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Summary

The temperatureof the solaratmospheralecreaseso low valuesof K at approxi-
mately  km heightabove andthenincrease$o approximately K around

km height. This phenomenoranonly be explainedby mechanicaheatingof the
chromosphereShort-periodacoustiovavesweresuggesteasthe sourceof the mechan-
ical heating;waveswith periodsbetween sand sareassumedo bethe maincar
riers of therequiredenegy. Thosewavesoriginatein the sub-photosphere?ropagating
throughthe solaratmospherethey form shocksandthusdissipateeneny.

Obsenationsfor this work were donewith the telescopevacuumtower Telescope
(VTT) atthe Obsenatoriodel Teide, Tenerife. The datareductionis donewith speckle
interferometry Thevelocity responséunctionsarecalculatedusingthe LTE atmospheric
model(Holweger& Miller 1974 for anestimateof the heights.Theresultsareobtained
with waveletanalysis.

Short-periodvavesexist atdifferentheightsandarelocatedmostlyabovedown o ws.
They closelyfollow thetemporalevolution of thewhite-light structuresTheshort-period
wavesof differentperiodsseemo beassociateavith differentspatialscales.

Thevelocity interval of short-periodvave propagatiorstartswith — butthe
upperlimit cannotbedeterminedvith thetemporalkresolutionachiezedin thiswork. The
magneticeld hasanin uence onthe propagatiorof short-periodvaves.

Theenegy ux attheheightof = kmis:

Theenegy ux attheheightof  kmis:
And thedifferencebetweerthosetwo enegy ux esis:

Thisdifferencecouldrepresentheenegy ux whichis usedfor heatingof chromosphere
or theenegy ux which simply returnedto the photosphereTheinterpretatiordepends
ontheadoptedocationof thechromospheribase.






1 Intr oduction

TheSunis anaveragestarof spectratype G2. Themeandistancebetweerthe Sunandthe
Earthis km (Stix 2002. This proximity makesit possibleto studythe
Sunin greatdetail, asarepresentatie starfor alargequantityof mainsequencstars.The
atmospher@f the Sunmarksthoselayerswheremostof the emittedphotonscanfreely
escape.Thesocalledsurfaceof the Sunis the layer wherethe continuumoptical depth
changegrom to . Dueto the heightvariationof the physicalparameters,
the solaratmospherés dividedinto several parts: the layer nearthe “surface formsthe
photospherethelayerabore is the chromospherdpllowedby the coronawhich extends
severalsolarradii aroundthe Sun.

The photospherés the visible partof the Sun;it is very thin andrelatively denseas
comparedo the solaratmospher@asawhole; it is the sourceof alarge percentagef the
solarradiation.Above it laysthechromospherahichis lessdenseandmoretransparent.
It canbe seennearthe endandthe beginning of total solareclipsesasa coloured ash,
dueto the intensie red colour of the spectralline. Highersitill is the coronawhich
extendsfrom thetop of therathernarraw transitionlayerto the heliopause.

Thetemperaturestructureof the chromospheres interesting.As we leave the photo-
spherethe temperaturerst falls to low valuesof K at the heightof approximately

km, moving higher the temperaturencreasego approximately K (arounda
heightof km). Thisphenomenoganonly beexplainedby mechanicaheatingof the
chromosphereDuringthelastcentury short-periodacoustiovavesweresuggestedsthe
sourceof themechanicaheating.Their origin wasbelievedto bein the sub-photosphere.
Propagatingipwardsthroughthesolaratmospherehey form shocksanddissipateenegy
in thechromosphereShort-periodvaveswith periodsfrom sto  sareassumedo be
themaincarrierof therequiredenegy. Thepeakenegy transportshouldoccurfor waves
of periodsbelov s. Thechromospheres consideredo representhe onsetof transport
of massmomentumandenegy to upperlayersof the atmospherékneer2002.

The obsenation of short-periodwaves encountergechnicaldif culties, sinceit re-
quires good spatialand temporalresolution. Thesewaves were thus rst detectedin
the last few decades.Someof the obsenationalworks are: (von Uexkull etal. 1985
wheredetectionof the waves with the periodof s was donefor the chromospheric
layer, than (Wunnenbeg etal. 2003, wherethe lowestdetectedoeriodwas s for the
chromospheri¢ayer and (Hansteeretal. 2000 with the lowestdetectedoeriodof s
for thetransitionlayer.



1 Introduction

1.1 Heating of the solar atmosphere

As mentionedaborve, we canobsenre in thechromospheranincreaseof thetemperature
with the heightabove the temperatureninimum. The chromosphereadiatesmorelight
thanit absorbsrom below. The radiatve lossfor the chromospherés

, the uncertaintybeing causedby the differencesof enegy lossesin quiet and
active regions ! (Kneer& Uexkill 1999. The heatingrequiredto balancethe radiative
lossis approximately 2 (Kalkofen2001). Accordingto (Kalkofen2001) the
chromospheritemperatur@veragedverthetime doesnotincreasevith height,andone
cansaythatthe problemof chromospheréeatingis a questionof enegy supplyfor the
radiatve emission.

As sourcefor the heatingof the solaratmospher@nehasto considerthe corvection
zone. All latetype starswith surfacecornvectionzonesarebelievedto have hot chromo-
spheridayerswherethetemperaturéncreasesutwardsfrom low photospheriwvaluesto
about . It is believedthatunresoledmotions,or non-thermamicro-turtulencemay
beresponsibldor theenegy transporto thechromosphere.

An amountof heat  enteringinto avolumeelemeniacrossts boundariesaiseshe
entroy by , Where is thetemperatureFor a gaselementmoving with
soundvelocity throughthe chromospherewe have an entrofy conseration equation
writtenin the Lagrangeérame(Ulmschneide& Kalkofen2003:

(1.1)
here isthetime and theheight. The ve termsarecalledradiative, Joule,thermal-

conductve, viscous,and mechanicaheating,respectrely. The four termson the right
handsidearede ned as(Ulmschneide& Kalkofen2003):

— (1.2)

— (1.3)

— — (1.4)

— (1.5)

where™ is the Rosselanapacity, is thecurrentdensity is the electricalconduc-

tivity, thethermalconductvity, thetemperature, thefrequeng integratedmean

intensity  the frequeng intergratedPlanckfunction, the viscosity the velocity
and thedensity

Calculationsof heatingratesdoneby Ulmschneideetal. (2003)show thatJouleand
thermal-conductie heatingaretoo smallto balancehechromosphericoolingratein the

lor —
or —
3mainly dueto



1.1 Heatingof thesolaratmosphere

quietregions,they canthusbeignored. Sincethe chromosphereoesexist, thereshould
beameansteadystate andtheleft handsideof Eq. 1.1 shouldbe zero.Sowe canwrite:

— — (1.6)

where— — is the radiatve heating.Hence,in stellarchromosphereshe
mainenegy balancds betweerradiatve andmechanicaheating.

Sinceobsenationsshow thatthetemperatureisesfrom thetemperatureninimumto
the upperheightsof the chromospherethe term for mechanicaheatinghasto be much
larger than zero. Still higherthe lossescausedby the solarwind cannot be balanced
by thermalconductionalone. This leadsto the conclusionthat the existenceof chromo-
spheresgcoronaeandwind depend®n a constanenegy supplyprovided by mechanical
heating(UImschneide& Kalkofen2003.

Thetheoryof weakshocksshavs thatin a uniform mediumthe crestof anacoustic
wave hashighertemperaturethushigheracousticspeedthuspropagate$asterandwill
overtale theprecedinggcoolerwave valley, andashockwill form. In astrati ed medium,
thewave amplitudemustincreasewith height(to keepthe ux constant)andthis allows
usto estimatethedistancegor a shockformation:

(1.7)

where is theinitial velocity amplitude, the frequeny of the wave, theratio of
speci ¢ heatsand — the scaleheightin the atmosphereHigh frequeng acoustic
waveswill form shockswithin afew scaleheightsjow frequengy wavesneedargerscales
to shock. Thevariationof the dissipationandof the mechanicaknegy ux with height
is shovn in Fig. 1.1for vertically propagatinghort( s)andlong(  s)periodwaves,
bothhaving avelocityamplitudeof =~ km/sat (Stein& Leibacherl974.

