsper area although the aperturesof solar telescopesare usuallysmaller. The majority of
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DM WFS

control

distorted wave

flat wavefront

instrument

Figure 2.2: Adaptiv e op-
tics: components (WS:
wavefront sensor,DM: de-
formable mirror, control)
and principle.

solar observationsis madeat visiblewavelengthswhichmeansshort atmosphericcoherencetimes.

From this reasonhigh closedloop bandwidthare required.

While the night-time sky providesnatural point sources,the low-contrast and strongly varying

solar surfaceitself hasto be usedas a target.

In spite of all thesechallengesthere are alsoclear advantagesof the solar AO: the number of

photonsis much higher than this availableto night-time observersand there is no sky coverage

problem,becausethe solar AO can lock everywhereon the Sun.

In solar AO wavefrontsensors whichare basedon correlation tracking on imagesformedby an

array of subaperturesare used. All currently operating solar AO systemare basedon correlating

Shack-Hartmann wavefrontsensors.

The Kiepenheuer-InstitutAdaptive Optics System[KAOS, Soltau et al., 2002, von der L•uhe

et al., 2003]operatesat the VacuumTower Telescope (VTT) on Tenerifesince2002. Its two main

componentsare the bimorph-type deformablemirror with 35 actuators and the Shack-Hartmann

wavefrontsensor with 36 hexagonallyarrangedsubapertures.The closedloop bandwidthis about

50Hz.

The AO systemscan compensateonly a small area around the line of sight (\lo ck point") of

the wavefrontsensor, becausenot all the refractiveindex
uctuations can be detected.The best

performanceof the adaptiveoptic systems(up to the di�raction limit) can therefore be expected

in the immediatevicinity of the lock point and the e�ciency decreaseswith increasingdistance

from the lock point. This is the reasonwhy Multi-conjugate AO systems(multiple wavefront

sensingand severaldeformablemirrors compensatinga volume) are currently developed [Soltau

et al., 2002,Rimmele,2004,von der L•uhe et al., in press].

2.2.2 Speckle imaging

Sincethe late 1980sspeckle imaging has becomea very important tool for ground-basedsolar

observations.The capability of the original method introducedby Labeyrie [1970] is limited to

retrieveother techniquesthat providethe full information (i.e. correctedFourieramplitudesAND

phases)on the observedintensity: Knox-Thompsonalgorithms [Knox and Thompson,1974,von

der L•uhe,1993,von der L•uhe,1994,Mikurda et al., 2003,Mikurda and von der L•uhe, 2006]and

the speckle masking[Weigelt, 1977, Pehlemannand von der L•uhe, 1989, de Boer and Kneer,

1992]. Thesetechniqueshavebeenoriginally developed for night time astronomy, but sincethe
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mid-1980sare havebeenadoptedand widely usedin solar physics.

KISIP: Kiep enheuer Institut Speckle Imaging Package

The Kiepenheuer-InstitutSpeckle Imaging Package has been developed since the early 1980s.

The current set of specklereconstructionroutineswas written in IDL by O. von der L•uhe and J.

Setiawan and then modi�ed by K. Mikurda and F. W•oger. The user-friendlyversionwill be soon

availableto the wholesolar physicscommunity.

In the following section I will discussthe basicsof the (extended)Knox-Thompsonspeckle

reconstructiontechnique,our implementationof this method, as well as someresultsof the test

performed on the simulateddatasetsand data obtainedat the VTT.

Kno x-Thompson technique

In speckle imaging methods a sequenceof N short-exposure imagesis analyzed. The Fourier

transform Fi (sss) of the i -th frame in the sequencecan be written as

Fi (sss) = F0(sss) Si (sss): (2.13)

whereF0 is the Fourier transform of true, undisturbed object intensity distribution, Si (sss) is the

instantaneousoptical transferfunction (OTF), andsss denotesa two-dimensionalangular frequency

expressedin units of an inverseangle(\line pairsper radian").

The object Fourier amplitudesare estimatedfrom the averagepower spectrum as proposed

by Labeyrie[1970]:

C(sss;000) =
NX

i =1

jFi (sss)j2 = jF0(sss)j2
NX

i =1

j Si (sss)j2 ; (2.14)

andthe phasesare estimatedusingthe Knox-ThompsonaveragecrossspectrumKnox andThomp-

son [1974]:

C(sss;��� ) =
NX

i =1

Fi (sss)F �
i (sss � ��� ) = F0(sss)F �

0 (sss � ��� )
NX

i =1

Si (sss) S�
i (sss � ��� ): (2.15)

��� is a shift in the frequencydomain and the upper index � denotescomplexconjugation. All

terms remain �nite up to the di�raction limit D=� so long as N is large (typically 100) and the

magnitude� of ��� does not exceedthe seeingcuto� r 0=� [Knox and Thompson,1974, von der

L•uhe,1993]. Knox andThompsonalsoshowed that the averagecrossspectrumcontainsunbiased

information on the object phasegradient from which the object phasecan be recoveredusing

two-dimensionalquadraturealgorithms. The expression
D

j Si (sss)j2
E

in Eq. 2.14 is called\speckle

transfer function" (STF).

The original Knox-Thompsontechniqueproducestwo crossspectra with two orthogonal fre-



12 CHAPTER 2. HIGH RESOLUTION GROUND-BASED SOLAR OBSERVATIONS
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x

Figure 2.3: Neighborhood of pixel sss = (sx ; sy )
in the Fourier domain, showing the region covered
by the shift vectors��� k . The black panel represents
frequency sss. The gray pixels represent discrete
frequenciesaddressedby shift vectors ��� k for rmax

equal to 1 (dark gray), 2, (middle gray), 3 (light
gray) and 4 (white). Only the upper half region,
surrounded by solid lines, is addressedduring the
averaging and initial integration steps; the entire
area is usedfor the iterativ e phasereconstruction
steps.

quencyshifts � x and � y , this techniquewas alsoimplementedin the earlier versionsof KISIP.

The di�erence betweenthe standard and extendedKnox-Thompson(EKT) algorithms as imple-

mented in KISIP V is the number of frequencyshifts usedfor object phaseretrieval. KISIP V

permits to usetwo shiftsand more, up to asmanyas�t within the seeinglimit area. The number

of shifts is a function of the �eld size- which determinesthe resolutionin the Fourier domain -

and can be as large as a few dozen,becausethe algorithm is able to assemblethe many phase

di�erences into a uniqueobject phase.Themaximumlimit r max of the frequencyshift ��� k can be

chosenby the user. Fig. 2.3 demonstrateswhich discretefrequenciesare usedto calculatethe

crossspectra C(sss; ��� ).

An initial phaseintegration step is followed by iterative successiveover-relaxationof the so-

lution phasein order to minimizeerrors. The meanphasechangebetweeniterations is typically

0.01 radiansafter 10 to 20 iteration steps. An estimateof the meanphasenoisebasedon the

specklesignal-to-noiseratio and the number of phasedi�erencesis usedfor a stoppingcriterion,

as well asan upper limit on the number of iterationsperformed.

As the last step amplitudescalculatedfrom Eq. 2.14 are calibrated for the noiseand atmo-

sphericseeing.The �rst is performedwith the Wiener�lter, the latter by dividing the amplitudes

by model STF calculatedfor the previouslyestimatedFried parameter r 0 [von der L•uhe, 1993,

Mikurda and von der L•uhe, 2006].

Speckle reconstructionscan be computed only for �elds of view (FOVs) not exceedingan

isoplanaticpath (typically a few arcsec). In order to minimizeanisoplanatice�ects, a large �eld

of view is dividedinto several,overlappingsub�elds which are reconstructedindividuallyand then

recombined[von der L•uhe, 1993].

Further details on our implementation of the EKT can be found in a forthcoming paper

[Mikurda and von der L•uhe, 2006]
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Figure 2.4: Sample input image (set 1) used for the
simulation of the speckle bursts, showing solar granu-
lation with several G band bright points. The �eld of
view is 13� 13 arcsec.

Tests on the simulated data

To test the performanceof KISIP we simulatedtime seriesof solar granulation images. As an

input we used �ve G-band (430.5 nm) imagestaken at VTT. The imagesshow various solar

scenes:from a quiet granulation to a sunspot penumbra. The �eld of view of every image is

13 by 13 arcsec. Using the input imageswe createdspecklebursts representingdi�erent seeing

conditions. The Kolmogorov model of an atmosphericturbulencewith the phasesbeingcomplex

randomnumbers was used. The simulatedexposuretime was 10 ms and eachburst consistsof

100 singleframes.The telescope diameterwas set to 700 mm.

The input imagefor the �rst data set is shown in Fig. 2.4. Fig. 2.5 presentsthe resultsof the

specklereconstructionfor this solar scene.The burst havebeensimulatedfor Fried parameters

r0 = 5, 7, 10, 15, 20 cm (from top to bottom) and the best singleimageof a given burst, the

averageof the wholeburst (\long exposure"), \raw reconstruction"(not correctedfor seeingand

noisee�ects) and �nal reconstructionare displayed(from left to right). The \raw reconstruction"

was obtainedby combiningthe uncalibrated Fourier amplitude
p

C(sss;000) with the reconstructed

object phaseP(sss) and representsthe 'averageshort exposure'. Note that all small scaleinfor-

mation is alreadypresentin the 'raw reconstruction.The calibrated reconstructionsdo not di�er

very much in contrast, despitethe quality di�erence of the input data, which indicatesthat the

speckleimagingprocessis quite robust againstvariations of the Fried parameter.

Thereare severalwaysto compare the reconstructionwith \true" images.The most interesting

questionis how the quality of the reconstructiondependson the seeingconditions. In order to

allow for a fair comparisonthe reconstructedandinput imageswerecoalignedanda 16 pixelswide

strip was removedat the edgesto avoidpossibleedgee�ects. The meanvaluesof the remaining

imageswerethen normalizedto 1.

A linear regressionwas performed in order to estimatethe error minimizingparametersa, b:

E 2 =
1
A

X

xxx

�
Î 0(xxx) � a � bI0(xxx)

� 2
; (2.16)

whereÎ 0(xxx) and I 0(xxx) are the specklereconstructionand cropped input image,respectively, and

A is the area of the images.
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Figure 2.5: Speckle reconstructionsof synthetic bursts with (from left to right column) r 0 = 5
cm, 7 cm, 10cm, 15cm, and 20cm. The columnsshow, from left to right: the bestsingleframe
of the burst, the averageof all 100 frames (\long term exposure"), the reconstructed image
without amplitude calibration (\ra w reconstruction"), and the seeingand noise calibrated
reconstructed image. The left halves of the panels are shown with a common gray scale
to display the di�erences in contrast of the simulated data. The right halves are scaled
individually to bring out the small details
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Figure 2.6: Speckle reconstructionsof synthetic burst sets2 (�rst column) to 5 (last column).
The setsrepresent: 2 { pore, 3 { edgeof sunspot with penumbral �lamen ts, 4 { active region
granulation, 5 { quiet region granulation. From top to bottom: input image and r 0 = 5 cm,
7 cm, 10 cm, 15 cm, and 20 cm, respectively. The left halvesof the panelsare shown with a
contrast scalewhich is commonfor each column while the right halvesare scaledindividually
for each panel.
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Figure 2.7: Left: imagedistanceD 2 and error E 2 for all data setsand seeingqualities. Right:
estimated vs. modeled Fried parameter for all data setsand seeingqualities.

As a secondparameter, the Euclideanimagedistanceof input and reconstructedimageswas

determined,

D 2 =
1
A

X

xxx

�
Î 0(xxx) � I 0(xxx)

� 2
: (2.17)

The image distance is a measureof a reconstructionquality: the more similar are the input

and reconstructedimages,the smallerD 2 becomes.Fig. 2.7 (left) shows the result of the image

distanceD 2 anderror E 2 calculationsfor all the scenesandseeingconditions.The imagedistance

is systematicallylower for the reconstructionswith largerFriedparameters.The sunspot penumbra

sceneis characterizedwith the largestD 2, probablybecauseof the complexity of the reconstructed

structure.

Fig. 2.7 (right) shows the Fried parameterestimatedfrom simulateddata using the spectral

ratio technique[von der L•uhe, 1984] implementedin KISIP V plotted against the input Fried

parameter. The Fried parameter up to r 0 = 10 seemsto be very well recovered,but Fried

parametersabove10cm areoverestimated.It iscausedby the fact that the spectralratio technique

is basedon Kor� 's STF theory [Kor�, 1973]that is bestapplicablefor moderateseeingconditions

(r0=D < 0:3).

The simulateddata presentedhereare isoplanatic. It is the reasonwhy the in
uence of the

sub�eld sizeon the quality of the reconstructioncould not be tested. For this test the data was

reconstructedusing a sub�eld sizeof 7 arcsec,which corresponds to nine overlappingsub�elds

acrossthe �eld of view.
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Tests on real data

The quantitative analysisof an reconstructionof real data is more di�cult, becausethere is no

knowledgeabout the true object. Instead,the reconstructioncan be performedon the samedata

with varying input parameters(i.e. sub�eld size,phaseradius) and the resultstested for an rms

contrast, artefacts etc. In this way the best set of parametersfor a reconstructioncan be found.

The data presentedherewas taken on June02, 2003at the VTT. A DALSA CA-D7 camera

with 1024by 1024pixels,observingat the G-band,was used. The exposuretime was 10ms and

the data was taken with the maximumframe rate of 7s� 1. It took 100s to take and write to a

hard disk a burst consistingof 100 frames. The observedsunspot was part of the active region

NOAA 10373. The �eld of view was58 by 58 arcsecand the imagescalewas 0.056arcsec/pixel.