It seemgeasonabléo supposehat the upperchromospherand coronaare heated
by ve-minuteoscillationswhichretaintheir sinusoidapro les upto ~ Mm andshock
abore  Mm height,while thelow chromospherés heatedoy turbulentcorvective mo-
tionsvia the'Lighthill mechanism(Stein& Leibacherl974.

Kalkofen (2001)concludeghatthe enegy ux generatedn the corvectionzoneby
theLighthill mechanisnis largeenoughto covertheradiative lossef thechromosphere.
Kalkofen(1990)alsoarguesthatdifferentpartsof thechromospherareheatedoy waves
of differentwavelengthqseeSect.1.2).

Radiationfrom the compressedegion behinda shockfront also removes enegy
from the wave. This radiatve dissipationof the waves causesan excessof emission
but doesnot increasehe gastemperature Heatingby dissipationof acousticshocksis
time dependentShortintervals of very high temperatureare causediy acousticshocks
(Carlsson& Stein1995. The maximumof the wave power is expectedat a period of

. Of coursethe spatial-temporastructureof the quietchromospherés still un-
derdebatethereforethe nal conclusionsarenotyetmade.Short-periodvavesdo occur
in the Sun's atmospheréut with stronglyvaryingamplitude(Wunnenbey etal. 2003.
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Figure 1.1: Behaviour of waveswith heightwith thermalconductionneglected. Solid
linesrepresentux, dottedlinesdissipation(Stein& Leibacherl974).

1.2 Acousticwaves

Below the photospherea corvective layer existsfrom which overshootingplasmais vis-
ible asthe'solargranulation’(seeFig. 1.2). Thereareseveral possibilitieshow the con-
vectionzonemaygeneratehewave modesn theatmospherea) corvective motionspen-
etrateinto atmospheridayersanddirectly deposittheir enegy; b) pressureuctuations,
generatedby corvective motions,propagat@asacoustiovaves;c) thermalover-stabilities,
which occurin theupperlayersof the corvectionzone,generatavaves.

The secondpossibility is widely acceptedas the methodof generationof acoustic
waves. The generatiorof acoustiovavescanbe describedy the'Lighthill mechanism’
(Lighthill 1951). The mostenepetic oscillationsshouldbe generatedn thoseregions
wherethe corvective velocitiesare largest. The more detailedexplanationonecan nd
alsoin (Proudmari952)and(Stein1967. Someauthorsarguethat short-periodoursts
areeithergeneratedby rising granulespr propagatenoreor lessuniformly from deeper
layersinto the corvection zone (Deubner& Laufer1983. Althoughthereis a general
consensuthatthesourceof acoustiovavesis corvective motion,someauthorsarguethat
onecannotdecidewhethertheir origin is corvective or magnetic.The obserationaland
thetheoreticalresultsdo not reveal a clear picture of the sourceof the solaroscillations
(Moretti etal. 2001).

Thefrequencie®f theacoustiovavesdependn variousparametersf the uid o w:

10



1.2 Acousticwaves

Figurel.2: Oneof thebroadbandmagesakenwith the VacuumTower Telescop&VTT)
at the Obsenatorio del Teide (OT), Tenerife,after specklereconstruction.Onecansee
thegranulationpatternof surfacecornvection.The eld of view is

If isthetypical ow velocity, thetypicallineardimensionand thetypicalfrequeng,

thenthe non-dimensionaproduct (the Strouhalnumber)varieslesswith changing
conditionsof the o w than itself. But takingfrequenciegproportionalto  cangive a

preliminaryandroughideaof how theacoustiovave productionvarieswith theconstants
of the o w (Lighthill 1957).

Figure1.3: Oneof the broadbandmagestaken with the GermanVTT at OT, Tenerife,
without specklereconstructionlmagedegradation(e.g. atthe lower right side)is caused
by atmospheric¢urbulence, seeing'.The eld of view is approximately

The surfaceof the Sunis coveredby adjacengranulesof apparensizesbetweenl”
( km) to 3"( km), ascanbe seenin Fig. 1.3and1.2. Obsenations(Espagneet
al. 1996)shaw thattheacousticeventsoccurpreferentiallyin thedarkintergranuladanes,
i.e. correspondo down o ws of plasma.This leadsto the conclusionthatthe excitation

11



1 Introduction

of solarwavesis associateavith arapidcoolingoccurringin the upperconvectionlayer.
Indeed,eventswhich last a few minutesand extend over an areaof a few arcsechave
beendetectedo follow a darkeninganda collapseof the plasmawhich is localizedin
the intergranularlanes(Espagneetal. 1996. The mostenegetic wavesare associated
with thosedown- o wsin darkareasvhicharewell separatedrom eachotherin timeand
spacgEspagneetal. 1996. Someobsenrersnoticedstrongwavesfollowing expansions
of intergranularspaces.Thereis obsenationalevidencethat acousticwavestendto be
cornvertedinto magneto-acoustioavesat locationswherea magnetic eld is expected,
e.g. at granularboundariesor in bright points (Espagneetal. 1996. Thereare also
suggestionaboutatransitionfrom acoustiovavesin the centresof supegranulatiorcells
to fastmagneto-acoustiwaves at the boundarief supegranulationor chromopshere
network. (Kalkofen1990

Kalkofen (1990)suggestshatthe locationof acousticwavesshoulddependon their
frequeng. In areaof strongmagneticelds atthecell boundaryKalkofencalculateghat
heatingis doneby waves of min periods. The bright pointsare heatedby waves
with periodsaround ; locationsfree of magnetic eld will be heatedoy waves of
still shorterperiod.

1.2.1 Propagation

In the solaratmospheréhe acoustidransittime is approximatelyd minutes(for a height
of km and a soundspeedof kms , which matchwith the period of the min
oscilations. For a propagationof acousticwavesin the solar atmospherever several
scaleheightstheir frequeng hasto beabove the cut-off frequeng:

— (1.8)

where is the gravitational acceleration, is the adiabaticcoefcient and
is thesoundspeedwith  asdensityscaleheight:

— (1.9)
(see: Stix (2002), chapter5.2.4). The cut-off frequeng varieswith the heightin the
atmospherasince and arenotconstant.Thus,ata certainheightin theatmosphera
re ection layerexistswherethevaluesof and vyield theappropriateut-off frequeng.
For a given frequeng, a wave can be propagatingat one heightand be evanescenat
other This meansthat for waves of differentfrequeng, the atmospheriaconditions-
temperatureind densitystrati cation form re ection layersat differentheights. Waves
canfreely propagatébelow the re ection layer wheretheir frequeng reacheghe local
cut-off frequeng. At the correspondinge ection layer they arere ected downwards.
This situationcan causestandingwavesfor almostthe whole rangeof acousticwaves.
Flecketal. (1989)explainthatthereis a possibilityfor standingwaves,originatingfrom
thetotal re ection of upward propagatingvavesat the chromosphere coronatransition
region. This discovery of standingpatternsvascon rmed by Espagneetal. (1996).
Waveswith afrequeng above theatmosphericut-off frequeng (EQ. 1.8) propa-
gateacrosghe temperatureninimumtowardsthe chromospherandcorona.As long as

12



1.3 Magnetic eld effects

thewave amplitudeis small,theenegy ux associatedavith propagatingvaves is

(1.10)

where isthespeedfsound, themassdensityand thevelocity uctuation of thegas.
Since and dependonly weakly on the temperatureve have
meaninghatthevelocity uctuationsincreaseghroughthechromospheritayers.We can
assumehat is constanabore Mm. For smallamplitudeswe have

During propagationthroughthe solar atmospherahe velocity amplitudeincreases
with decreasinglensity The wave crestsstartto travel with differentvelocitiesascom-
paredto wave valleys. This yields a deformationof the wave affectinga sav toothshape
andthe creationof a shockfront wherethe enegy is dissipated;anillustration of this
processanbeseenn Fig. 1.4.

Figurel.4: Sketchof acoustic-vave propagatiorthroughthe solaratmosphere.

The propagatiorof wavesthroughtheatmospherevill causea height-dependemari-
ationof its frequeng. Thesechangesrecausedy theresonanceroperty thememging of
shocksandfrom shockscannibalizing' eachother As a consequencef this behaiour,
the spectrumdevelopsat km heightinto almostpure 3 minute spectrum. Above

km, the chromosphereeachesa dynamicalsteadystatewherethe meantempera-
tureis time-independentUimschneide2003. The acousticwave thentravelson top of
this meantemperaturewhile its shockdissipationcontinuouslyprovidesthe enegy for
thechromosphericadiationlosses.