I usedthis data to demonstratethe in
uence of sub�eld sizeand sub�eld apodization width

on the reconstruction.The result is shown in Fig. 2.8 (e�ects of the choiceof the sub�eld size)

and 2.9 (e�ects of the choiceof the apodization window).

The anisoplanatisme�ects are clearly seenin the reconstructionwith the sub�eld sizeof 58� 58

arcsec(full �eld of view). The somehow \grainy" structurehasits origin in a transferof a speckle

signalto neighbor frequencies(pixelsin the Fourierdomain,seevon derL•uhe[1985]). In this case

the information from neighbor pixelsis not independent,so the phasesreconstructionis a�ected.

The artefactsare alsoseenin the reconstructionwith a sub�eld sizeof 3.5 arcsec.The reason

for that is following: the sizeof the frequencystepbetweenpixelsin the Fourierdomainincreases

as the sub�eld sizedecreases.The consequenceis a decreaseof the cross-spectrum signal [von

derL•uhe,1988]andwhenthe stepbetweenpixelsapproachesthe seeinglimit r 0=� , its magnitude

is only about 20% of the meanpower spectrum.

The right choiceof the sub�eld size is then a trade-o� betweenkeepingit large enoughfor

the smallestfrequencydi�erence beingsmallerthat the seeingcuto� frequencyand smallenough

to avoidanisoplanatice�ects.

The choiceof the sub�eld apodizationwindow sizeis very important for the reconstructionof

the extendedsources,too, becauseit preventsthe e�ects of uncorrelated structuresat opposite

edgesof the sub�eld. In order to avoiddiscontinuities,the apodization of the �eld must be large

enough(typicallymore then 10% of the �eld).

Fig. 2.9 demonstratesthe e�ect of the apodization choiceon the reconstructionquality. The

optimum apodization is in most casesbetween10 and 40%.

Fig. 2.10 shows the result of the reconstructionwith the optimal set of parameters. For

comparison, the best single frame of the burst, the averageof the whole burst and the 'raw

reconstruction'are presented.
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Figure 2.8: Reconstruction of the samespeckle burst with various sub�eld sizes.58� 58 arcsec
corresponds to the full �eld of view.
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2.3 Speckle reconstruction and adaptiv e optics

In KISIP V the Fried parameter is estimated individually for eachsub�eld in order to account

for a �eld dependentseeingquality. This approach is usefulwhen data are taken with partially

compensatingadaptive optics, such as the KAOS at the VTT. The full �eld of view of data

presentedin the previoussectionsis almost one arcmin, much larger than the isoplanaticarea

compensatedby KAOS, which is of the order of 10 arcsec.

Thereis a �eld gradientof imagequality with growing distancefrom the wavefrontsensor lock

point, the further from the lock point the worse the quality. To �rst order, this gradient can be

approximatedwith a �eld-dependent,\mo di�ed" Fried parameter� 0 [CagigalandCanales,2000].

KISIP V interpolatesthe conventionalKor� STF for a seeingparameter � = � 0=D at each�eld

position and adjuststhe amplitudecalibration accordingly.

This approach givessatisfactory resultsaccording to the experiencemadewith KISIP at the

Kiepenheuer-Institut,but this issueof courserequiresa muchmore thoroughanalysis.Work is in

progressto understandhow a STF is modi�ed by the useof adaptiveoptics.

2.4 The summary

...or how to get a good speckle reconstruction ?

As alreadymentioned,severalfactors can in
uence the quality of a speckle reconstruction. In

practice, a trade o� is sometimesneeded, for examplebetween a short exposure time and a

su�cient signal-to-noiseratio. The list below containsthe most important factors that needto

be taken into accountto obtain a decentspecklereconstruction:

� the exposuretime shouldbe shorter that the atmosphericcoherencetime � 0;

� an interval between two exposuresneedto be larger than � 0 in order to assurethat each

frame representsa statistically independentstate of the turbulence;

� the number of framesin the burst shouldbe largeenough(seethe commentary to Eq. 2.15),

but taken in a time shorter that the characteristic time for changeson the Sun(dependson

a wavelengthand a telescope diameter);

� \sub�elding" must be performed in caseof anisoplanatic�elds of view;

� the spectral bandwidth shouldnot be too large (typically � �=� < 0:1) in order to keepa

su�cient degreeof coherence.
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Figure 2.9: Reconstruction of the samespeckle burst with various apodizing fractions.
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Figure 2.10: Reconstruction of the part of active region NOAA 10373with the optimal set
of parameters. a: the frame with the highest contrast of the burst, b: 100 frame average,c:
\ra w reconstruction", d: �nal reconstruction.
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Chapter 3

Tw o-dimensional solar spectroscop y

Spectroscopy is one of the most important tools of observationalsolar physics.It providesinfor-

mation on severalphysicalparameterslike velocity, temperature,magnetic�eld strengthetc. The

combinationof theseparametersgivesthe solar physicistthe information about the state of the

solar atmosphere.

The intensity as a function of four parametersis needed:two spatial coordinates, time and

wavelength. The two most establishedobservationalnarrow-band techniques: photometry and

longslit spectroscopy coveronly three of the four parameters.While photometrywith usageof a

CCD cameracan covera large �eld of view at a very good temporal resolution, it does it at a

�xed wavelength.On the other hand,slit spectrographrecords wavelength-dependentintensity at

a �xed spatialcoordinateperpendicular to the slit. Coveringlarger �elds of viewrequiresscanning

of the solar imageacrossthe slit. It is usuallytime consumingand can corrupt the data, because

both the solar surface(especiallyon sub-arcsecondscale)and seeingevolveduring the scan.

Severalauthors argued that it is necessary to developtwo-dimensionalspectroscopictech-

niques[seee.g. Keller et al., 1990, Johannesonet al., 1992, Colladoset al., 1996] in order to

investigatephysicalparameters(Doppler velocity, magnetic �elds etc.) of sub-arcsecondstruc-

tures. The answer are tunable �lter instrumentsemploying either tunableLyot �lters, Michelson

interferometers(MFI), Fabry-Perot interferometers(FPI) or a combinationof them. Currently

operating solar tunable �lter instrumentsare listed in Tab. 3.

The big advantageof a classicalgrating spectrographis its very high spectral resolution. As

alreadymentioned,slit spectrographstake the wholespectra at a time and scanperpendicular to

the slit in order to get the information in the secondspatial coordinate. In caseof tunable �lter

instrumentswith a high spectral resolution,the scanningis performedacrossthe spectral line and

a two-dimensional�ltergram is obtainedat eachstep. The individualnarrow-band�ltergrams are

then combinedto a full 2-D spectrogram.The main limitation of this techniqueis the time needed

to perform a scan,sincethe temporal evolutionof the solar surfacehasto be taken into account.

23
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Name Location Type References

'G•ottingen' FPI VTT, Tenerife FPI Bendlin et al. [1992]
H� tunable �lter DOT, La Palma Lyot Bettonvil et al. [2003]

Interferometric BIdimensional THEMIS, Tenerife FPI/Ly ot Cavallini and et al. [2000]
Spectrometer, IBIS

MichelsonDoppler Imager, Soho Lyot/MFI Scherrer et al. [1995]
MDI

Solar Optical Universal SVST, La Palma Lyot Title and Rosenberg [1981]
Polarimeter, SOUP
TElecentric SOlar VTT, Tenerife FPI Tritschler et al. [2002]

Spectrometer, TESOS
ChromosphericHelium I MLSO, Hawaii Lyot

Imaging Photometer, CHIP
Universal Birefringent Filter Dunn Solar Telescope, FPI/Ly ot Bonaccini et al. [1989]

SacrametoPeak, USA

Table 3.1: Currently operating solar tunable �lter instruments (in alphabetic order)

3.0.1 2-D solar spectra from TESOS

Spectroscopicdata presentedin this thesiswastaken with the Fabry-Perot InterferometerTESOS

[Kentischeret al., 1998,Tritschler et al., 2002,TElecentricSOlar Spectrometer,] locatedat the

VTT, Tenerife.

Fig. 3.1 shows the pro�le of the neutral iron line at 557.6nm obtainedwith TESOS.A two-

dimensional�ltergram is recorded at eachwavelengthstep and this information is then usedto

createa line pro�le (similar to the onein Fig. 3.1) at eachpixel of the �eld of view. More details

about TESOScan be found in AppendixA.1.

3.1 Speckle deconvolution of 2-D spectra

Specklereconstructiontechniquesare widelyusedto improvethe quality of �ltergrams. However,

in order to obtain good resultswith thosetechniquesa high signal-to-noiseratio (SNR) is needed.

This is usuallyobtainedby using�lters with broad(1 nm or more) transmissionbandwhichprovide

enoughphotonsevenif observingwith short exposuretimesrequiredby the speckleimaging(about

10ms).

The situation becomesdi�erent when observingwith bandwidthsbelow 0.1nm. When, in

addition, pixel sizesare small (in order to achievethe desiredspatial resolution), the number of

photonswould not be su�cient to apply oneof thosetechniques.

Keller and von der L•uhe [1992]proposedthe following solutionof this problem: simultaneous

broad-bandand narrow-bandimagesclose-by in wavelengthshouldbe taken and speckleimaging

performed for the broad-bandchanneldata only. Combiningthe reconstructionand the single

broad-bandimagesgivesinformation on the instantaneousstate of the Earth's atmosphere.This
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Figure 3.1: The pro�le of the Fe I spectral line at 557.6nm obtained with TESOS and
�ltergrams taken at selectedwavelength positions.

information is then usedto correct the singlenarrow-bandimages.

In the following sectionsI will discussthis method in more detail and show its consequences

for the photometricquality of the spectra.

The metho d

The deconvolutionmethod appliedby me is similar to those of Keller and von der L•uhe [1992]

and Krieg et al. [1999].

Underisoplanaticconditionsand for exposuretimesshort enoughto \freeze" the atmosphere,

the observedintensity in the broad-bandchannel,i b, and in the narrow-bandchannel,i n , respec-

tively, can be related to the corresponding true object intensities,ob, and on , respectively, via a

convolutionwith the point spreadfunction (PSF):

ib
j = ob ? PSF b

j ; in
j = on

j ? PSF n
j ; (3.1)

where? denotesthe convolutionoperator. The indexj (j = 0; : : : 75) is introducedto distinguish

between the individual broad-bandframes and thus di�erent atmosphericrealizations. In the

narrow-bandchannelthe indexj indicatesthe number of di�erent wavelengthpoints andthus the

number of di�erent true objectson
j .
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Figure 3.2: The principle of the speckle de-
convolution technique. Upper line: from left
to right: single broad-band image, speckle re-
construction of a burst of broad-band images.
Bottom line: from left to right: singlenarrow-
band image, reconstructed narrow-band im-
age. In reality, all the images are Fourier-
transformed. The data used to create this
schemeis described in Sect. 3.2.1.

Assumingthat the spectral bandsof the broad-bandand the narrow-band channelare close

enough,the correspondingPSF'scanbe consideredas identical for eachtime step j , and Eq. 3.1

can be translatedinto the Fourier domainas follows:

I b
j = Ob � OTF j ; I n

j = On
j � OTF j : (3.2)

wherecapital letters denoteFourier transforms of the corresponding quantities in Eq. 3.1. The

Fourier transform of PSF is called Optical Transfer Function (OTF). Theoretically, these two

equationscan be solvedfor On
j , by replacingOb with the Fourier spectrum of the broad-band

(\mother") specklereconstruction, �Ob, and calculating

�On
j =

I n
j

I b
j

�Ob: (3.3)

This operation is schematicallypresentedin Fig. 3.1.

However, in the presenceof noise, which I have not consideredso far, this approach fails

and leadsto an unwanted ampli�cation of thoseparts of the signalspectrum that are dominated

by noise. Theseregionsexhibit a poor signal-to-noiseratio (SNR) and give rise to artifacts in

the spatial domain of the restored intensity distribution. Typically, theseare the high-frequency

componentsof the spectrum. The resultcanbe improvedby multiplying Eq. 3.3 with the complex

conjugateof the relevantbroad-bandFourier spectrum, (I b
j )?, and perform an averagingprocess

overseveralnarrow-band�ltergrams:

�On
j =

D
I n

j (I b
j )?

E

D
jI b

j j2
E

+
D

jN b
j j2

E �Ob; (3.4)

where
D

jN b
j j2

E
is the averagenoise level as deducedfrom the broadbandimages. I assumea

frequency-independent (\white") noisespectrum. Averagingis done over frequenciesthat are

beyond the telescope cut-o� frequency. N b is the Fourierspectrumof the noisein the broad-band

channel.
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Practical considerations

In practice, it is very important to �nd a trade-o� between wavelengthsamplingand SNR, i.e.

number of imagesper wavelengthposition, becausethe interval neededto take a single 2-D

spectrum should stay below the characteristic time for changeson the Sun. This time scale

dependson wavelengthand spatial resolutionand in a caseof the data presentedin this thesisit

is about 30s.

In the past, there were severalapproachesto this problem. Keller and von der L•uhe [1992]

took 100 imagesat singlewavelengthin about 30s. In order to keep the scanningtime short,

Krieg et al. [1999]took 5 imagesat eachof the 28 wavelengthpositionschosento scanthe Na D 2

spectral line. Hirzbergerand Kneer[2001]scannedFe I line 557.6nm at 11 wavelengthpositions

with 10 framesper wavelengthstep, which results in a cadenceof subsequentscansi.e. 2-D

spectra of 70s.

For the data presentedin this thesis,I adopteda di�erent approach: I performed a spectral

samplingwith equidistantstepsof 0.84pm and used�ve adjacentwavelengthpositions for the

deconvolution.In a caseof the data presentedhere,this averagingprocedurehasvery little e�ect

on reconstructedline pro�les.