1.3 Magnetic eld effects

Oneusuallyde nesasquiet Sunthoseareasvherethe solarmagnetogramedo not show
locationswhere polarisationsignalsexist. But recentresearch(Dom nguez2004 has

13



1 Introduction

shown thatthe quietSunis notat all magneticallyquiet. Indeed besideghevisible mag-
netic structurestherearealsothe magneticknots. Their life time is approximatelyone
hourandthey typically appeain darkintergranuladanes;andthereforecanbe associated
with the down- o w motions. Magneticknotsare ux concentrationgndcanbe seenin
thespectrumastheline gaps? Thereforejn thoseareasonecanexpectstrongmixture of
theacoustiovavesandAlfv énwaves.

It wasgeneralconsensushatthe magneticeld in the quietSunaround T
andfor active regionsit is assumedhat magnetic eld hasvaluesfrom T till

T in SunspotgStix 2002). In a recentanalysisof the quiet Sunmagnetic elds,

Dom nguez(2004) obsereselementsn the quiet Sunwith magnetic eld strengthsof
theorderof  T,andthat % of theareashavingthemagneticeld around T.

In magneticlocations,the waves may travel with Alfvén speed. The velocity for
Alfv énwavescanbe calculatedwith the expression:

e (1.11)

where is the magneticeld and the densityof the atmospherellt is clearthatthe
velocity of Alfv énwaveswill follow variationsin the magneticeld.

The correlationsof chromospheridosseswith concentration®f the magnetic elds
suggesthatthe eld shouldplay arole in the heating. In a ux tube,the analogueo
the ordinary acousticwave is the longitudinaltube wave. Longitudinaltubewavesare
producedby uctuating compression®f the magnetictubes. They arevery similar to
acousticwaves and develop into shocks,which heatthe tubesby dissipatingthe wave
enegy. Themainin uence of themagneticeld comesfrom its geometricshapewhich
channelghe propagatingvave. The narraver the channelling the strongerthe upwards
increaseof the amplitude,andthereforethe deepetthe level whereshockformationand
heatingoccurs.

1.4 Short-period waves

In thepreviousfew years short-periodvavesweredetectedBut it wasnot clearwhether
they arepropagatinghroughthe atmospher@ndcarry enoughenegy ux to coverthe
needof thechromosphere-Hence ,ananalysisof short-periodvaveswasnecessary

Ulmschneide(1971b)predictedhe maximumof thetransporte@negy for thewaves
of periodsfrom  to s. Therefore,the increaseof the enegy amountis expected
whenapproachindo theseperiods.To detectwavesof suchshortperiodin suchspeci c
locationshigh spatialandtemporalgroundbasedbsenationsweredonesinceonly that
kind of obsenationcangive requireddetails.As mostinterestingquantity the amountof
enepy they carry, neededo be established Additional quantitiesof short-periodvaves
couldgiveamorecompleteamageof themechanisnior the heatingof thechromosphere.

This work is basedon the work of (Wunnenbeg etal. 2003 who openedhe possi-
bilities to investigatethis matterin future.

4For moredetailssee:Stix (2002)section8.2
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2 Observations

2.1 Aim of the obsewations

Short-periodvavesarethoughtto carrytheenegy neededor the heatingof thechromo-
sphere Their detectionandanalysids a vital stepin solvingthis puzzleaboutheating.

Short-periodwaves are spatially small eventsand their temporalchangesare quite
rapid. In orderto obsene suchshort-periodwvavesoneneedshigh spatialandtemporal
resolution. The high temporalresolutionrequiresa fast repetitionrate; a high spatial
resolutionis achieved from bestobsenationscombinedwith specialtechniquedor data
reduction.

2.1.1 Choiceof the spectralline

Sinceacoustiovavesaresupposedo heatthe chromospherehe rst requesivasto ob-
taininformationwhichis notin uenced by themagneticeld. To preventstrongthermal
broadeningspectrallines of elementswith large atomic massshouldbe chosen. Tak-
ing all theseitemsinto accountan optimal choicefor the spectraline is Fel nm.
Calculatedresponsdunctions(seeSect. 3.2.2)shaw thatits line-coreis formednearthe
temperatureninimum at heightof ~ km above wherethe wavelenghtof the
continuumopticaldepth is  nm.

Table2.1: Datafor thespectraline Fel nm

| Thestrongiron line |

Wavelength| 543.4534nm
Multiplet 15
Transition
0
1.01leV
18.4pm

In thechronologicabrder the rst setof datausedin this work, DS1,containingthe
non-magnetispectraline Fel nm (Table2.1) wastaken by J.K. Hirzbeger and
M. Wunnenbeg during August2000. Theseobsenationsweredonenearthe solardisc
centrein aregionwithoutarny G-bandstructuresi.e. farfrom ary actwity centre.

15



2 Obsenations

Part of spectra form FTS — Atlas
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Figure2.1: ObsenedlinesFel nmandFel nm andtheir neighbourhood
extractedfrom FTSAtlas.

Table2.2: Datafor thespectraline Fel nm

| Thefainteriron line |

Wavelength| 543.29551m
Multiplet 1143
Transition
0.667
4.44eV
7.2pm
For the next campaignsjwo lines were used,Fe | nm (Table 2.1) and the
slightly Zeeman-sensite Fel nm (Table 2.2) which hasa Lance factorof

Duringthelastcampaigrwe plannedo obtainalsomagnetianformation,but badweather
conditionsdid not allow theseobsenations.Fig. 2.1 shavstheusedliinesandtheir spec-
tral neighbourhoodaxtractedfrom the Fourier TransformSpectrometeAtlas of the Sun
(Neckel 1999.

Restriction from the line choice

Usually, stronglines form at greatheightand weaklines nearthe solarsurface!. The
main contribution to lines stemsfrom a heightinterval of about km. If the

IDe nition of thetermsurfacecanbefoundatthe beginningof Sect.1

16



2.2 Instrumentation

lengthof theacoustiovavesis smallerthan  theline shovs nowavelength uctuations
but only a line broadening.This fact limits obsenationsto waveswith periodsgreater
than s, taking km/sassoundspeedUImschneide2003, andlargely in uenced
our choiceof spectrallines usedto obtainrelevantdata: a strongone from high anda
fainteronefrom deepetayers.

Directinformationaboutthemagneticeld wasnotavailable,sincethelineswerejust
selectedor their insensitvity to the Zeemareffect. However, indirectinformationmay
be deducedrom theresidualintensityeffect (seeSect.6.3).

2.2 Instrumentation

For the presentstudy| neededdatawhich combinehigh temporalandspatialresolution
and,atthe sametime, give informationaboutthe spectrabehaiour of theline.

An instrumenwhich canprovide all thoserequirementss the GermariVacuumTower
telescopdVTT) onthe Canarylslands,with anappropriatgpost-focussquipment.

Figure2.2: Obsenationalsite onislandTenerife,Spain(USW webpage)

2.2.1 Telescope

TheVTT wasinstalledin 1987atthe Obsenatoriodel Teide on Tenerife seeFig. 2.2, at
aheightof m above sealevel. Sincetime sequencearenecessaryor thiswork, the
goodweatherconditionsareaprimaryconditionmostlyful lled by thistelescopeOneof
themajorreasongor the choiceof atelescopdocationis the astronomicatjuality of the
atmospherabove the site. Certainconditionsin the Earth's atmosphereauseanimage
ick ering;this phenomenois called’seeing”,it depend®nalargenumberof factors as
for ary gaseousitmospheré. Somefactorscanbein uencedto a certainextentby the
choiceof thesite. Telescopesareusuallybuilt onmountainsyheretheatmospherabove

2TheEarthatmospherdself is a chaoticsystem.

17



2 Obsenations

thetelescopes lessextendedhanatsedevel. At theCanariestelescopeareadditionally
locatedabove the meanheightof the cloud layers.Anotherfactoris thewind which may

remove atmospheri¢urbulencesLong distancean uencesof the Earth's atmospherare
furtherimproved by the locationon anisolatedislandfar from larger land masses.For

solartelescoped is additionallyusefulto have surroundingsvhich arenot muchheated
duringtheday. Heatingof theimmediatetelescopeurroundings minimizedby re ective

materialandwhite colourof the building.

TheVTT (seeFig. 2.3)wasbuilt onsuchanappropriatesite. It is locatedat
geographicalongitudeand latitude,thusoftenexposedo tradewinds. Several
hundredmetersbelow thetelescopea stablecloudlayerusuallyformsa helpful temper
atureinversionlayer.

Figure2.3: Opendomeof VTT (VacuumTower Telescope)

TheVTT is equippedwith a coelostasystemhaving two mirrorsof cmsize.The
mainimagingmirrorhas cmdiametermandafocallengthof ~m. Themainopticalpath
is protectedby a vacuumtube preventingair corvectiondueto the vertical temperature
strati cation in themostsensitve parallelbeam.

2.2.2 Post-focussetting

As mentionedabove, this work requiresdatawhich will containspectralinformation.

Two-dimensionakpatialmapsat several spectralpositionsin the line pro le appeared
to be optimal for the presentwork. Besidesa fastrepetitionrate betweenscanshrough

the line arerequired. A post-focusinstrumentwhich meetsall the requirementss the

GottingenFabry-Perotspectromete(Bendlinetal. 1992. With this instrument,andan

appropriatesetof reconstructioimethodsthe hightemporalandspatialresolutionneces-
saryfor my work couldbeachieved.
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2.2 Instrumentation

The GottingenFabry-Perots locatedin the optic laboratoryNo. 2 of the VTT. The
light from the main pathof thetelescopas de ectedinto that'OL2' by meansof a
mirror. Thecompleteschemeof the post-focussettingis shovnin Fig. 2.4.
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Figure2.4: Schematioziew of post-focussettingsusedto obtainthe datafor this work.

The schemeof Fig.2.4shaws the instrumentationin two rooms,the main observing
roomandtheoptic laboratoryNo.2,bothareseparatethy the dashedine markedas'the
wall'. Thosepartsof theinstrumentatiodocatedin the mainobservingroom, marked as
HBR, consistof a mirror M1 which de ects the light to a cameraanimaginglensand
two lters, theonemarkedIF3 beinga'G-band lter' (i.e., setatthe CH absorptiomear

nm). This part of the equipments usedto initialise the equipmentandto choosea
locationonthe Sun.

The partof theinstrumentatiodocatedin the OL2, containsthe maininstrumentgo
obtaindata. The incominglight is directedfrom the VTT focusF, throughtwo lenses,
TL1 andTL2, to a beamsplitteiBS1 which transmits95% of the light to a narrovband
Iter andde ects 5% to a broadbandlter. The latter part passesn interferencelter
markedaslF1 andthena neutral Iter, NF. Theimageof this partis recordedoy a CCD
detector marked CCD1. The larger partof incominglight feedsthe narravbandbeam,
rst producinga secondarymageF2, whereone of the diaphragmss located. Behind
that focus, anotherinterferencelter, IF, is located,followed by a lens,HL1, andtwo
Fabry-PerointerferometersmarkedasFPI1andFPI2. Finally, lensHL2 andmirror M3

imagethe ltered light ontoCCD?2.

Part of theleft sideof the schematiaziew, startingwith the mirror M2 is usedto take
imageswith anarti cial light source requiredfor the datareduction. During the actual
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2 Obsenations

obsenations, mirror M2 is outsidethe beam. Mirrors MM3 and MM4 with adjoining
equipmentareusedfor ne tuningof the FPlIs.

Both camerasareslow scanonesandhave ThompsonTH 7863FT chipswith

pixels. FPI1lis aQueensgatetalon'ET 100’ with anapertureof mm, m spac-
ing anda nesse of 40. FTP2hasanapertureof mm, its spacingcanvary from

m to severalmm. It hasa nesseof 30 andis manufcturedby BurleighInstru-

mentsLtd (Koschinsl etal. 200]). Re ectionsbetweenwo FPIscancausere exeson
CCD2; to avoid this, FPI1is slightly inclined againstthe optical axis. Someadditional
informationaboutthe FPI canbefoundin AppendixA.

2.3 Data

In this work datasetsfrom several obsenation campaignsvere used. The direction of
the FPIsscanningvasdonefor all linesfrom theredto the blue. Thedataset,DS1,was
taken by J.K. HirzbegerandM. Wunnenbey during August2000 (Wunnenbeg 2003.
Therestof thedatasetsweretakenduringobsenationalcampaignsn theyears2003and
2004,seeTable2.3. Themainobjectve wasto achieve thefastestepetitionratepossible,
allowing to studywaveswith shortestperiods. Sincethe time evolution of short-period
waveswasof maininterestreasonablyong time sequenceweretaken.

Table2.3: Dates,usedlinesandobjectof obsenationfor obtaineddatasets.

| DataSets

mark date line used objectof obsenation

DS2 | 08.10.2003| 543.45nm and543.29nm qguietSun,disk centre

DS3 | 22.06.2004 543.45nmand543.29nm quietSun,disk centre

DS4 | 24.06.2004 543.45nmand543.29nm | quietSunandG-bandstructures
disk centre

DS5 | 25.06.2004 543.45nmand543.29nm pore,disk centre

DS6a| 26.06.2004 543.45nm quietSun,disk centre

DS6b | 26.06.2004 543.45nm pore,disk centre

DS7 | 28.06.2004 543.45nm guietSunandG-bandstructures
disk centre

During the October2003 campaignit was decidedto obsere with two lines. The
mainreasorwastheexpectatiorthatnoisewill lessin uence the nal resultsif two lines
formed at different heightsare used. The spectrallines Fe nm and Fe
nm which originate from different heightsand are not essentiallyaffectedby Zeeman
splittingwere nally chosenAlthoughFe nmhasaLandéfactor , it does
not allow to deducequantitatve information's aboutthe magnetic eld. The datawere
obtainedwith the helpof K.G. PuschmannBecausef unfavourableweatherconditions
we gotonly onesetof datain thatcampaign.Theobsenationsweredoneatthesolardisc
centrefar away from active regionswhichwould bevisible asG-bandstructuresDetailed
informationaboutthatdatasetcanbe foundin appendixB.1.
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2.3 Data

In thecampaigrof June2004,theadaptve optics(Berkefeld& Soltau2001,Soltauet
al. 2002)couldbeusedthesedatasetswereobtainedwith thehelpof J.K. Hirzbeger, S.
StanglandK.G. PuschmannDuring this campaignsomedatasetsweretaken with one
andsomewith two lines (seeTable 2.3). Additional detailsabouteachdatasetobtained
with two lines canbe seenin Table2.4. During this obsenation campaignvarioussolar
regionswereobsened. To determinethe correctareathe equipmentrom HBR is used.
Theareasvhich shavedneitherG-bandstructuresior othermagneticactivity werecho-
senasthe Quiet Sun. For theactive areaghe eld of view with the poresandwith large
numberof G-bandbright pointswere chosen.The coordinatesepresenthe position of
the eld of view, in arcsecwherethereferenceointis the centreof the Sun. During the
take of datathe FPIsmove throughthe selectedspectraline with previously determined
steps.Thenumberof stepsandthepositionin theline wherethe FPIwill pausedor taking
imagesis pre-determinedThosenumbersof placesin theline arein Table2.4 and2.5
markedasline positions.OnecompleteFPI passthroughthe spectraline is calledscan.
The FPIshave a limited rangeof scanning.In the casethat morethanonespectralline
will be scannedit is sometimesiecessaryo skip the areabetweerthelines. To achieve
that, the FPIsare setto performa jump. At the givenline positionthe FPIsjump over
the predeterminedlistance. The cadencandicatesthe repetitiontime of the FPI scans
throughthetotal spectrarange.

Table2.4: Detailsfor obtaineddatasetsfor two lines.

| DataSets |
mark | coordinateg images | line positions| exposuretime | jumpat | cadence
[arcsec] | perscan [ms] [S]
DS2 108 18 30 10 27.4
DS3 108 18 30 10 28.2
DS4 108 18 30 10 28.4
DS5 108 18 30 10 28.3

Sincetherepetitionrate of datasetswith two lineswasratherlow, | took additional
datasetswith only oneline to achieve afasterrepetitionrate,seeTable2.5.

Table2.5: Detailsfor obtaineddatasetsfor oneline.

| DataSets |
mark | coordinates images | line positions| exposition | cadence
[arcsec] | perscan [ms] [s]
DS6a 91 13 20 22.7
DS6a 91 13 20 22.7
DS7 91 12 20 29.9

Thelastdataset,DS7,wastakento checkwhetherthenumberof imagesperscanhas
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2 Obsenations

alargein uence onthedataquality. Informationaboutsomeof datasetsfrom campaign
of 2004canbefoundin AppendixB.2.