3.2 Photometric qualit y of speckle deconvolution

3.2.1 Observ ations

All the spectroscopicdatapresentedin this thesiswasrecordedwith the Fabry-Perot interferometer

TESOSat the VTT. It wasaccompaniedby the G-bandimagining,all spectraanalyzedherewere

taken in the Fe I line at 557.6nm in the TESOShigh resolutionmode (circular FOV of 40arcsec

in diameter,spectral resolution�= � � =250000). The data set consistsof 5 scans,the total time

coveredis 250 s. The line is sampledwith equidistantstepsof 0.84pm at 76 wavelengthpoints.

The singleexposuretime was 15ms and onescanwas completedin 30s. A pre�lter centeredat

557.6nm, an FWHM of 1.1nm and a maximumtransmissionof 70% was used. Simultaneously

to the narrow-bandimages,TESOStakesdata in the broad-bandchannel,the �lter usedherehad

the central wavelengthof 550nm and FWHM of 10nm. The imagescalein the both channelsis

0.09 arcsec/pixel.

The G-bandimagingwas performed by a relativelysimpleoptical setupwhich was placedin

front of TESOS. A dichroic beam-splitterplate was used to re
ect any light < 450nm onto a

fast 1k� 1k pixel Dalsacamera. A �lter centeredaround 430.3nm and 1.0nm wide was placed

in front of the detector to isolatethe G-bandwavelengthrange. The FOV was 57� 57arcsecand

the imagescale0.055arcsec/pixel. The G-banddata wastaken in burstswhich werelater usedin

the specklereconstructionprocessand is quasi-simultaneouswith the TESOSdata. The G-band

imageswere mainly usedto locate the positionsof photosphericbright points. More about it in

Chapters4 and 5.
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Figure 3.3: Speckle reconstructed G-Band image. The right square indicates the TESOS
FOV. The arrow points toward the nearest solar limb. The inset in the upper right corner
shows the complete active region AR10180.

Both FOVs covereda part of the active regionAR 10180located at � = 15:68� (� = 0:96)

on the southernsolar hemisphere.The FOVs of Dalsaand TESOSare shown in Fig. 3.3.

The observationspresentedhereweremadewith the support of KiepenheuerAdaptiveOptics

System.

3.2.2 Data reduction and reconstruction

Before performing the specklereconstructionanddeconvolution,severalpre-processingprocedures

were performed: dark subtraction and gain correction at each individual wavelengthstep. The


at �eld imagesneededfor the gain correction were taken by moving the solar imageacrossthe

focal plane to smear out all solar structure. Slight di�erences in orientation and pixel image

scalebetween the narrow-band and the broad-bandchannelof TESOS were determinedfrom

a comparison of grid target images. Thus, a rotation of -0.816deg and o�set shifts of � x =

0:57pixel and � y = 0:87pixel were appliedto the broadbandimagesto match the narrow-band

images.Furthermore, I corrected the broadbandimagesfor a 2% di�erence in imagescalewith

respect to the narrowband images.Residualimagemotion during the scanwas compensatedby

determiningthe imageshifts from onebroadbandimageto the next andshifting the simultaneous

narrow-band imagesby the sameamount. The intensity modulation pattern (seeAppendixA.2)

wasremovedby Fourier�ltering leavinga residualvariation on a 1-2% levelin the local continuum

intensity.
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Figure 3.4: Left: Best broad-band image taken from �rst scan. Middle: Averaged broad-
band image (over 76 images). Right: broad-band speckle reconstruction. One minor tick
mark corresponds to one arcsec.

Alignmen t with the G-Band images

The G-Bandimageshavea di�erent orientation and pixel imagescalethan the TESOSdata. In

order to identify locations of G-Bandbright points in the TESOSdata co-spatiality of the two

data sets must be guaranteed. Therefore, in a �rst step, the G-Band data has to be rotated

counterclockwiseby 270� and mirrored. In a secondstep, the pixel scaleof the G-Band data

(0.055� 0.055arcsec2) is changedto match that of the TESOS data (0.089� 0.089arcsec2) by

performing a linear interpolation. Finally, a residual rotation counterclockwise of about 2� is

applied.

Speckle reconstruction

The broad-bandTESOS imagesand the G-Band imageswere speckle reconstructedusing the

KiepenheuerInstitute SpeckleImagingPackage(KISIP). Figure3.3 shows a result of the speckle

reconstructionin the broad-bandchanneldata simultaneousto the �rst scan of the time se-

ries: the best broad-bandimageof the burst, the averageover the while burst and the speckle

reconstruction.The enhancedcontrast of the speckle-reconstructedimagecan be seen.

The speckledeconvolutionof the narrow-banddata was performed as described in Sec.3.1.

3.3 Results

Fig. 3.3showsthe resultof the deconvolutionprocessfor the �rst scan.The un-restored�ltergrams

(corresponding to di�erent position acrossthe spectral line) are presentedin the left column,

while the right column containscorresponding speckle-deconvolvedimages. The �ltergrams in

the narrow-bandcontinuumare reconstructedalmost as e�ciently as the broad-bandimages.
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Figure 3.5: Left column: Narrow-
band �ltergrams before reconstruc-
tion. Right column: Narrow-band
�ltergrams after the speckle decon-
volution process. Top to bottom:
Blue continuum (frame number 5),
blue line wing (27), line core (34),
red line wing (41), and red contin-
uum (65). One minor tick mark cor-
responds to one arcsec.
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Figure 3.6: Bisectorsbefore(dashed)and after (solid) the deconvolution process.Left: center
of the granule. Right: intergranular lane. Thin lines: bisectors averaged over four pixels.
Thick lines: bisectorsaveragedover nine pixels. Line depths of 0.0 and 1.0 correspond to the
line center and the continuum, respectively. The meaning and de�nition of line bisectorsare
given in Sect. 3.3.3.

3.3.1 \Grain y pattern"

A closerlook at the speckle-deconvolved�ltergrams in Fig. 3.3 revealsthe presenceof a weak

small-scalegrainy pattern. The pattern is more pronouncedin the line wing and line core and

lessobviousin the continuum. It appears at spatialscalescloseto the resolutionlimit, the grains

span2-3pixelswhich corresponds to 0.18-0.27arcsec. Sucha pattern has beenobservedbefore

in narrow-band imagereconstructeddata [seee.g. Krieg et al., 1999]. The origin of this pattern

is still unclear: it is very likely causedby the lack of su�cient signal-to-noiseratio at spatial

frequenciesclose to the di�raction limit, but on the other hand, it shows surprising temporal

stability over the wholetime sequence.

van Noort et al. [2005]observeda similar e�ect in the magnetogramsreconstructedwith the

phase-diversity techniqueandconcludedthat it is dueto noiseandcanbe reducedby taking more

framesat eachwavelengthposition.

My main concernwas, if the existenceof the grainypattern hasany in
uence on the bisectors

of single structures. As a test, I analyzedseveralline pro�les and the corresponding bisectors

(cf. Sect. 3.3.3) of individual structures. In Fig. 3.6 two typical bisectors (for a bright granule

and an intergranular) before (dashed) and after the deconvolution(solid) are displayed. The

bisectors are averagedover four (thin lines)and ninepixels(thick lines), respectively. Apparently,

thereare no signi�cant di�erencesin the bisectors before and after the deconvolutionprocessand

moreover,increasingthe averagingareadoesnot signi�cantly changethe result. This observation

allows to concludethat the presenceof the grainypattern in generaldoesnot changethe spectral

information.
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3.3.2 Di�erence between the blue and red wing of 557.6 nm Fe I line

557.58 557.60 557.62 557.64

1 km/s

Wavelength

bright

dark
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dark
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D I
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Figure 3.7: Intensity changein the line wings due to Doppler shift. The lower curvesshow line
pro�les of bright granules and dark intergranular regionswith a Doppler shift of 1000m s� 1.
Note the intensity contrast enhancement in the red wing and the strong decreasein the blue
wing. The upper curvesshow the samepro�les without any line shift for comparison.

The �ltergrams taken in the blue wing of the spectral line are quite di�erent from those

obtainedin the redwing at the samelinedepression(compare 27 and41 in Fig. 3.3). The di�erent

appearanceof the �ltergrams is a natural consequenceof the correlation betweenconvectionand

radiation.

Figure 3.7 illustrates this e�ect schematically: in the red wing, the Doppler shift enhances

the intensity contrast of the granulation, becausethe blue shift of the bright granulesleadsto

an enhancedintensity, whereasthe red-shifteddark regionsappear evendarker. In the blue wing,

the e�ect is exactlyopposite. If the line shift is su�ciently high, the intensity contrast may even

be reversedhere. A similar e�ect was alreadyobservedfor other photosphericspectral lines, for

exampleBa II at 455.4nm [S•utterlin et al., 2001a].

To show that is really this mechanismthat causesthe large di�erence betweenthe blue and

red wing of the analyzedspectral line, I removedthe Doppler shift of the line core by shifting

the position of the spectral line to a commonposition at everypixel. The result is illustrated in

Fig. 3.8 for the deconvolved�ltergrams. Thereis almostno di�erence betweenboth wings,except

someresidualdi�erencesdue to line asymmetrieswhich I did not accountfor.
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It hasalsoto be mentionedthat the � = 1 surfaceis in
uenced by both thermal and Doppler

e�ects causinga wide range of line shifts, line widths and line asymmetries[e.g. Stein and

Nordlund, 1998,Asplundet al., 2000b]. The temperaturegradientabovethe granulesis steeper,

as a consequencethe line pro�les are strongerand narrower. The temperature gradient above

intergranular lanestendsto be shallower leadingto weaker and broaderline pro�le. Thesee�ects

introduceadditionaldi�erence betweenthe blue and red shifted line pro�les.

     

 

 

 

 

 

     

 

 

 

 

 

Figure 3.8: Reconstructed �ltergrams taken from the blue (left panel) and red wing of the
line pro�le. Prior to the image reconstruction, the spectral line was shifted to a common
position at each pixel. One major tick mark corresponds to �v e arcsec.

3.3.3 In
uence of the speckle deconvolution on the spectral lines

Asalreadymentioned,speckledeconvolutionmethodsarewidelyused,but sofar, to myknowledge,

no analysison the in
uence of the reconstructionprocesson spectroscopicdata has yet been

published.Therefore I performed a detailedspectral analysisof the line pro�les before and after

reconstructionand investigatedthe following properties of the pro�les: line position, depth and

asymmetry(characterizedin form of line bisectors). This wasdonefor the averageline pro�les of

somecharacteristicsolar structures,as well as for individualpro�les.

In order to identify the regionof interest: granules,intergranular lanesand the central part of

the pore I constructedthree binary masks(seeFig. 3.9). The masksfor bright granulesand dark

laneswere createdby setting the appropriate intensity thresholdvaluesto the quiet granulation

in the reconstructedbroad-bandimage. The maskswereusedto calculatethe meanline pro�les

and bisectors of the regionof interest.

The pre-processedand reconstructeddata cube leavesus with a line pro�le sampledat 71

wavelengthpoints. In order to allow for a fair and direct comparison between the data before

and after the deconvolutionprocess,a box-car averageover �ve imagesis performed to the un-

restored data cube (76 wavelengthpoints). In this way, both data cubeshavethe samenumber

of wavelengthpoints.

The line asymmetrycan be quanti�ed by the bisector, i.e. the line segmentconnectingthe

midpoints of the spectral line from the core to the continuum (seeFig. 3.3.3. A line bisector
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Figure 3.9: Contours of the binary masksusedto calculate the meanline pro�les and bisectors
presented in Fig. 3.11. From left to right: bright granules, dark lanesand the central part of
the pore.

analysisis performedfor eachaveragedline pro�le, 40 bisector positionsare calculatedat intensity

levelsbetween2% and 80% of the line depression.Line depthsof 0.0 and 1.0 correspond to the

line center and the continuum, respectively. Bisector levelslarger than 80% are not taken into

accountsincethe bisector positionsin the extremelinewingsare verysensitiveto noise.Red-shifts

are positiveand blue-shifts- negative.The line core positionof the centralpart of the pore serves

as velocity reference.

The spatiallyaveragedline pro�les (upper row) andthe correspondingmeanbisectors (bottom

row) from the �ve individual scansare displayed in Fig. 3.11. To demonstratethe e�ect of the

reconstructionprocess,the correspondingdatabefore (dashed)andafter the deconvolutionprocess

(solid) are plotted. The line pro�les are normalizedwith respect to the local continuumintensity

of the averagedgranulation.

The reconstructedmean line pro�le for the brightest granulesin the FOV (Fig. 3.11, upper

panel,left) showsan enhancedcontinuumintensity andnarrower wings. For the darkest intergran-

ular lanes,the deconvolutionleadsto a decreaseof the continuum intensity and broaderwings.

This resultcanbe expected: bright structuresbecomebrighter anddark structuresbecomedarker

by the deconvolutionprocess.

A closeinspection of the of bisector shapes before and after the deconvolutionprovesthat

line asymmetriesare preserved(bottom row). Di�erencesin bisector shapesare visiblein the (far)

wing only, re
ecting the broadeningand narrowing of the line pro�les due to the deconvolution.

This can be understood in terms of an increaseof the spatial resolutionwhich hasbeenalready

predicted from the simulationsof solar magneto-convection[Asplund et al., 2000a, Stein and

Nordlund, 2003].

The spatiallyaveragedline pro�le of the darkest part of the pore shows in fact the sameten-
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Figure 3.10: Schematic representa-
tion of a spectral line bisector (thick
lines). Dashedlines represent inten-
sity levels.