2.3.1 Observations

Theequipmentndthedataacquisitionsystemaredesignedo satisfyrequirementsf the
specklereconstructionWith the help of the specklereconstructiorithe spatialresolution
canbeimproved.

Eachdatasetcontainsonetime sequencandconsistf the broadbandandthe nar
rowbandimages. Narrovbandimagescontainthe requiredinformation aboutspectral
lines, while broadbandmagesaretaken for reconstructiorpurposes.For the latter, the
both setsof imagesthe broadbanandthe narravbandaretaken simultaneously

A preconditionfor successfuteconstructiorof datais the consideratiorof the dark
and at eld matricesaswell asthetotal transmissionOnly afteracquiringall theneces-
sarymatricesandthe dataset,a specklereconstructiortanbedone.

Dark frames

CCDdarkframesareimagedakenwith the shutterclosedwith thesameexposuregime as
thatfor the objectframes.Theseareusedto correctthe datafor e.g. 'hot' or badpixels,
andallow to estimatethe thermalnoiseof the CCD, aswell asthe rate of cosmicray
strikesattheobsenationalsite. Multiple darkframesareaveragedo producea nal dark
calibrationframe.We usuallytake oneor two scanswith 20 imagesperscan.

Flat elds

Flat eld imagesaretaken by moving the telescopepointing in a 'randomwalk’ mode
to averageary solarstructure.For areconstructiorof the narravbandimages, at elds

werealsotakenwith defocusedelescopeFlat elding mustbedonefor eachwavelength
region andparticularinstrumentaketupin which objectframesaretaken (Howell 2000.

For our obsenationswe usuallytake 20 scansfor the ordinary at eld, eachwith the
samenumberof imagesper scanasfor main datasequenceandoneor two scanswith

defocusedelescopeFlat eld exposuresareusedto correctfor pixel by pixel variations
in the CCDresponsaswell asfor anon-uniformillumination of thedetector

Transmissioncurve

For eachobsenational campaignandin caseof ary additionalexperimentalor altered
line setting,wetook narravbandimageswith ahalogenampasacontinuumlight source.
Thisis doneto correctthenarravbandimagedor thetransmissiorcurve of thepre- Iters.
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3 Datareductionand analysismethods

The nal analysisof thedatais doneby meansof velocity maps.In orderto obtainhighest
spatialresolutionin two-dimensionalmagesthein uence of seeinghasto beremoved.
An exampleof the raw” datais shavn in Fig. 3.1; it canbe seenthatthe contrastand
brightnessf the imageare not constantover the eld of view. Patchesof unsharpenes
arecausedy atmospheriseeing.This problemis mosteffectively removed by speckle
reconstruction.

Fromthereconstructedmagesat differentpositionin the spectraline velocity maps
are calculated. Sinceit is importantto resole the o ws alsoin vertical directionwe
combinethe datasuchthatthe heightrangewhich contritutesto the velocity mapis as
narrov aspossible.

Figure3.1: Oneof the”raw” broadbandmagesfrom datasetobtainedat August2000.

3.1 Datareduction

The datareductionis donein two major steps,eachperformedby separatesetsof pro-
gramswritten in IDL. The datafor the broadbandmagesare taken from CCD1. The
samenumberof imagesis taken with the two FPIson CCD2, simultaneouslywith the
CCDlimagesandhasthereforethe sameatmospheridistortion. The CCDlimagesare
takenin theintegratedight of aspectrakegion coveredby theinterferencelter IF1. The
programusedfor this stepwasdevelopedby de Boer (de Boeretal. 1992,de Boer &
Kneer1994).

23



3 Datareductionandanalysismethods

The CCD2 provides spectralresolutionby scanningthroughthe spectralline in a
previously determinechumberof stepgseeSect.2.3), with anappropriatsaaumberof the
imagegerwavelengthpositionof the FPI. Thenumberof imagesperline pro le position
depend®nthequality of seeingduringtheobsenations.The betterthe seeingthefewer
imageserpositionarenecessaryandvice versa.Oneof themainguidelinesfor thetotal
imagenumberis the specklereconstructionwhich requiresapproximatelyone hundred
imagesper datascan. The programsetusedfor this reconstructiorwas developedby
JansseilJansserz003).

3.1.1 Specklereconstruction

Speckleinterferometrycanimprove the angularresolution,down to the diffraction limit

of thetelescope.The term speckledescribeghe grairy structureobseredwhena laser
beamis re ectedfrom adiffusingsurface.This structures aresultof interferencesffects
in a coherentbeamwith randomspatialphase uctuations. The grainscanbe identi ed

with the coherencelomainsof the Bose-Einsteirstatistics. The speckle-dkectedimage
containsmoreinformationaboutsmallerfeaturegshanalong exposureéimageor anaver-

ageimagewith blurredspecklegLabeyrie 1970.

The speckleinterferometryis basedon the analysisof a sequenc®f short-exposure
imagesobsened with a telescope.The exposuretime shouldbe shorterthanthe time
scalesof atmospherichangesi.e. typically of the orderof ms. Theimageddiffer
sincethe stateof the atmospherehangesontinuously;but every imagecontainsa part
of the information of the small angularstructureof the obsered object. Averagingof
theimagesdlosesthis kind of information,but it canbe recoreredusingspeckleimaging
methodgqvon derLiihe1993).

Theastrophysicaimagecanberepresentetdy the equation

(3.1)

where is thetrueimageand is thepointspreadunction,PSE ThePSFcontains
the effectsof thetelescopeandof theatmosphereTransformingeq. 3.1 into the Fourier
spacewe canwrite :

— — (3.2)
where— is thelong exposureémagewith degradation, istheFouriertrans-
form of thetrueimageand is theinstantaneou®ptical TransferFunction,OTF.

Theatmospheri¢urbulencesntroducevaryingphasesn the OTF, thereforeaveragind
the OTFsresultsin the cancellingof someof the amplitudesandcausesa lossof infor-
mationat higherfrequencies.

The methodfor recovering that information, proposedby (Labeyrie 1970), replaces
theindividual termsin Eqg. 3.2with their squaremodulus:

— — (3.3)

24



3.1 Datareduction

The averageof is called SpeckleTransferFunction,STF. In solarobsena-
tions, the STF dependsonly on the seeingconditionsand is gainedfrom a model of
turbulencein the Earth'satmosphereThe STFsareevaluatedwith the Friedparameter
(Korff 1973 which is obtainedwith the spectrakratio method(vonderLiihe1984). This
kind of calculationrequiresatleast100speckleémages.

The STF and equation3.3 give the amplitudeof the imagein the Fourier space.
The specklemaskingmethodgivesthe informationaboutthe phasesat eachfrequeng,
(Weigelt1977), (Weigelt& Wirnitzer 1983. Thebispectrums de ned as:

(3.4)

where . Whenaveragedver asufcient numberof OTFs,Eq.
3.4givesarealnon-zerdunction,thereforecontainingonly theobjectphasesTheresult
is afour-dimensionahrraycontainingmultiplicationswith differentdisplacementsf the
imagesin Fourierspace With the startingconditions:

(3.5)
(3.6)
(3.7)

(where and arephasesbtainedfrom the original datausingthe factthatphasest
low frequenciesrewell known) andthe equation

(3.8)

(where arethephase®f thebispectrumnecanrecoverthe phases.

The speckleimagingprocesausuallyconsistsof two passeshroughthedata. A rst
passestimateghe prevailing seeingconditionsand constructsa noise lIter. Also, the
Fried parameters calculatedn this rst pass.In the secondpassthe speckleimagingis
performed.n orderto preventartefaictsdueto anisoplanatisrthesizeof thereconstructed
eld isreduced Eachimageis cutinto overlappingseggments.Thosesggmentsaretreated
independenthandaftercompletereconstructiorthey arecombinednto oneimageof the
full eld of view.