Figure 3.11: Averagedline pro�les and bisectorsbefore(dashed) and after (solid) the decon-
volution processfor selectedregionsof interest. Top row: spatially and averagedline pro�les
for the �rst scan. Bottom row: spatially averagedbisectorsfor the �v e scans.Line depths of
0.0 and 1.0 correspond to the line center and the continuum, respectively.
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dencyasthe darkest intergranular lanesbefore andafter the deconvolution:continuumintensities

are decreasedand the line becomesbroader.

However, the mean bisectors for the pore resulting from the secondand third scan di�er

considerablybefore and after the reconstruction, in particular for bisector levels close to the

continuum. Inspecting individual line pro�les inside the pore from these two scansreveal the

existenceof a highly red-shiftedline satellite. A possibleexplanationfor this is the presenceof

a strong down
ow inside the pore. However, in the far red wing the line is blendedwith two

molecular lines which might causeor in
uence the observedasymmetry: MgH at 557.628nm

and C2 at 557.636nm. The MgH line only shows up at low temperaturesbecausethe molecule

hasa very low dissociation energyof 1.3 eV. The C2 line disappears at lower temperatures(high

dissociation energyof 6.2 eV) becauseit comesfrom an excitedstate that only gets populated

at higher temperatures(priv. comm. Han Uitenbroek). The treatment of this line 
ag is beyond

the scope of this thesisand will be subjectof a separate investigation.

The results concerningthe photometric quality of the reconstructedspectra and presented

abovecan be summarizedas follows:

� Averageintensitiesare preservedand local changeson small spatial scaleshavethe correct

sign: bright granulesbecomebrighter anddark lanesbecomedarker throughthe reconstruc-

tion.

� Line pro�les of bright structuresshow a decreasedline width and thoseof dark structures

havean increasedline width.

� Line asymmetriesare generallynot altered,i. e. the shape of the line bisectors is preserved.

3.3.4 Quiet and abnormal gran ulation

There is an obviousdi�erence between the pattern of the granulation located on the limb side

(away from the active region)and that locatedon the centerside(toward the active region) (see

e.g. Fig. 3.3, upper row). The latter showsmuchlesscontrastandseemsto be spatiallydistorted.

This is commonlycalled\abnormal" granulation[Dunn and Zirker, 1973].

Fig. 3.12 (left) compares the mean line bisectors originating from those two areas(normal:

solid, abnormal: dashed). The meanbisector of the abnormal granulationis inclined toward the

red, indicatinga continuousaccelerationtoward the surface.The meanbisector of the undisturbed

granulationis almost vertical with a slight asymmetrytoward the blue showing the expectedC-

shape [Dravinset al., 1981,Dravins,1982].

The mean bisectors averagedover the brightest structures in quiet granulation (Fig. 3.12,

middle) show the expectedblueasymmetryor reversalof the bisector in deepphotosphericlayers.

This blue asymmetryis signi�cantly reducedin the abnormal area throughout the whole height

range. The bisector is less inclined and shows a less pronouncedreversal. Furthermore, the
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Figure 3.12: Left: Averaged line pro�les and bisectors from the un-restored data. Right:
Corresponding bisector (dashed-dotted) of the mean granulation (whole FOV). Solid: Quiet
Sun granulation. Dashed: Abnormal granulation. Middle and right: Averagedline pro�les
and bisectorsbefore(thin) and after (thick) the deconvolution processfor selectedregionsof
interest. Solid lines: normal granulation. Dashed lines: abnormal granulation. Line depths
of 0.0 and 1.0 correspond to the line center and the continuum, respectively.

abnormal intergranular lanes(Fig. 3.12, right) lead on averageto more inclinedbisectors with a

strong red asymmetrycompared to the normal intergranular lanes.

Our resultsare essentiallyconsistentwith thosefrom one-dimensionalspectroscopicdata [e.g.

Hanslmeieret al., 1991b]. The advantageof 2-D spectroscopy is the possibility to clearly distin-

guishbetweenbright granulesand intergranular lanes.Our resultsconcerningthe bisectors shape

in \quiet" and \abnormal" granulation agreewith previous�ndings for active and non- active

regions[e.g. Hanslmeieret al., 1991a].
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Chapter 4

Photospheric brigh t poin ts

In this thesis,I usethe term 'photosphericbright points' (PBPs). Thesestructures- due to the

historic reasonsand a variety of observationaltechniquesand/or to the regionwherethey occur

- are sometimesreferredto as �ligrees, facular points, network bright points (NBP), magnetic

bright points (MBP), continuumbright points, G-bandbright points (GBP) and manyothers(for

the more or lesscompletelist seeSolanki[1993]. The namerefersto the origin of thesestructures

and not to the particular observationaltechniquescaleor location on the solar disc, analogically

i.e. to 'chromosphericbright points'.

This chaptersummarizesthe most important observationaland theoretical resultsfor photo-

sphericbright points obtainedso far.

4.1 From �ligrees to G-band brigh t poin ts

In 1968Sten
o [1968] showed that the 
ux of eachmagneticpolarity increasedwith decreasing

slit sizewhenobservingsolar photosphere.As a conclusionhe suggestedan existenceof several

magneticelementsof opposite polarities within one resolutionelement. If the large slit was used

theseelementscancelledeach other, so the measured�eld of each polarity was weak, even if

the 
ux in a singlemagneticelementwas signi�cant. On the other hand, this e�ect was more

pronouncedwhen using smallerslit. One year later Livingstonand Harvey [1969] provided �rst

observationalevidenceof the quantizationof the photosphericmagnetic
ux away from sunspots

andsuggested�eld strengthsof the order of kilogauss.Howard and Sten
o [1972]statedthat the

reasonthat a magnetographnormally records a continuousrangeof �eld strengthsis (...) that a

smalleror larger number of �laments happen to be insidethe scanningaperture, and not because

of continuousvariation of the 'true' �eld strength.

All aboveideasled to the conceptof two component model and magnetic�lling factor. This

approachallows to obtain information about unresolvedmagnetic�elds outsideof sunspots under

an assumptionthat a resolutionelementA r es consistsof a part with strong (kG) magnetic�eld

Amag and its �eld-free surounding.The magnetic�lling factor is then de�ned as � = A m =A r es.

39
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Figure 4.1: Dependenceof the �lling factor
on the size of the resolution element in two-
component model. The circle represents a
magnetic element and the squaresrepresent
resolution elements of di�eren t sizes.

Figure 4.1 ilustratesthe principleof two-componentmodelanddependenceof the �lling factor

on the sizeof the resolutionelement.

Both componentscontribute to the observedintensity I:

I = �I m + (1 � � )I f f ;

where I m is the intensity contribution, expected from a magnetic element that would �ll the

wholeresolutionelementandI f f is the intensity contribution expectedfrom a �eld-free resolution

element.

The lineratio technique[Howard andSten
o, 1972,Sten
o, 1973]baseson the two component

model and enablesto determinethe �eld strengthof unresolvedmagnetic�eld elements.Frazier

and Sten
o [1978] usedthe line ratio techniqueto demonstratethe �eld strength in magnetic

concentrationsis 1-2 kG and their sizerangesbetween200 and 300 km.

There were attempts to identify thesemagneticelementsin observationsas early as in the

1970s. Dunn and Zirker [1973] noticed strings of bright grains in the intergranular laneswhen

observingin the red wing of H � line. They proposethe name�ligree for this phenomenonand

'crinkle' for the indivdual elementsbecausethey seemto be zigzaggedor crinkled in shape and

not just a string of bright dots.

Mehltretter [1974] investigatedsomeexamplesof photosphericfaculaeat the centerof the solar

disc in order to understandtheir substructure.He observedthat faculaealmost invariably consist

of eithersmallpoints whichare round(...) or slightly elongated(...), occuringsinglyor associated

in chains,or of ring-like formationsor 'crinkles' (...); in someareas- reasonablyfar from spots -

facular structure is almost exclusivelymadeup by 'points' sitting in the intergranular lanes. The

newdiscoveredsolar structureswerenamed\facular points" andtheir sizeswerefurther estimated

to be smallerthan 350km [Muller, 1980,Spruit and Zwaan,1981],in agreementwith Frazierand

Sten
o [1978]and Mehltretter [1974].

Muller [1983]madeobservationsconcerninginteractionof facular points with the granular 
o w in

the quiet Sunarea. He noticedthat they alwaysappear in the dark lanesbetweenthe granulesand

rather at the supergranular boundaries than insidethe cells. He alsoestimatedthe meanlifetime

of bright points asabout 1000s andobservedthat they often undergothe splitting events.Muller
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and Keil [1983]attempted to estimatethe real sizeand brightnessof facular points in the \white

light" in the quiet photosphere.The obtained the characteristic sizeof 160km and the typical

brightnessof 1.08 relativeto the meansurroundings.

To my knowledge,the �rst observationsof bright points in the CH molecular bandat 430.5nm

(FraunhoferG-band)were madein early 1980s. Muller and Roudier[1984] noticed that facular

points observedat this wavelengthshow more contrast than whenobservingin the \white light".

Usingthis observationaltechniqueMuller and Mena [1987] measuredthe speedof facular bright

points around the decaying sunspot and obtainedthe meanvelocity of 0.65km/s.

Sten
o and Harvey [1985] usedthe position of the zero crossingof the Stokes V pro�le as

a measureof the Doppler shift of the line pro�le insidethe magnetic �eld concentrations. The

resultsshow almost no 
o w insidethe magneticelements,but pointed that there is a downdraft

insidethe surroundingsnon-magneticregions.

Muller et al. [1989]studiedthe in
uence of the bright points located in the network (network

bright points, NBPs) on the surroundinggranulation. They observeda 'daisypattern' known from

laboratory convectionexperiments. Sucha pattern is expectedwhen rigid thin obstacleappears

amongthe convectivecells. The granulesin the presenceof the NBPs seemto be smallerthan

in the undisturbed regions. This is consistentwith the resultsof Dunn and Zirker [1973] for the

'abnormal' granulation.

Berger et al. [1995] studied the bright points in the plage and in the network and found,

that BPs in the plageare slightly larger and that the majority of them havecircular shapesand

diameterof 200 km. Their measurementsof the bright point contrast in the G-bandgaveaboud

twice larger valuesthan thosein the continuum.

Until the mid 1990sthere wereno simultaneoushigh resolutionintensity imagesand magne-

togramsof PBPs available.The milestonewas set by Yi and Engvold[1993]who presentedtime

seriesof near-sminultaneousmagnetogram,continuum H� , and CaII K line imagesobtainedat

SvedishVacuumTelescope (SVST) on La Palma. They showed that PBPsappear always at sites

wheremagneticconcentrationsare observed. The main problem in those observationswas the

low contrastof BPS in the continuum,soonly the brightest elementsin largestintergranular lanes

weretaken into consideration,which obvioslyled to someselectione�ects. This wassigni�cantly

improvedwhenthe interference�lter centeredat 430.5nm, soin the FraunhoferG-bandwasadded

at the SVST. The �lter wasdesignedbasingon the above-mentionedwork of Muller and Roudier

[1984]. Using the new �lter togehter with the existing systemat SVST [Scharmer, 1989, Title

et al., 1989] Berger[1996] veri�ed the conclusionsof Yi and Engvold[1993]. He observedthat

the existenceof the magnetic�eld is indeednecessary, although not su�cient, condicionfor the

occurenceof PBPs, becuasemagneticelementsare often found without associatedbright points.

They alsonoticed that �ligrees are located in the down
ow area.

The analysisof long time seriesof the plageregionobtainedwith the sameobservationalsetup

[Bergerand Title, 1996]showed that the conceptof stable
ux tubesof relativelyconstantshape
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is incapableto describe the PBPs (in this study the nameG-bandBright Points, GBPs,appears,

asfar asI know, for the very �rst time), becauseof their stronglydynamicinteractionwith similar

structuresand granuation,splitting and mergingand relativelyfast motion along the intergaran-

ular lanes(1-5km/s). They tried to estimatethe typical lifetimesof G-bandBright Points, which

turnedout to be a verydi�cult task, becauseof the mergingandsplitting events.They concluded

that 
ux that is locatedwithin a particular elementat a giventime will most likelybe redistributed

to other elementson a timescaleof 6 - 8 minutes. The typical timescalefor signi�cant morpho-

logical changeswas estimatedfor 100s. Bergeret al. [1998] analyzeda similar dataset, but as

they usedautomatedbright point tracking, they acheivedbetter statistical measureof the mag-

netic elementmotion. They found a meanmagneticbright point speedof 1.47km/s and a mean

lifetime of 560s, both resultscompared well with previousstudies. The mean interaction time

with the surroundingswas estimatedfor 360s, which is about the sameas the meangranulation

lifetime and supports the hypothesisthat the local granular 
o w indeeddrivesmost of the PBPs

motions.

Muller et al. [2000] showed that the time of maximum longitudinal �eld strength does not

always coincidewith the time of maximum brightnesswhich was in disagreementwith existing

modelsof the magneticconcentrations.More about it later.

Bergerand Title [2001] analyzedthe magnetogramswith the maximumspatial resolutionof

0.3arcsecand concludedthat all G-bandbright points, properly distinguishedfrom granulation

brightenings, are magnetic in nature. They found that relatively isolated GBPs are not only

cospatial,but also comorphouswith the associated magneticconcentrations. Hovewer, for the

bright points occuring in groups the structure seenin the magnetogramseemedto be more

di�use. The averagepeak
ux density of magneticelementswas135-180G and the bright G-band

structureslocated at the edgesof granulesshow no magneticsignal. Moreover, they observed

that GBPstend to occur in the sourroundingof 'magneticpathes'demarcatedby pores,transient

microporesor the abnormal granulation.

Wiehret al. [2004]usedthe G-bandandcontinuumobservationsmadeat the new1m Swedish

Solar Telescope to determinethe sizesof the photosphericbright pointsat a highspatialresolution.

They found the upper limit of the sizedistribution closeto 300km andobserveda decreasein the

number of PBPs havingdiametersmallerthan 130km. This agreeswith theoretical predictions

which are described in the next section.

Table4.1summarizesthe most important observational�ndings for photosphericbright points.

4.2 Understanding photospheric brigh t poin ts

The magnetic 
ux tube is one of the fundamental concepts in solar magnetohydrodynamics

(MHD). It is used to describe a variety of the solar phenomena: from sunspots to magnetic

elements.In the thin 
ux tube approximation [Roberts and Webb, 1978,Ferriz-Maset al., 1989]
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diameter lifetime proper motion LOS velocity reference
.[km] [s] [km s� 1]

350-1000 Spruit and Zwaan [1981]
150 30-3000s 0.65 (mean) Muller and Keil [1983]

1080(mean) quiet Sun
no 
o w Sten
o and Harvey [1985]

plage
350 (mean) 240-3600 0.65 (mean) Muller and Mena [1987]
300 (modal) 1020(mean) around a sunspot

0.35 (mean) down
o ws Yi and Engvold [1993]
quiet Sun

250 1.33 (mean) Muller et al. [1994]
1.0 (modal)
3.0 (max)

120-500 large velocity von der L•uhe [1994]
gradient active region

250 (mean) Berger et al. [1995]
220 (modal) plage and network
250 (mean) 0.5-5 Berger [1996]
220 (modal) 2.4 (rms) disk center plage

1-5 Berger and Title [1996]
around a sunspot

560 (mean) 1.47 (mean) Berger et al. [1998]
4200(longest) 0.3 (modal)

96-118 1.47 (mean) Berger and Title [2001]
4200(longest) 0.3 (modal)

down
o ws Langhanset al. [2002]
around a pore

100-300 Wiehr et al. [2004]
active region

Table 4.1: Overview of the observational results for photospheric bright points. The last
column contains referencesto the results and the location of the observed structures on the
Sun.
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the cross-sectionalscaleof the 
ux tube is smallas compared to both, the scaleof height of the

non-magneticsurroundingsand any spatial variation scalealong the tube [seee.g. Fan, 2004].

In the zeroth order thin 
ux tube approximation all physicalparametersin the tube (pressure,

denisty, �eld strengthetc.) are assumedto vary only alongthe tube. Then, 
ux pressurebalance

betweenthe 
ux tube and its unmagnetizedsurroundingsis givenby

p +
B 2

8�
= p0; (4.1)

wherep is the pressureinsidethe 
ux tube, B is the tube �eld strength and p0 is the pressureof

non-magneticsurroundings(Fig. 4.2).

"hot wall"

Dh

B B  = 0,p 0,p

Figure 4.2: Thin 
ux tub e model.

The gaspressurewithin the tube is reducedwith respect to its unmagnetizedsurroundingsby

the magneticpressureB 2

8� . The strongmagnetic�eld preventsconvective
o w acrossthe �eld lines

and there is only radiative energyexchangebetweenthe 
ux tube and its surroundingspresent,

which quickly establishesthermal equilibrium betweenthe 
ux tube atmosphereand the ambient

medium. Hence,the reducedgaspressurewithin the tube is achievedby a reduceddensity, which

causesphoton escape height being loweredby a Wilson depression� h. At the circumferenceof

the depressionhot exterior material is exposedand radiatesinto the 
ux tube. This is known as

the hot wall e�ect [Spruit, 1976].

The theory for understandingthe formation and evolution of magnetic 
ux tubes is the

magneto-convectionwhichdescribesthe interactionbetweenconvectivelydriven
o wsanda mag-

netic �eld. Magnetoconvectionprocesseson the Sun,are associatedwith [Sch•ussler,2001]:

� the generationof magnetic
ux by the solar dynamo,

� the structuring of magnetic�eld 
ux expulsion,

� magnetohydrodynamicinstabilitiesand magnetoathmosphericwaves,

� the transport of mechanicalenergy.

The mechanismof 
ux expulsionwasproposedin the mid-1960s[Parker, 1963,Weiss,1966].

It is the convectional
o w that expels frozen-inweak �elds from convection-cellinteriors to the
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intergranular lanesand to the boundaries of the supergranular cells. The order of magnitudeof

the �eld strength resultingfrom this processis givenby kinetic equipartition,

B
8�

=
�
2

v2; (4.2)

where � is the density and v the typical granular velocity. Eq. 4.2 expressesthe equality of

magneticand kinetic energydensity and the resulting �eld strength B = B eq is therefore called

the equipartition �eld strength. Closeto the solar surfaceit canbe estimatedto approximately400

G, which valuecannotbe signi�cantly exceeded,unlessadditionale�ects are taken into account.

MHD simulationsshow [e.g. Galloway and Weiss,1981,Grossmann-Doerth et al., 1998,Shelyag

et al., 2004]that an initially homogeneousverticalmagnetic�eld is advectedby the horizontal 
o w

and assembledin the down
ow regionsof the convectionpattern within few minutes. However,

magneticelementsharbour kG �elds, so that the expulsionmechanismis possiblyinsu�cient to

form them. As a consequenceof the 
ux expulsion,the horizontal 
o w is retarded towards the

down
ow regionsby the growing magnetic�elds. This leadsto a cooling of the magneticregion,

becausethe radiative lossescan not be balancedby the reducedhorizontal 
o w. As the gas

pressuredecreases,the magnetic �eld increasesand the down
ow accelerates,which givesrise

to the superadiabatice�ect [Parker, 1978,Spruit and Zweibel, 1979]: An adiabaticdown
ow in

a thermally isolatedmagnetic
ux tube leadsto a cooling of its interior with the respect to the

superadiabaticallystrati�ed surroundingsand it is followed by a partial evacuationof the upper

layers. To maintain the pressureequilibrium with the surroundinggasthe 
ux tube contractsand

the magneticpressureincreases.This mechanismallowsthe magnetic�eld to be locally intensi�ed

beyond the equipartition �eld strength.

When the initial �eld is stronger, a rebound of the down
ow appears followed by an upward

traveling shocks [Grossmann-Doerth et al., 1998]. More details concerningthe conceptsof 
ux

expulsionand intensi�cation can be found in Sch•ussler[1992].

Steineret al. [1998]carried out the 2D simulationof magnetic
ux sheetsembeddedin a non

stationary, radiativeconvection.They found a strong dynamicinteraction betweenthe magnetic

structuresandthe surroundings,like rapidoccasionaldisplacementsor inclinationof the 
ux sheet

with respect to the vertical direction(seeFig. 4.2. This swaying motion can leadto an occasional

exposition of a large area of \hot wall" at a favorableangletoward an observer.

During most of the simulation time the 
ux sheetwas formed by strong narrow down
ows that

are only rarely perturbed by convectivemotions. Thesedown
ows can evolveinto jets, i.e. they

accelerateand becomenarrower with depth. More detailson 
ux sheetdynamicscanbe found in

a reviewpaper by Steiner[1999].

Bellot Rubioet al. [2001]and Beck et al. [2006]presentedspectropolarimetric evidencesof a

convectivecollapseand an upward-propagatingshocks. Beck et al. [2006] found down
ow with

velocity of 2km/s and showed the magnetic �eld intensi�cation started before a bright point

becamevisiblein the G-band.
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Figure 4.3: Snapshotof a simulation of a magnetic sheetembeddedin non stationary convec-
tion. Magnetic �eld lines are shown in black, the velocity �eld is indicated by white arrows.
The temperature is indicated with colors (for a scalein Kelvin seethe top bar). The horizon-
tal black line indicates the surfaceof optical depth unit y for vertical lines of sight. Courtesy
of O. Steiner.

Similar results were obtained by Shelyag et al. [2004], who carried out 3D simulationsof

solar magneto-convectionincludinga spectral synthesisin the G-band. The mapsof the vertical

component of the velocity show that most of the photosphericbright points are associated with

down
ows, but someshow very strong up
ows of up to a few km/s.

4.3 Wh y are PBPs brigh t in the G-band ?

The G-bandin the solar spectrum is a molecular bandheadat around 430 nm and it consistsof

electronic transitions of the moleculeCH [Jorgensenet al., 1996]. The name comesfrom the

times whenonly low resolutionspectra wereavailable,whenthe bandheadappeared like a single

spectral line. The name'G' was assignedto this bandby Fraunhofer(1814).

As alreadymentioned,the photosphericbright points show a high contrast to the photosphere

whenobservedin the G-band. This e�ect is much smallerin the \white light". There havebeen

severalattempts to explainthis property of the small magneticconcentration,hereI will present

only the probablymost acceptedexplanation.

The G-bandbrightnessof magneticstructuresdependsmainly on the CH line strengths.The
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abundanceof the moleculeCH decreasesasthe magnetic�eld strengthincreasesasa consequence

of the di�erencebetween
ux tubeatmospherewith respect to the ambientmedium.[Shelyaget al.,

2004]. This processcausesthe weakeningof the CH linesin the magnetic
ux concentrationand

allows the continuumto shinethrough the thinned forest of CH linesacrossthe G-band[Steiner

et al., 2001].

The mechanismbehind the G-bandbrightnessof non-magneticstructures is very di�erent:

this is causeddue to an increaseof the local continuum intensity [Langhanset al., 2002]. This

is a result of a maximumin the CH number density for the granulescausedby the drop of the

temperaturearound the continuum-forming layers [Shelyag et al., 2004].

The observedspectroscopicpropertiesof magneticandnon-magneticG-bandbright structures

were investigatedby Langhanset al. [2002] who presentedthe spectra of isolatedbright points

(seeFig. 4.3) andproposedthe classi�cationof thosestructuresbasedon their spectral signatures

in the spectral rangefrom 430.24to 430.78nm.

Figure 4.4: Bright point spectra. The thin curve corresponds to an averaged spectrum,
obtained in the undisturb ed Sun. Left: single bright point spectrum. Right: Averagedspec-
trum of all observed bright points. The shadedrange corresponds to the 2� -level. Courtesy
of K. Langhans.

As a classi�cation tool the 'Bright Point Index' (BPI) which is de�ned as the ratio of the

relative line depressionsof the Fe II (430.32 nm) and the CH line (430.34nm), minus one, was

introduced:

B PI =
I cont � I F e

lc

hI cont � I F e
lc i

�
hI cont � I CH

lc i
I cont � I CH

lc

� 1;

whereI cont correspondsto the continuumintensity at 430.33nm.

The BPI helps to distinguishstructureswhosebrightnessis causedby a weakening of the CH

line (high BPI) from those with enhancedcontinuum intensity causingbrightness(low BPI).

Moreover,structurescharacterizedby a high BPI (= an increasedline core intensity of the CH

absorption lines) are located in the down
ow regionsof intergranular lanesand those with low

BPI are relatedto granulesand do not show a down
ow. This conclusionseemto coincidewith
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the magnetic/non-magneticclassi�cation introducedby Bergerand Title [2001].



Chapter 5

Spectroscop y of photospheric brigh t

poin ts

5.1 Observ ations

The observationspresentedand analyzedin the following sectionswere taken on November 7th,

2002at the GermanVacuumTower Telescope on Tenerife,Spain. The data set analyzedhereis

described in detail in Sec.3.2.1, the only di�erence beingthat the TESOSimagesare now resized

in order to match the imagescaleof Dalsa.

5.1.1 Velocit y maps

A singlescanfrom a tunable2-D �lter instrumentprovidesan observerwith a spectral line pro�le

at eachpixel of the image. Theseline pro�les canbe useto derivethe line-of-sightvelocity which

is oneof the most important quantitiesthat can be obtainedfrom a spectroscopicmeasurement.

As mentionedin Chapter 3, bisectors represent the wavelengthshifts of the line at speci�c

intensity levelswith respect to a referencewavelength.Thesewavelengthshiftscanbe interpreted

as Dopplershifts:

� � D =
�v
c

; (5.1)

where� is a referencewavelength,c is the speedof light and v is the velocity of the solar plasma

generatingthe line spectral line.

If the sourceis movingaway from the observerthe observedwavelengthis greater(red-shifted),

and if the sourceis movingtoward the observedwavelengthis shorter (blue-shifted).

A Doppler shift givesus the line-of-sightcomponent velocity of the plasma. If the sourceis

located at the solar disk center this velocity corresponds to the vertical motion of the plasma.

However,if the signalcomesfrom the locationaway from the diskcenterthe observedline-of-sight

velocity containsboth the vertical and horizontal velocity component of the movingplasma.The

49
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magnitudeof this e�ect dependson the heliocentric angle� :

vLO S = v? cos� + vk sin� ; (5.2)

wherevLO S is the observedline-of-sightvelocity, and v? and v? are the horizontal and vertical

velocity components,respectively. If the observedarea is locatedat the disk centerthe measured

LOS velocity correspond to the vertical component of the plasmavelocity.

Line-of-sightvelocitiesare derivedfrom the shift of the line pro�le with respect to a reference

position. This could be the laboratory value,but there are severalpractical reasonswhich made

this solutionunpopular:

� the laboratory wavelengthis not always known with a su�cient precision

� relativemotionsbetweenthe Sunand an observer,which includesthe Earth's rotation and

orbital motion and the solar rotation, needto be taken into account

� the velocities haveto be corrected for the gravitational red-shift and the convectiveblue-

shift.