Two major sourcef noisecontribute to the reconstructedmage,oneis the speckle
processtself, andthe otheris the photonnoise. The noiseintroducedby the speckle
processtself canbereducedwhenincreasinghe numberof averagedrameswhich are
usedfor thereconstructionin frameregistration;(seevonderLiihe1993). The statistics
of thenormalizederror of the complex Fouriertransformof the reconstructedmagecan
be approximatedy a circularly complex randomprocesswith equalvariancein thereal
and the imaginary parts. Besidesthe speckleprocess,mary sourcesin the detection
processcontrikbute to the noise, but dueto the luminosity of the Sunthe photonnoise
is the largestcomponent. This sourceis not connectedwith the OTF but it resultsin
a biaswhich needsto be corrected. The photonnoisecontrikution to the total erroris
comparabldo the specklenoisecontribution. Soin total, arandomphotometricerroris
lessthan1% if the rms contrastof the reconstructions 10% (vonderLiihe1994). The
reconstructionsbtainedirom a continuousdatarun undernot sogoodseeingconditions
shouldberegardedwith caution(vonderLiihe1994).
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3 Datareductionandanalysismethods

The codewhich usesthe procedurenvasdevelopedin USG solargroup, by de Boer
(thesis)andothers.

3.1.2 Reconstructionof the narrowband images

Thenarravbanddatacontainasetof imagesperpreviously de ned numberof wavelength
positionin theline. This meanghattherearefewerimagesfrom which informationcan
beextractedascomparedo thebroadbandmageseries.Sincetheobjectof obsenationis
seerthoughthe sameturbulentatmospherehe narravbandreconstructionsetheinstan-
taneousOTF known from the alreadyreconstructedroadbandiata. This procedures
basedn a methoddevelopedby KellerandvonderLihe(Keller & vonderLihel992.

Figure3.2: A reconstructedarravbandscan for the spectraline 543.45nmin 12 posi-
tionsof theline pro le. Theblueshift of the maximumFPI transmissioracrosghe eld
of view is notyetremoved.

If is the estimateof the narrovbandimageand s the alreadyreconstructed
estimateof the broadbandmage,the formulausedfor thereconstructions:

(3.9
where is anoise lter, theimagein the Fourier spaceat the individual
wavelengthposition and thenumberfimagegperposition, istheOTF,
and therespectie broadbandmage.Thenoise Iter canbecalculatedasan

optimum lter, consideringhe noiselevel in the at eld framesandthe corresponding
light levels(Krieg etal. 1998.

The speckleimagingof the narravbandimagesis severely degradedby noisein the
individualframes(Keller & vonderLiihe1992. Oneof thewaysto reducethis degrada-
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3.2 Determinatiorof the heights

tion is to constructthe bestpossiblenoise Iter. Detailedwork aboutthe noise Itering
wasdescribedoy (deBoer1996. In our case,additionalimproving of the lIter is done
by takingalarge numberof at elds, around20 scansduringthe procesf therecon-
struction.This procedures doneto obtaina at eld whichdoesnotcontainary tracesof
theobsenedgranularstructuresout only thedisturbancesmtroducedby the equipment.
In Fig. 3.2onecanseeareconstructedarravbandscan.Thetopleft sidecorresponds

to theredwing of theline,the6 imageshawvstheline core,andthe bottomrightimage
thebluewing of theline.

3.2 Determination of the heights

In orderto analysethe dynamicsof the chromospheregalculationsof the velocitiesare
required.Thisis donewith the helpof the Dopplerformula:

— (3.10)

where istheshift of thewavelength, isthelaboratorywavelengthand thespeed
of light. Theequation3.10is usedfor calculationof velocity mapsfor this work, and
is determinedwith the helpof bisectorgseeSect.3.2.1).

3.2.1 Bisectors

Thebisectoris a curve which dividestheline pro le into two parts.In theideal caseof a
symmetridine pro le thebisectorwould bea straightverticalline. Dueto Dopplershifts
andphysicalparameter®f the solaratmospherethe line pro le is usuallyasymmetric,
andthebisectorthuscurved.

3.2.2 Responsdunctions

Oneof the aimsof this analysiswasto determinethe behaiour of acousticoscillations
with increasingheight. Thereforeit wasnecessaryo perform calculationswhich yield
only oscillationsproducedn acertainheightinterval. The calculationsnecessaryor this
purposeare donewith responsdunctions(Eibe et al. 2001, PerezRodrgues& Kneer
2002).

If we supposehat a certainphysicalquantity in our casethe radial velocity, is
disturbedby a small quantity which depend®n the heightandthe time, the uc-
tuationscanbewritten as:

(3.11)
where is the wavelength, is proportionalto the Doppler shift at the samewave-
lengthand is the weighting function (Mein 1971), in our casethe response

function,associatedo the physicalquantityin question.This weightingfunctionis com-
putedby successiely disturbingthe modelof theatmospherén certainlevelsof increas-
ing altitudes.This responséunctioncanbeusedto determingheformationheightof the
obsenedvelocities.
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3 Datareductionandanalysismethods
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Figure3.3: Exampleof the calculatedbisectorfor aline pro le. Theline pro le is repre-
sentedby thesolid line, andthe bisectorby the dash-dottedine.

The velocity responsdunctionsin this work are calculatedwith the software devel-
opedby F. Kneer | will heredescribethe calculationsdonefor theline Fel nm.
Using a model of the solar atmospherdoy (Holweger& Miuller 1974) calculationsare
donefor 95 differentheights,from kmto  km, wherezerois the level with unity
optical depthin the continuumat  nm . It is assumedhat uctuations belov
this startingheightdo not in uence theline pro le. As disturbancdor the aborve height
intenal | used: . With this valuethedisturbedine pro le is calculated
for eachof the 95 differentheights. The bisectorsfor eachpro le were calculatedand
their wavelengthshifts give obserablevelocities,via the Dopplerformula:

- (3.12)
Hence applyingtheconstanwelocity atlevels with we obtainanobsenable
velocity:

(3.13)

FromEqg. 3.13we canobtaintheresponsdunctionas:
— (3.14)
where is . Thirty responsdunctionsarecalculatedor the intensitylevels
of bisectorfrom to , Wherethe stepwidth is . Fig. 3.4 givesthese

functionsfor the spectraline nm.
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3.2 Determinatiorof the heights

Figure3.4: Velocity responséunctionsfor 30intensitylevelsin thepro le of thespectral
line nm; that with the peaknear  km stemsfrom the line core, that with the
largerpeaknear km from thefarline wings(i.e. continuum).

Application

Onecannotice(in Fig. 3.4)thatthe velocity responsdunctionscover a ratherbroadin-
terval of heights.Thelargestcontributionto the uctuationscomesrom heightsbetween
kmand km.

To achieze asnarrov aspossiblecontributions,linearcombination®f thevelocity re-
sponsdunctionswerecalculated Fig. 3.6 representsour of the narrovestlinearcombi-
nationsfound;thesecombinationsllow achievzing satisaictoryvelocity maps.Thelinear
combinationsvith maximaat heightsbelov ~ km oftenaretoo noisy, thesehadthusto
berejected.Thatlinear combinationwith the maximumcontributionnear  km height
wasobtainedoy combiningthreevelocity responséunctions.

In Fig. 3.7 onecanseethattheresultsof thewaveletanalysisfor the velocity mapsat
heightsbetween and kmhavesimilarshapeswhile theresultfor theheight  km
shownvs somepower which doesnot exist at otherlevels. Sincethe linear combinationfor
this heightwasdeducedrom threevelocity responséunction,therewasa suspicionthat
the extra power obtainedat this heightmight be causedy noise. Therefore this linear
combinationwvasrejected.

In orderto checkwhetherthe formationheightof the spectraline (seeSect.2.1) has
ary in uence on the nal results,datasetswith two lines weretaken. Sincethe linear
combinationfor the contribution of the coreof thewealer line gives  km, this height
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3 Datareductionandanalysismethods

Figure 3.5: The linear combinationof velocity responsdunctionsfor the spectralline

nmat km. Thedashedanddash-dottedines representwo velocity response
functionsfor thedifferentintensitylevelsin theline pro le, andthesolid line theirlinear
combination.
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Figure3.6: Linear combinationsof velocity responsdunctionsyielding maximaat four
differentheights.

wastakenassuitablefor theanalysis.Two heights nally choserfor thiswork areshovn
in Fig. 3.8.

For datasetswith two lineslinear combinationsvere madefor eachline separately
usingcorrespondingesponsdunctions. In caseof datasetswith two spectralines, the
linearcombinationsarecalculatedwith the expressions:

(3.15)
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3.2 Determinatiorof the heights

Figure 3.7: Exampleof resultsof a wavelet analysisfor one pixel in the eld of view

for linearcombinationf velocity responsdunctionsyielding maximaat four different
heights.

Figure 3.8: Linear combinationsof velocity responseunctions for the spectralline

nm. Thetop row shows the combinationyielding a maximumat  km andthe
bottomat  km.

(3.16)

where representshe velocity responsdunction for the level . For the height of
km thevelocityresponséunctionsfor theline nmwereused andfor theheight

of  kmthevelocityresponséunctionsof theline nm. In thedatasetswhereonly

oneline wasscannedthelinearcombinations:
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3 Datareductionandanalysismethods

(3.17)

(3.18)

were used. In Fig. 3.8 the resultinglinear combinationsof the responsdunction are
showvn. Thelinearcombinatiorfor theheightof ~ km calculatedwith velocity response
functionsfor the spectraline nm, is shavn on Fig. 3.5.

3.2.3 Velocity maps

During the scanningwith the FPI, for mechanicaleasonsthe rst wavelengthposition
in theline oftenvariesin eachscannedine pro le. To removethis effect, a calculationof
thebisectorss required.

Thatcalculationis donefor eachpixel in the reconstructesharrovbandimages.All
imagesfrom onescanarecorrelatedsothatwe have aline pro les for eachspatialpo-
sition. Thisline pro le is theninterpolatedoy a cubic splinefunction (in the appropriate
IDL program)thenthebisectorpositionswerecalculated Thisinterpolationis necessary
sincethe spectraline is scannedvith arelatively smallnumberof wavelengthpositions
in orderto achieve afastcadence.

As referencdor the calculationof the Dopplervelocitiesin our data,we took amean
velocity from one datascan,andsetit to zero. The shift of onebisectorvaluewith re-
spectto this referencepointcorresponds$o a Dopplershift, sincethewavelengthdistance
betweertwo scanningoositionsis known.

After suchcalculationsaredonefor eachpixel, velocity mapshaveto bemade.These
are obtainedfrom the samebisectorlevel asthe correspondingelocity responsdunc-
tions from which the linear combinationswere calculatedto give the narravest height
contribution.

Figure3.9: Exampleof avelocity mapfor theheightof ~ km; thegranulationpatternis
visible.

The combinationsof differentimagesincreasehe noiselevel in theresultingimage.
To minimizethiseffect, | calculatedbnly two linearcombination®f thevelocityresponse
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3.3 Thedatacubes

Figure3.10: Exampleof a velocity mapfor the heightof ~ km; the granulationpattern
is hardlyvisible.

functionsresultingin thetwo heightlevels  and  km, (seeFig.3.9and3.10).Linear
combinationdor the heightsin betweenthosetwo levelswould requirethe useof three
velocity responsdunctions(i.e. threeimages);while linear combinationsfor heights
belov. kmandabo/e  km would requiremary individual wavelengthimagesand
would beextremelynoisy:.

3.3 Thedatacubes

In orderto studythe time evolution, it is necessaryo look at time sequencesThis is
doneby composingthe velocity mapsinto datacubeswherethe third axis is the time.
All thesemapshave different sizesas a consequencef the reconstructiorprocedure
in the narrovbandimages. It is thereforenecessaryo do an additionalcorrelationand
destretching. This procedure outlined below in detail, can be done properly only for
imageswhereclear structuresare visible. Thereforeit is donefrom the reconstructed
broadbandmageswhich were alreadycut to the samedimensionsas the narravband
imagesduringthe narrovbandreconstructionThe parametergbtainedin this way were
usedfor correlatinganddestretchinghe velocity measurements.

3.3.1 Correlation

In a rst stepthecrosscorrelationis donewith the broadbandmagesusingthefollowing
equation:

(3.19)

wherea and b are two differentfunctionsto be correlatedand A and B their Fourier
transforms, is comple conjugate.The maximumpositionof the  functionis the
appropriateshift. To performa correlationof theimages.a centralsub-imageis cutand
transformednto the Fourierspace.The coordinate®btainedwith this processaresaved,
andthe procedureas thendonefor the completetime sequenceAfter obtainingthe shift
for eachimagein thetime sequencetheimagesareaccordinglydisplacedandcutto the
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samedimensionsThis shiftis alsoappliedto thevelocity mapsfrom whichthe datacube
hasto becreated.

3.3.2 Destretching

Correlationalonedoesnot nish theprocedureDueto atmospheriéin uencesit canhap-

penthatthe shape®f certainstructuresaredeformedgvenatfterthereconstructionThis

deformationcancausehata pixel in oneimageof thetime sequenceoesnotcorrespond
to thepixelin thenext image.Thus,a destretchings required.

Figure3.11: Exampleof a datacubemadeof granulationmages.Threesurfacesexhibit
cutsthroughthe cube. This cubeis usedasbasein this proceduresinceit' s imageshave
traceablestrctures.

To performthis procedurgéhe meanimageof the sequencef severalimagess taken
asareferenceThis canbedonebecauséhe granulationchangesn atime scaleof min-
utes,while our scanshave a time scaleof seconds.That referencemageis thenused
for destretchingof thoseimagesof the chosensequence.For this procedurethe code
developedby (Yi & Molowny Horas1992) is used;it returnsthe matrix which contains
the coordinatesandthe shift of eachpixel. This matrix is thentakento destretcheach
imageof thetime sequencefollowing the methodof (Novemberl986. The matrix cal-
culatedwith broadbandiata,is thenappliedto the correspondingelocity map. These
two proceduregjivethe nal time sequence.
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3.4 Waveletanalysis

3.4 Waveletanalysis

For a study of the dynamicsof acousticwaves,the informationabouttime and periods
is crucial. 1 With waveletsit is possibleto obtainsimultaneousnformationabouttime
andfrequeng. Waveletsmay be considerecasa compromisebetweerdigital dataat the
sampledimesanddatathroughaFourieranalysisn frequeng spaceln the rst caseone
maximizegheinformationaboutthetimelocation,andin the seconccaseonemaximises
theinformationaboutthefrequeng location.

The essenc®f a waveletanalysisis the searchof structureswvhich arelocally simi-
lar to one of the waveletsfrom the set. With the wavelet transform,time seriescanbe
analysedwhich containnonstationarypower at mary differentfrequencies.Thetypical
waveletanalysisusethe continuousvavelettransform:

(3.20)

where is the signalwe analyse, is a setof functionscalled wavelets,and
the variables and are scaleand translationfactors,respectrely. The waveletsare
generatedrom the singlebasicwavelet,the motherwavelet:

S (3.21)

where— is thenormalisatiorfactoracrosghe differentscales.

As is visible from the equations3.20and 3.21the waveletbasisfunctionis not spec-
ied. If thefunctionoscillatesandis localizedin the sensethat it decreasesapidly to
zeroas tendsto in nity , it canbe taken asmotherwavelet. The setsof waveletscre-
atedwith Eq. 3.21from the chosermotherwavelet canbe orthogonal bi-orthogonalor
non-orthogonal.

Thewaveletanalysigs acommontool for dataanalysis.(Vigouroux& Delachel993,
Grapsl995andStarcketal. 1997)For practicalapplicationsso-calleddiscretewaveleta
areused.

3.4.1 The mother wavelet

The main problemin the wavelet analysisis to nd a setof functionsthat providesan
optimaldescriptiorof theproblemathand.Variousfunctionswhich satisfytheconditions
for the creationof a wavelethave beenfound. To choosethe wavelet setappropriatefor
the problem,oneneeddo know whatthe maingoal of theresearchs.

For my analysisl choosethe Morlet wavelet:

- - (3.22)

where isthenondimensiondrequeng and thenondimensionaime parameterThis
waveletis non-orthogonalpasedn the Gaussiariunctionandthereforevery closeto the
limit of thesignalprocessinguincertainty . An exampleis shavnin Fig. 3.12.

!For the signal processingHeisenbey's uncertaintyprinciple statesthat it is impossibleto know the
exactfrequeny andthe exacttime of occurrencef this frequeng in asignal,thelimit is
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Figure3.12: Morlet wavelet. Theleft panelis in thetime domain,the solid line givesthe
real part,the dashedine theimaginarypart; at theright panelthe waveletis givenin the
frequeny domain.(Torrence& Compo1998)

3.4.2 Thecode

The codefor the presenwaveletanalysisis basedon the onedevelopedby Torrenceand
Compo(Torrence& Compo1998). This codeusesone-dimensionalime seriesfor the
processingAs resultit givesa diffusetwo-dimensionatime-frequeng image.