In practice, a position of a meanline pro�le of undisturbed granulationor of a spot/p ore is used

asa reference.I decidedto usea largerpore asa velocity reference,becausethereis no convective

blue-shift in poresor spots. In addition, all the relativemotionsbetweenthe Sunand an observer

are automaticallytaken into account.

The accuracyof the line shift measurementdependson the spectral sampling. Ideally, the

samplingshouldbe at leastat twice the theoretical spectral resolutionof the instrument(\critical

sampling"), but the compromiseconcerningthe scanduration hasoften to be made. The spectral

resolutionof TESOSat 557.6 nm is 1.74pm and the data presentedin this thesiswas sampled

with the step of 0.84pm. The precisionof the velocity determinationis analyzedin AppendixB.

It has to be mentionedthat the seeingchangesduring a scancan in
uence the line pro�le

and a resultingline shift measurement.It is due to the changesof the rms contrastof the image,

which can result in arti�cial, seeing-induced, shifts of the line position. This e�ect was described

in detail by Schlichenmaierand Schmidt [2000]. Therefore, it is very important to choose the

scansrecorded underthe constantseeingconditions.

As mentionedabove, the center of the pore (averagedover all �ve scans)was used as a

velocity reference.I determinedthe line core position by performing a least-squaressecond-order

polynomial�t to the central part (12 wavelengthstepswide) of the line pro�le. The minimum of

the �tted curvewas then usedas a line core position.

I performed a line bisector analysisat each pixel for the whole FOV for all �ve scans. 40

bisector positionswerecalculatedat intensity levelsbetween2% and 80% of the line depression.

The narrow-band 2-D spectrogramsoften su�er from a very low SNR ratio, especially in a line

core, which can result in verynoisyvelocity maps. In order to improvethat, an averageover four
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(or more) pixel or overseveralbisector positionsfor eachsinglepixel can be used. In this thesisI

adoptedthe latter approach.

Fig. 5.1 shows the line-of-sightvelocity mapsderivedfrom the �rst scanand deducedfrom

wavelengthshifts in the line wing (bisector positions from 42% and 80% of the line depres-

sion, upper row) and the line core (bisector positionsfrom 2% and 40% of the line depression,

bottom row), before (left) and after (right) the speckledeconvolutionprocess. Negativeveloc-

ities (green/blue) point toward the observerand correspond to blue-shifts,while positive ones

(yellow/red) correspond to red-shifts.
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Figure 5.1: Dopplergrams derived from red line wing (top) and the line core (bottom) in-
tensities. Left panel: un-restored data. Right panel: deconvolved data. Yellow/red denotes
down
o ws and green/blue denotesup
o ws.

It can be clearly seenthat the higher contrast and spatial resolutionof speckledeconvolved

data is transferredto the velocity maps,but the overallvelocity structure acrossthe FOV is well

preserved.

The Dopplergramderivedfrom the line core hasa lower contrastthan the velocity mapderived

from the line wing. In order to understandthat the knowledgeabout the height of formation of

spectral linesin the solar atmosphereis needed.The observedquantity - in this casethe intensity
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at a givenwavelength- hascontributionsfrom severalatmosphericlayers. The formation region

of the core of the Fe I line at 557.6nm is locatedat higherphotosphericlayers(300-400km above

the level� 500nm = 0, seeAppendixC andSec.5.7), while the wingsare formeddeeper in the solar

photosphere(about 100km abovethe level� 500nm = 0). Sincethe granular 
o w ceaseshigherin

the solar atmosphere,the velocity mapsderivedfrom the line core show lesscontrast.

The weak grainy pattern in the velocity mapscalculatedfrom the speckledeconvolveddata

is most prominent in areas with low signal-to-noiseratio (e.g. inside the pores). A similar

e�ect can be seenin the velocity mapspresentedfor exampleby Hirzbergerand Kneer [2001],

calculatedfrom the data restored in a verysimilar way. More surprisingly, a similar pattern occurs

in the Dopplergramsshown by S•utterlin et al. [2001b],obtainedfrom �ve speckle-reconstructed

�ltergrams. This suggeststhat the artefacts in the Dopplermapsare not an intrinsic property of

the speckledeconvolution,but most probablyare an e�ect of the bandpassnoisein certain areas

of the image.

Fig. 5.2 shows the line-of-sightvelocity mapsderivedfrom all �ve scansandthe corresponding

G-bandimages.

5.2 Iden ti�cation of brigh t poin ts in the G-band images

A very important stepof my analysisis to identify the photosphericbright points. This hasto be

doneautomatically, becausethe number of the photosphericbright structuresin the givenFOV

can be as large as few hundreds. The automated detection of the photosphericbright points

becomesevenmore important for long time sequences.

As alreadymentioned,oneof the most favorablespectral regionsto detectphotosphericbright

points is the G-bandaround 430.5nm. But a closerlook at the data revealsthat there are many

more small bright structuresin the G-bandwithout being photosphericbright points, e.g. bright

edgesof the granules.Moreover,manyG-bandbright points show very large contrast locally, but

are lessbright then the brightest granules.Theseare the reasonswhy simplethresholdoperation

is not su�cient to identify the PBPs.

There are severalapproachesto this problem described in the literature: subtracting the

white-light imagesfrom the G-band imagesand then applying the threshold [Nisensonet al.,

2003],blob-�nding algorithm [Bergeret al., 1995],multiple leveltracking algorithm [Boveletand

Wiehr, 2001]etc.

The method appliedby me is a modi�cation of the approach of Bergeret al. [1995]. First,

the blob-�nding algorithm developed by Rosenthal[Tomita, 1990]is appliedin order to enhancea

contrast of structuresof givensizeand shape. The following quantity is computedat everypixel

of the image:

B (x; y) =
1

(2M + 1)2

x+ MX

u= x� M

y+ MX

v= y� M

I (u; v) �
1

(2N + 1)2

x+ NX

u= x� N

y+ NX

v= y� N

I (u; v) ; (5.3)
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Figure 5.2: G-band intensities and Doppler velocity maps for the �v e scans. From left to
right: G-band intensity, line wing velocity, line core velocity. In the velocity mapsyellow/red
denotesdown
o ws and green/blue denotesup
o ws.
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whereM, N are integers,M < N and I (x; y) is the intensity at the pixel (x; y). The operator

B (x; y) returnseither positive(bright blobs) or negativevalues(dark blobs).

In caseof the presenteddata the optimum increaseof the contrast for smallbright structures

was achievedfor M=2 and N=3, which correspondsto 5 � 5 and 7 � 7 pixel, or 0:28� 0:28 and

0:39 � 0:39 arcsecarea, respectively. In the next step, the thresholdoperation is performed with

the thresholdvalueof 15% of the maximumwhich resultsin a binary mask. The structureswith

an area smallerthan 7 pixelsare then rejected. Further, the 'blobs' are divided into two groups:

round and elongatedones.The round ones(as long as they do not exceeda reasonablearea) are

consideredto be singlestructures,while the elongatedonesare then investigatedfor a presenceof

an internal gradient. If sucha gradientalong the structureexists,it is consideredto be a 'chain'

of individual bright points and divided. As a �nal step, the surroundingsof all potential bright

points are investigatedin order to distinguishgranular brighteningsfrom the bright points located

in the intergranular lanes. This procedureleavesus with the binary mask with 1 at the bright

points locationsand 0 elsewhere.

It isdi�cult to estimatethe detectionerrors in a caseof a photosphericbright point recognition.

This is causedby a lack of a very precisede�nition of a bright point. As alreadymentionedin

Sec.4.1, the shape of a PBP is round or almost round. I also follow the approach of Langhans

et al. [2002] distinguishingbetweenPBPs in the intergranular lanesand bright featurescon�ned

to granules.When an intergranular lane is very narrow, it is very di�cult to distinguishbetween

thesetwo typesof G-bandbright structures. This is very often the casein abnormal granulation

regions.

The �nal binary maskusuallycontainssome(5-10%) clear false-positivedetectionswhichhave

to be removedmanually. For example: in a caseof the data presentedhere, there were some

bright structuresat the edgeof the pore misidenti�ed as bright points, becauseof their sizeand

high local G-bandcontrast. The number of false-negativedetectionsis usuallysmallerand stays

below 5%.

I removedlarge elongatedbright structuresfrom the �nal binary mask,they will be subjectof

a separated study.

Fig. 5.3 illustratesthe processfrom the G-bandimageto the �nal binary mask.

5.3 Line-of-sigh t velocit y distribution

The binary masksdescribed in the previoussectionwere usedto investigatethe distribution of

line-of-sight velocities of photosphericbright points. Fig. 5.5 shows the line-of-sight velocities

calculatedfrom the line wing plotted versusthe line-of-sightvelocity calculatedfrom the line core

of Fe I line at 557.6nm. The blue symbols denotevelocities of singlebright points computed

with the centerof the pore as a reference.The mean,medianand standard deviationof the line

core and line wing velocitiesare listed in Tab. 5.3. Onecan noticea relativelylargescatterof the
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Figure 5.3: Example of photospheric bright points detection process. Upper left: input G-
band image. Upper right: blob-enhancedimage. Bottom left: combination of the input
image and the mask resulting from the threshold operation on the blob-enhancedimage and
removing small structures. Bottom left: combination of the input image and the �nal mask,
after manual removal of misidenti�ed structures. 233 structures are left after the �nal visual
inspection. One major tick mark corresponds to �v e arcsec.
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Velocity - line core [km/s] Velocity - line wing [km/s]
No structures Mean Median Standard Deviation Mean Median Standard Deviation

233 -0.088 -0.084 0.199 0.127 0.140 0.260
247 -0.065 -0.059 0.175 0.158 0.171 0.227
223 -0.094 -0.087 0.160 0.102 0.117 0.203
243 -0.059 -0.067 0.197 0.116 0.122 0.243
243 -0.058 -0.080 0.185 0.148 0.143 0.228

Table 5.1: Statistics for line-of-sight velocities of photospheric bright points. Rows from top
to bottom correspond to the �v e scans.Velocities werecalculated with the center of the pore
(mean over all �v e scans)as a reference.

results,which canbe explainedby the presenceof solar oscillations.The solar photosphereshows

periodic motionswith periods of about 3-12 min (mostly referredto as"5-min" oscillations),the

origin of whichhasnot yet beenclearly understood. The typicalspatialscalesof thoseoscillations

are of order of 10Mm which correspondsto 10-15 arcsec,the velocity amplitude is typically 0.5

to 1km/s. Since the characteristic spatial pattern scaleof the oscillationsis smaller than the

investigatedarea, it can be expected that their contribution to the line-of-sight velocity varies

acrossthe �eld of view.

In order to account for this e�ect, I usedthe immediatesurroundingsof eachdetectedpho-

tosphericbright point as a velocity reference. First, I calculatedthe center of gravity of each

structure, then de�ned an area of 7 � 7 pixelscenteredat the centerof gravity of a givenstruc-

ture. The pixelsbelongingto the bright structure itself were then subtractedand the remaining

pixelswere usedas a velocity reference.The velocities computedwith respect to an immediate

surroundingsde�ned aboveare plotted as blue symbols in Fig. 5.5.

Fig. 5.4 presentsthe spatial distribution of the photosphericbright points associated with an

up
ows and down
ow. The up
ows are denotedwith blue and the down
ows with red contours.

Table 5.3 presentsthe statistics for the line-of-sightvelocities computedwith the immediate

surroundingsas a reference. One can notice that the line core velocities are very closeto zero

and similar for all the investigatedstructures(standard deviation below 50 m/s). This can be

understood as a ceasingof the 
o w in the higher photosphericlayers. As far as the line wing

velocities are concerned,the mean and median velocity are of order of 200m/s, which means

slight down
ow with respect to the immediatesurroundings.This is (roughly) in agreementwith

the resultspresentedin Chapter4. The largestdown
ow found in the analyzeddatasetis of order

of 800 m/s.

The resultsare presentedagain in form of histogramsin Fig. 5.6 (line core velocities in the

right panel and line wing velocities in the left panel). Blue line representsvelocities calculated

with respect to the pore, and the red line - the velocitiescalculatedwith respect to the immediate

surroundings.
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Figure 5.4: The combination of the G-band images,the �nal \brigh t points mask" and line-
of-sight velocities deducedfrom the line wing of Fe I line at 557.6nm for all �v e scans.Bright
points with down
o ws relative to the immediate surroundingsare denotedwith red contours,
and bright points associated with relative up
o ws - with blue contours. One major tick mark
corresponds to �v e arcsec.
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Figure 5.5: Line-of-sight velocities of photospheric bright points from the �v e scans. Blue
symbols: velocities with respect to the center of the pore. Redsymbols: velocities with respect
to the immediate surroundings (7 � 7 pixels). The error ellipsesindicate the determination
precision of the line-of-sight velocity.
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Figure 5.6: Distribution of the line-of-sight velocities of photospheric bright points derived
from the line core (left panel) and the line wing (right panel) from the �v e scans. Blue
line: velocities with respect to the center of the pore. Red line: velocities in respect to the
immediate surroundings (7 � 7 pixels).
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Velocity - line core [km/s] Velocity - line wing [km/s]
No structures Mean Median Standard Deviation Mean Median Standard Deviation

233 0.021 0.022 0.044 0.236 0.244 0.149
247 0.021 0.022 0.035 0.244 0.248 0.128
223 0.020 0.020 0.026 0.216 0.225 0.100
243 0.023 0.020 0.033 0.198 0.188 0.109
243 0.021 0.019 0.037 0.227 0.231 0.135

Table 5.2: Statistics for line-of-sight velocities of photospheric bright points. Rows from
top to bottom correspond to the �v e scans. Velocities were calculated with their immediate
surroundings (7 � 7 pixels) as a reference.

5.4 Are photospheric brigh t poin ts brigh t in the line core of

Fe I at 557.6 nm ?

As alreadymentioned,the brightnessof the photosphericbright point in the G-bandand in the

continuum around 550nm is correlated, although the contrast of PBPs to the meangranulation

is higher in the G-band. I investigatedthe correlation of the brightnessof PBPs in the G-band

and in the core of the Fe I spectral line at 557.6nm. As mentionedbefore, the line core originates

higherin the solar photospherethan the continuumand sincethe granular 
o w ceaseshigh in the

photosphere,no typical granular pattern can be found in the line core imageof the investigated

spectral line.

Fig. 5.7 shows the \b right point mask" superimposedat the G-bandimage(left) and the line

core image (right). One can notice that the G-bandbright points are generallycospatialwith

the bright areasin the line core image. There are bright area in the left sideof the �eld, where

no bright points matching the detection criteria were found, but the granulation in the G-band

imagesat this location seemsto be disturbed. On the other hand, there are someG-bandbright

points locationsthat are not brighter that the meanin the line core.

Fig. 5.8 demonstratesthis e�ect: in the left panelFe I line core intensitiesnormalizedto the

meanare plotted vsnormalizedG-bandintensitiesat the bright point location. Right panelshows

the samequantities, but for the full �eld of view, one dot corresponds to one pixel. The latter

correlation diagramagreesqualitativelywith the �ndings of Bergeret al. [1998]who distinguished

threecomponentsin their correlationdiagrams(G-bandintensity contrastvs468.6nm broad-band

intensity contrast): bright points, di�use component (bright in the G-band)and granulation.

5.5 Individual cases

In this sectionI will analyzethe dynamicpropertiesof four individualphotosphericbright points.

Eachof the individualcasesis illustrated with a similar �gure: in the upper row thereare G-band

imagescenteredat the analyzedstructures,the middlerow show cross-sectionsof the G-bandand
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Figure 5.7: Combination of the \brigh t point mask" and the G-band image (left) and the
image at the core of Fe I line at 557.6nm. One major tick mark corresponds to �v e arcsec.

Figure 5.8: Normalized G-band intensities vs normalized intensities in the line core of Fe I
line at 557.6nm. Left: bright points locations. One symbol corresponds to one bright point.
Right: full �eld of view. One symbol corresponds to one pixel. The error of the intensity
measurement is about 2%.
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the continuum(at 550nm) intensitiesand the line-of-sightvelocitiescalculatedfrom the line core

and line wing of the Fe I spectral line at 557.6nm. The velocitieswerecalculatedwith respect to

the centerof the pore (meanof all �ve scans),down
ows are positive,up
ows are negative.

5.5.1 Individual case 1

This is a caseof a forming photosphericbright point at the edgeof a granule. The G-band

contrast of the PBP increasesfrom scanto scan.

The line-of-sightvelocities from the line wing from the �rst two scansshow a down
ow signa-

ture that can be associated with the PBP and vanishesin the third scan. The magnitudeof this

signatureis of order of the precisionof the line-of-sightvelocity determination(seeAppendixB),

but sinceit persistsin the two-three scans,it shouldbe taken into account. The line-of-sight

velocity from the line core shows a relativedown
ow for the �rst andsecondscan,no relative
o w

in the third scananda relativeup
ow in the fourth and �fth scan. The magnitudeof this e�ect is

againrather small,but it could originate from a rebound shock in the higherphotosphericlayers,

described in Chapter4.

Onecannotice that the maximumG-bandcontrast (scan3) is shifted in time by about 90 s with

respect to the momentof the maximumdown
ow (scan1).

The bisectors of the photosphericbright point and its immediatesurroundingsare verysimilar

and resemblethose of \abnormal" intergranular lanes(seeChapter3) and they do not change

much in time.

5.5.2 Individual case 2

At the �rst G-bandimageonecan seetwo rather dim G-bandstructuresin the intergranular lane

betweentwo granules.On the consecutivescansthe \upper" onevanishes,while the intensity of

the other increasescontinuously. The investigatedPBP is associatedwith a sharp down
ow on all

the �ve scans.Whenlookingat the velocity, it is easyto noticethe largedown
ow forming on the

left sideand �nally mergingwith the down
ow associatedwith the bright point. Interestingly, the

slight di�erence betweenthe line-of-sightvelocities betweenthe down
ow regionand the bright

point location persistsuntil the endof the time sequence.Similar to the Case1 the maximumof

the G-bandbrightnessis shifted in time in comparison to the maximumof the relativedown
ow.

The velocities deducedfrom the line wing and line core show similar temporal behavior.

5.5.3 Individual case 3

This is a caseof an alreadyexisting photosphericbright point with only slight changesin the

G-bandcontrast. This bright point is associated with a down
ow, but the line-of-sightvelocities

do not show any signaturethat would distinguish this bright point from its intergranular sur-

rounding. During the time sequence,a reductionof the down
ow associated with the PBP and
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Figure 5.9: Individual case1. Top row: G-band image, the FOV is 5:5 � 5:5 arcsecand
centered at the analyzed structure. Bottom row: Coursesof the G-band (blue line) and the
continuum (at 550.0nm, green line) normalized intensities, line core velocity (thin line) and
line wing velocity (thick line).

Figure 5.10: Individual case2. Top row: G-band image, the FOV is 5:5 � 5:5 arcsecand
centered at the analyzed structure. Bottom row: Coursesof the G-band (blue line) and the
continuum (at 550.0nm, green line) normalized intensities, line core velocity (thin line) and
line wing velocity (thick line).
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Figure 5.11: Individual case3. Top row: G-band image, the FOV is 5:5 � 5:5 arcsecand
centered at the analyzed structure. Bottom row: Coursesof the G-band (blue line) and the
continuum (at 550.0nm, green line) normalized intensities, line core velocity (thin line) and
line wing velocity (thick line).

its surroundingscan be noticed,but this can be an e�ect of the granular 
o w.

The bisector of the bright point andits surroundingsare characteristicfor \quiet" intergranular

lanesand do not show any signi�cant temporal evolution.

5.5.4 Individual case 4

This isolatedphotosphericbright point is one of a few casesshowing a relative up
ow, both in

the line wing and the line core. It shows a moderateG-bandcontrast in the �rst scan,becomes

fainter with time and almost vanishesin the �fth scan,so one can assumethe caseof an \old"

PBP.

The up
ow is the strongestin the �rst scanand becomeslesssigni�cant in the secondand

third scan,to changeinto a relativedown
ow in the fourth scan.

In the �rst and secondscanthe bisector of the bright point shows only small variation with

the height, in the later scansthe relativedown
ow in the higherlayersincreasesand the relatively

largevelocity gradientis present.The bisector of the surroundingsresemblesthoseof \abnormal"

intergranular lanes.
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Figure 5.12: Individual case4. Top row: G-band image, the FOV is 5:5 � 5:5 arcsecand
centered at the analyzed structure. Bottom row: Coursesof the G-band (blue line) and the
continuum (at 550.0nm, green line) normalized intensities, line core velocity (thin line) and
line wing velocity (thick line).

5.6 Elongated structures

As previouslymentioned,the elongated,large and homogeneousstructureswere removedfrom

\b right point masks",becausethey do not ful�ll the commonrecognitioncriteria (e.g. shape). I

investigatedthree \lo op-like" structuresthat persistedalmost unchangedthrough all �ve scans.

First, I calculatedthe intensity and velocity gradientsalong the structures' \spines", i.e. line

segmentsconnectingthe most distant points of the structures. The spinewas found using the

thinning algorithm. The resultsare shown in Fig. 5.13. The normalizedG-bandintensity is plotted

with a blue line, the intensity at the 550 nm continuum - with a greenline. Both the line core

(thin line) and the line wing (thick line) intensitiesare over-plotted. Note, that the sizesof the

structurescan vary from scanto scan.

All three structuresseemto be internally quite homogeneous,as far the intensity and the

velocity is concerned.Their temporal evolution is slower whencomparing to the PBPs and they

are more resistantversusthe granular motion. Only the structurepresentedin the right columnof

Fig. 5.14 shows somesignsof splitting in the last scan. The elongatedobjectsare inconspicuous

in velocity (seemiddleand bottom row of Fig. 5.14)
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Figure 5.13: From left to right: three examplesof elongatedG-band bright structures. From
top to bottom: intensities and velocities for all �v e scans.Coursesof the G-band (blue line)
and the continuum (at 550.0nm, green line) normalized intensities, line core velocity (thin
line) and line wing velocity (thick line)

.



5.7. VELOCITIES AND HEIGHT OF FORMATION OF SPECTRAL LINES 67

      

 

 

 

 

 

 

      

 

 

 

 

 

 

      

 

 

 

 

 

 

0.0 0.5 1.0 1.5 2.0 2.5
arcsec

0.0

0.5

1.0

1.5

2.0

2.5

ar
cs

ec

0.0 0.5 1.0 1.5 2.0 2.5
arcsec

0.0

0.5

1.0

1.5

2.0

2.5

ar
cs

ec

0.0 0.5 1.0 1.5 2.0 2.5
arcsec

0.0

0.5

1.0

1.5

2.0

2.5

ar
cs

ec

0.0 0.5 1.0 1.5 2.0 2.5
arcsec

0.0

0.5

1.0

1.5

2.0

2.5

ar
cs

ec

0.0 0.5 1.0 1.5 2.0 2.5
arcsec

0.0

0.5

1.0

1.5

2.0

2.5

ar
cs

ec

0.0 0.5 1.0 1.5 2.0 2.5
arcsec

0.0

0.5

1.0

1.5

2.0

2.5

ar
cs

ec

Figure 5.14: From left to right: three examplesof elongatedG-band bright structures. Top
row: G-band image, the FOV is 5:5 � 5:5 arcsecand centered at the analyzed structure.
Middle row: Line-of-sight velocity deduced from the line core. Bottom row: line-of-sight
velocity from the line wing.

5.7 Velocities and heigh t of formation of spectral lines

As alreadymentionedin Chapter4, the physicalconditionsare di�erent within a 
ux tube and its

surroundingwhich causesthe Wilson depression. As a consequence,the observedspectral lines

are formed at the di�erent geometricalheightsinsideand outsidea 
ux tube.

Fig. 5.15 shows the temperature structure inside (solid line) and outside (dashed line) a

magneticelementplotted versusthe optical depth (left, seeC) and the geometricalheight (right).

The interior of a magneticelementis representedhereby network 
ux tube model atmosphereof

SolankiandBrigljevic[1992]. The geometricalheightcorrespondsto anatmospherethat surrounds

the 
ux tube where� (z = 0) = 1. One can easilysee,that the 
ux tube atmosphereis \shifted

downwards" with respect to the non magneticsurrounding,so that the pressureequilibrium is
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Figure 5.15: Model temperature inside (solid line) and outside (dashed line) a magnetic ele-
ment versusthe optical depth and the geometricalheight (right). For the models description
seetext. Courtesy of O. Steiner.

maintainedwhentaking the magneticpressureinto account. In this case,the \Wilson depression"

is of about 100km.

The non magneticsurroundingis representedby solar atmospheremodel F (averagesupergranule

cell interior) of Fontenlaet al. [1999].

The determinationof the line-forming layers can be carried out with the useof contribution

functions, which give the contribution of the di�erent atmosphericlayers to an observedquan-

tit y. For this analysisthe contribution function to the line depression(seee.g.Magain[1986] or

Gurtovenko et al. [1991]) for the Fe I line at 5576nm (calculatedfor the local thermodynamic

equilibrium (LTE) conditions)was used.

Upper panelof Fig. 5.16 shows the formation depthsof the analyzedFe I inside(solid line)

and outside(dashedline) a magnetic
ux tube plotted versusthe spectral distancefrom the line

core (� = 0). One can see,that in the continuum the di�erence in the formation depth about

100km and increasesto 200km in the line core. Lower panelof Fig. 5.16presentsthe samedata,

but plotted versusthe relative line depression(0 correspondsto the continuumand 1 to the line

core).

The e�ect of the \Wilson depression"demonstratedabovehaspractical consequencesfor the

analysisof the line-of-sightvelocitiesof photosphericbright points andtheir surrounding.Because

of di�erent physicalconditionsinsideand outsideof thesestructuresa direct comparison of the

velocities may be di�cult.
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Figure 5.16: Formation height of Fe I spectral line at 557.6nm inside (solid line) and outside
(dashedline) a magnetic 
ux tub eversusthe spectral distancefrom the line core(upper panel
� = 0 correspondsto the line core) and the relative line depression(lower panel, 0 corresponds
to the continuum and 1 to the line core). Courtesy of O. Steiner.
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Chapter 6

Conclusions and outlo ok

In this chapterI summarizethe resultsdiscussedin the previouschapters.The summary is followed

by the conclusionsand discussionof possibleextensionsof this work.

Summary

Chapter 2: KISIP V - a user-friendlyversionof the implementationof the extendedKnox-

Thompsonspecklereconstructionalgorithm developed at KIS - is now available.The packagehas

beentested using simulatedand real data. Simulateddata permit to compare a specklerecon-

struction with input data, estimatephotometric errors of the specklereconstructionprocessand

understandwhich set of input parametersis requiredfor givenatmosphericconditionsand a solar

scene.

The applicationof KISIP V to observationaldata was mostly successfuland the rangeof atmo-

sphericconditionswhich can be successfullytreated by speckle imaging turned out to be very

large. Evendata with a Fried parameterof order of a few cm could providea decentreconstruc-

tion. We generallyuseKISIP V with observationstaken with adaptiveoptics. Our experience

provesit to be a well working combination. First, speckleimaging is sensitiveto slowly varying

low order aberrationsof the optical system,especially at good seeingconditionsand the adap-

tive optics e�ectively removesmost of this kind of quasi-staticaberrationse�ciently . Second,

adaptiveopticscompensatelow ordersof dynamicaberrations,while higherordersare partially or

fully uncompensated.Therefore, the SpeckleTransferFunction for an uncompensatedwavewith

better seeingcan be usedas a �rst order approximation of the SpeckleTransferFunction for a

partially compensatedwavefront.

Chapter 3: Speckledeconvolutiontechniquesare alreadyestablishedin the solar physicscom-

munity. Our implementationof the method proposedby Keller and von der L•uhe [1992] was

tested on high resolutiontwo-dimensionalspectroscopicdata from in order to test its in
uence

on the spectral line pro�les. The analysis,includingthe measurementof line position and depth,
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as well as the line asymmetry, revealedthat the line pro�les were changedby the reconstruction

in the expectedway for increasingspatial resolution. In particular, local changesof intensity on

small spatial scaleshavethe correct sign, line pro�les of bright structuresshow a decreasedline

width and thoseof dark oneshavean increasedline width and line asymmetriesare preserved.

The �ndings presentedin this thesisprovethat speckle-reconstructedspectral line pro�les can be

usedfor quantitative spectroscopy.

Oneof the advantagesof 2-D spectroscopy is the possibility to clearly distinguishbetweendi�er-

ent photosphericstructures. The investigationsof the line shifts and asymmetriesof quiet and

\abnormal" granulationcon�rm the previous�ndings from 1-D spectroscopy: there is indeeda

signi�cant di�erence betweenthe line asymmetryin quiet and disturbed granulation.

Chapter 5: Two-dimensionalspectroscopicdata from TESOS and G-band �ltergrams were

usedto investigateline-of-sightvelocitiesof photosphericbright points. First, photosphericbright

points, properly distinguishedfrom granular brightenings,are localizedon a G-bandimages.Then

line-of-sightvelocitiesderivedfrom the line wing and the line core of Fe I spectral line at 557.6nm

are calculatedfor everyPBP. The scatterin the LOSvelocitiescalculatedwith a centerof the pore

asa velocity referenceis most probablydueto the presenceof solar oscillations.This is the reason

why the local velocity referencesare better whencomparing the structuresfrom di�erent areasof

the �eld of view. Most photosphericbright points show down
owswith respect to their immediate

surroundingsin the lower photosphericlayers which agreeswith the previous�ndings. However,

although the high contrast of the photosphericbright points persistsin the higher photospheric

layers(the line core �ltergrams), the 
o w seemsto ceasethere.

In many cases,the high spatial resolutionof spectral data presentedhere allows to follow the

changesin the line-of-sightvelocity of the bright points and their immediatesurroundings.Four

signi�cant singlecasesof photosphericbright points were presentedin order to demonstratethe

variety of dynamicpropertiesof thosestructures.

The elongatedG-bandbright structuresdo not ful�ll the detectioncriteria for the PBPsare there-

fore wereinvestigatedseparately. They are quite homogeneousasfar asline-of-sightvelocitiesare

concernedandverystableagainstthe granular 
o w. A detailedstudywith more objectsis needed

to understandif they are unresolved\chains" of photosphericbright points, loop-like structures

or e�ects of swaying motion of magnetic
ux tubes(seeChapter4).

Conclusions

The solar data usedin this thesiswasimprovedin both active(adaptiveoptics) or passive(speckle

reconstructiontechniques)way. It wasprovedthat the speckle-deconvolvedspectral pro�les from

TESOSdo not show artefacts compromisingtheir usagefor a quantitative analysis.

The specklereconstructedpro�les of Fe I spectral line at 557.6nm were usedto investigatethe

line-of-sight velocities of photosphericbright points. The majority of the photosphericbright
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points are associatedwith down
ows, which is in agreementwith MHD simulations[Steineret al.,

1998,Grossmann-Doerth et al., 1998,Shelyaget al., 2004],aswell asthe fact that largervelocities

werefound in the line wing (lower photosphericlayers) than in the line core (higher photospheric

layers). Hence,this result is an indication for a convectivecollapse(seeChapter4).

There were only very few photosphericbright points in the analyzeddata which showed up
ows

with respect to their immediatesurroundings.This e�ect waspredictedby MHD simulationcarried

by Grossmann-Doerth et al. [1998].

However, the magnitudeof the line-of-sightvelocities presentedin this thesisis smallerthan

predicted by the above-mentionedMHD simulations(up to few km/s). This can be due to a

di�erent spatial resolutionof the modelsand the data presentedhere.

The analysisof singlephotosphericbright points shows that the maximumdown
ow usually

does not coincidewith the maximum G-bandintensity [seeBeck et al., 2006]. The maximum

down
ow ischaracteristicfor the initial phaseof a photosphericbright point existence.Thedynamic

interactionof photosphericbright points with the granular 
o w known from the analysisof G-band

imagessequences[seee.g. Berger et al., 1995] can be also observedin Dopplergrams,e.g. as

mergingof two down
ow regions.

The analysisof the line core imagesrevealedthat there are bright areas at photospheric

bright points locations. This can be an indication that thesestructurespersist with height in

the solar atmosphereand a justi�cation of the e�orts to understandwhetherchromosphericand

photosphericbright points are manifestationsof the samesolar structures.

Outlo ok

The resultspresentedin this thesisgivesomenewinsightsinto the dynamicsof photosphericbright

points. During our next observationalcampaigne�orts will be made to perform simultaneous

measurementsof line-of-sight velocities and magnetic �elds of photosphericbright points with

TESOSand TIP (TenerifeInfrared Polarimeter) at the VTT. A longertime serieswould allow to

�lter the solar oscillationsand therefore get more precisevelocity estimation.

The spatial scalesrelevantto magneticelementsstill cannot be fully resolved,becausethey

are below the di�raction limit of currently operating solar telescopes. This situation will improve

quite soon, when the new 1.5m solar telescope GREGORat the Teide Observatory on Tenerife

becomesoperational. Another perspective is o�ered by currently developed MCAO systems[see

e.g. von der L•uhe et al., in press]which will be able to compensatelarger �elds of view than

conventionaladaptiveoptics systems.
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App endix A

Spectroscopic observations

A.1 TESOS - TElecen tric SOlar Spectrometer

TESOSoperatesat the VTT since1997. It consistsof the three Fabry-Perot interferometers,in

a telecentricmount.

This optical con�guration allowsfor a verycompactdesignandprovidesa constantwavelength

passbandacrossthe whole �eld of view. The instrument has very good wavelengthstability

with time. A sequenceof four wavelengthregionscan be recorded sequentially, and the time

to switch from one �lter to another is only one second. TESOS is equipped with two PIXEL

VISION backside-illuminatedCCDswhich are capableto detect enoughphotons also from the

short-wavelengthpart of the visiblespectra.

The optical schemeof TESOSis presentedin Fig. A.1 and the instrumentcharacteristicsare

listed in TableA.1.

A.2 In tensit y mo dulation

Someof the line pro�les, whenobservedwith TESOS,exhibit an intensity modulation which has

beendescribedby Tritschleret al. [2002]. The 557.6nm line showsan intensity variation of about

a few percent due to this e�ect. The period and amplitude of this intensity variation pattern

remainsconstant in spaceand time for a given spectral region. The magnitudeof this e�ect is

wavelengthdependentand its amplitudevaries from about ten percentto virtually zero.

The reasonsfor this modulation pattern are still quite unclear. It might be causedby an

unwanted in
uence from oneof the platesof the FPIs.

I haveconcludedthat there are two ways to dealwith this problem:

1. by comparing the observedline with a theoretical line pro�le from the quiet Sun model in

order to determinethe modulation pattern,
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Spectral range 430-750nm
Field of view 50/100arcsec
Spectral resolution 320.000/160.000
Spatial scale 0.09/0.19arcsec/pixel
Scanrange 1nm
Step width > 0.25pm
Stabilit y < 0.30pm/h
Frame rate 3-5 frames/s
Pre�lters FWHM 1.0nm (four �lters in one setup)
Pre�lter adjustment range +0/-0.2 nm
Detectors 2 PV PLUTO 652� 488, backside illum.
Pixel size 12� m
Digital Resolution 14 bit
FPIS 3 QueensgateET50-FS

Table A.1: TESOS: Instrument characteristics. Courtesy of W.Schmidt.

2. by removing the frequenciesoriginating from modulation using a Fourier �lter with the

observedline pro�le.

The �rst method is not really useful,sincetheoretical pro�les are always symmetricand the

line pro�les originating from the solar structuresalmost always show asymmetries.Therefore, I

appliedthe secondmethod to the data presentedin this thesis. The singlesinusoid�t seemsnot

to result in a good correction - the modulation pattern is still prominent. Only removingmore

frequenciesseemsto guaranteea good result.

Fig. A.2 shows the spectral line pro�le (Fe I 557.6 nm) with the intensity modulation e�ect

(thin line) and the line pro�le with modulation correctedby removingthe most prominentFourier

frequencies(thick line).

The Fouriermethod is relativelyfast anddoesnot relyon the theoreticalmodels,but it requires

observationsof the nearby continuum. This can be done just once during the observational

campaign,sincethe modulation doesnot changewith the time. Usingthis method can be rather

di�cult in caseof the spectral lineswithout nearby continuum.
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Figure A.1: TESOS optical scheme. Courtesy of T. Kentischer.

Figure A.2: Intensity modulation e�ect in the spectral line Fe I 557.6 nm: an uncorrected
pro�le (thin line) and a pro�le corrected by removing several frequencies(thick line).
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App endix B

Precision of velocit y measuremen ts

Error estimation is a very important step in eachdata analysis. In a context of this thesis the

precisionof the line-of-sightvelocity determinationdeservesa particular attention.

The actual measurementdonewith TESOSis the intensity, which is followed by the line shift

estimation. It can be then translatedto the line-of-sightvelocity using the Doppler formula. As

a consequence,any uncertainty in the intensity measurementsresultsin an error in the velocity

estimation. This e�ect is illustratedin Fig B, wheredI andd� are the uncertaintiesin the intensity

measurementand the line shift determination,respectively.

There are two major e�ects in
uencing the intensity measurementwith TESOS:the photon

(and detector) noiseand the intensity modulation (seeA.2).

The peak-to-peakresidualintensity modulation amountsto about 1.5%in Fe I spectral line at

557.6nm and its magnitudeis the largest in the continuumand decreasestowards the line core.

The e�ect of photon noiseis on the other hand larger in the line core than in the continuum:

the signal-to-noiseratio in the continuum is about 200 and about twice smallerin the line core.

The character of both errors is quite di�erent: while the photon noisecan be characterizedby a

Poissondistribution, the intensity modulation is a systematicerror: the modulation is not random,

Figure B.1: Illustration of the in-

uence in the intensity measurement
error (dI ) on the precisionof the line
shift determination (d� ).
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the pattern is constant in time and space.

In order to estimate the precisionof the line-of-sightvelocity determination, let us consider

the line wing at 50% of the line depression,whereboth e�ects are not negligible. The velocity

uncertainity due to the modulation amountsthere to 30m/s and the error due to noiseis about

15m/s. However,the deconvolutionprocessuses�ve narrow-bandimagesandthe latter is reduced

by a square-root of the number of imagesused.As alreadymentioned,there are twenty bisectors

levelsusedto calculateline core and line wing velocities,which further reducesthe uncertainty to

about 3m/s.

There is still one factor missingin the above analysis:the precisionof the line core position

determination.Langhans[2003]analyzedthe in
uence of the spectral samplingon the polynomial

�t method of the line core determination. If the samplingis critical, the rms error of the line

position determinationis about 20m/s.

Taking this into account, the uncertainity of the line wing or line core velocity determination

is about 50m/s.

As alreadymentioned,the line pro�les analyzedhereweresampledwith the step of 0.84pm,

or, translatinga line shift into a velocity, 500m/s. The actual precisionof velocity measurement

is thus of an order of magnitudebetter than the spectral sampling.



App endix C

The optical depth

The optical depth � is a dimensionlessquantity measuringthe opacity of the mediumto radiation

passingthrough it. It dependson the frequencyof radiation and it is measuredalong the optical

path dl. In the astrophysicalconvention:

d� � = k� dl

and

� � (l ) =
Z l

0
k� dl;

wherek� is the absorption coe�cient and hasa dimensionof m� 1, l is the geometricalthickness

of the layer.

A layer with � � � 1 is said to be optically thick, while a layer with � � � 1 is optically thin. A

completelytransparent mediumhasan optical depth of zero.

In astrophysics,the surfacewhere� = 1 de�nes the photosphereof a star. Photonsreaching

the photosphereescape more or lessfreely into space.
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Abbreviations used in the text

AO Adaptiv e Optics
CCD Charged Coupled Device
DOT Dutch Open Telescope
FOV Field of View
FWHM Full Width at Half Maximum
FPI Fabry-Perot Interferometer
KIS Kiepenheuer-Institut F•r Sonnenphysik
KISIP Kiepenheuer-Institut Speckle Imaging Package
LOS Line-of-Sight
LTE Local Thermodynamic Equilibrium
MFI MichelsonInterferometer
MHD Magnetohydrodynamics
MLSO Mauna Loa Solar Observatory.
NSO National Solar Observatory
OTF Optical Transfer Function
PBP Photospheric Bright Point
PSF Point SpreadFunction
SNR Signal-to-NoiseRatio
STF Speckle Transfer Funtion
TIP Tenerife Infrared Polarimeter
SVST Swedish Vacuum Solar Telesope
TESOS TElecentric SOlar Spectrometer
VTT Vacuum Tower Telescope
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