Figure 3.13: Exampleof a resultobtainedwith the usedcode. In the top row velocity
uctuations are shavn which are subjectto the analysis. The bottom row shaws the
resultingtwo-dimensionatime-frequeng image.

Sincethewaveletfunctionis complex the wavelettransformis alsocomplex. There-
fore theresultcanbe dividedinto a real part-amplitude- andanimaginarypart
-phase- —— . Thewaveletpower spectruncanbede ned as:
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(3.23)

For thescales thefollowing setwasused:

(3.24)
— (3.25)

where is the smallestresohable scale,and the largestscale. The bestchoicefor

is the valuewhoseequialentFourier periodis approximately . Thechoiceof
dependsn the width of the waveletfunctionin the spectralspace.Smallervaluesgive
higherresolution.

The code by (Torrence& Compo1998 is madefor nongyclic datain the Fourier
space.To avoid errorsattheedgeof thedataset,apodisatiorof thedatawasdonebefore
they aresubmittedto thewaveletanalysis.Sinceall time seriesaresubjectto noise,only
peaksin the wavelet power spectrumwhich are signi cantly above the noiselevel can
beassumedo be atruefeaturewith sufcient con dence. Thereforethe total amountof
presentedvaveletpower depend®on the noiselevel; if thatis low, morerealisticwavelet
power will occur andvice versa.

For this work only a wavelet power spectrawere used. The nal resultfrom the
appliedcodeis a four-dimensionaldatacube,wherethe additionalfourth dimensionis
thewaveletpower variationwith the period. Thewavelettransformcanbe considereds
a bandpassiter of uniform shapeandvarying locationandwidth (Torrence& Compo
1998, Wunnenbey et al. 2003). During the datareconstructiora certainamountof
the noiseremainsin data. Wavelet analysistendsto Iter outthoseremains,sinceit is
registeringonly the selectedrequenciesn time which aresigni cantly above the noise
level. Therefore noisethenhasno large effecton the processedata. Thisis readilyseen
during the choiceof the appropriatdinear combinationdor a descriptionof the height
contribution.

3.4.3 Additional data processing

The resultingfour-dimensionaldatacubespanningthe whole period rangewas divided
into periodintervals namedoctaves. For the periodrangeof sto  sthedatacube
resultingfrom theusedcode,hadelevenoctaves,seeFig. 3.14.

For an overall analysisintegration over all octavesis done. This givesthe power
integratedover the completeperiodrange,seeFig. 3.15. In addition,integrationis also
donetakingonly two or threeneighbouringoctaves. This givestheintegratedpower over

ve subrangesf thetotal periodrange.

Comparisorof thetwo-dimensionapower featuregequiresconstructinga particular
spatial Iter whichremovesall power featuresdelow alevel whichis givenby the noise.

For the calculationsof the enegy carriedby waves,additionalhigh pass Itering of
thevelocity mapsonthe uctuation rangeof to  sisdone.

37



3 Datareductionandanalysismethods

Figure3.14: Exampleof a setof octaresof the datacube;eachsurfacedisplaysthe two-
dimensionatistribution of powerin oneoctave.

Figure3.15: Exampleof integrationover all setsof octavesof thedatacube.
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It is believed that spatially unresoled motions,or non-thermalmicro-turtulence,have
asphysicalprocessehort-periodvaves,whichmay be responsibldor the enegy trans-
port to the chromospheréUlmschneide®& Kalkofen2003. The existenceof chromo-
spheresandcoronaedependn a constanienegy supplyprovided by mechanicaheat-
ing (Uimschneide® Kalkofen2003. The heatingrequiredto balancetheradiatve loss
is approximately —. Thebehaiour of short-periodvavesandtheamountof enegy
they carryarethe subjectof this work.

4.1 Wavesat differ ent heights

Short-periodvaveswith periodsfrom sto  sareassumedo bethe maincarrierof
the enegy requiredfor the heating. The peakenegy shouldbe transportedy wavesof
periodsbelonv  s. An obsenationof thesewavesencountersechnicaldif culties, since
it requiresggoodspatialandtemporakesolutionithey werethus rst investigatedn thelast
few years(Hansteeret al. 2000, Wunnenbey etal. 2003). A rst stepin this work was
to determinewhethervelocity uctuationsobseredby (Wunnenbgy etal. 2003)exist at
differentheights.Fig. 4.1 representsny resultof the waveletanalysisof uctuations at
thesameheight(i.e., km)astheoneusedin (Wunnenbeg etal. 2003.

Figure4.1: Waveletpower sectionfrom datasetDS2,calculatedor thepixel
in theimageplane. The maximumof the heightswhich contribute to the obsered
uctuationsis at km.
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Figure4.2: SameasFig 4.1 but for km height.

At thetop row of the gures the velocity uctuations areshowvn, andat the bottom
row the power of the short-periodvaves,both asfunction of time. Darker colourmeans
thatlarge power is registered light colourmeanghatlesspower is registered.Thereare
6 areasn thebottomrow of Fig. 4.1whichrepresenthe nally obtainedpower.

Fig. 4.2showvstheresultof thewaveletanalysisatthe heightof km. Here,only
threeareasshow power.

Table4.1: Overview of thepower occurrencattheheight  km.

| Occurrencef powerin time |

time[min] | periods[s]| time for maximumpower[min] | periodsfor max. [s]
0-5 65-110 0-1.5 100-110
13-17 60-110 14-15.5 69-89
37-43 56-110 41 68-73

In Table4.1 onecanseeanoverview of the power appearingn Fig. 4.2; Table4.2
givesanoverview of the power from Fig. 4.1. It is noticeablethatalthoughbothimages
representhe samepixel in the dataset, the resultsof the power are not the same. At
the higherlevel one can notice more power featuresdistributedin time and apparently
withoutconnectiorto thelowerlevel. Ontheotherhandpoweratthelowerlevel,  km,
might be relatedto someof the featuresat the higherlevel, althoughthe distribution of
power is slightly differentin time andperiod.

Short-periodvavesarenot oftenvisible in the signalpresentedn the top row of the

gures, sincelongerperiodsareoverwhelming.In gures 4.3and4.4 however, a signal
IS present.
The differentdatasetsshaov that power of short-periodoscillations(in the rangeof
sto  s)appearat differentheightsin the solarchromospherelt is evidentthatthe
power variesin time and appearswith varying amplitudes. In addition,at  km the
power peaksappeato belessfrequentthanat ~ km.
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Table4.2: Overview of the power occurrenceattheheight

km.

Occurrenceof powerin time

time[min] | periods[s]| time for maximumpower[min] | periodsfor max.[s]
0-5 90-110 0-2 100-110
14-18 60-110 15-16 77-90
20.5-23.5| 56-91 21.5-22.5 54-69
28-32 69-110 29-30 90-107
35-37 100-110 - -
36-38 56-85 36.5-37.5 60-68

Velocity fluctuation
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Figure4.3: TheDopplervelocity uctuationsfrom datasetDS2,atthepixel

in theimagefor theheightof =~ km. Thesolid line representdtered velocity uctu-
ationsin the periodrange s,thedashedine representson- Itered signalsfrom
thetoprow of Fig. 4.1.

4.1.1 Spatial location

In Fig. 4.5 the power of short-periodwavesis shavn astwo-dimensionaimaps. It is
evidentthatpower at the height  km appearseldomin spaceascomparedo power
at the height  km, in agreementith the ndings in gures 4.1 and4.2. In the en-
largedrectangle®nenoticesfeaturesvhichat  km have low powerandoccurin three
differentpatchesat km thesefeaturesare strongerin power andof differentshape.
The power featuresatthe height  km which appearat the samelocationasthe power
featuresat the height  km tendto spanlessspace. The shapeof the power features
tendsto vary with height. A possibleexplanationfor this spatialvariationis a character
istic of short-periodoscillations: they tendto expandin spacewhile travelling upward.
The contribution to the spatialvariationcomesfrom the dissipationof wavesof different
periodsat differentheights. The meging of wavesfrom differentsourcesadditionally
complicateghis picture.

An exampleof memging is shavn in Fig. 4.6. In thetoprow it is seenthatthe power
featuresof the wavesemittedfrom two neighbouringntergranularlanesmeige into one
featureat  km. This featureis marked with a greenarrow at the beginning of its evo-
lution. The processs easierto seefor waveswith longerperiodssincethey changemore
slowly in time (seesectiord.5.1).
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Figure4.4: TheDopplervelocity uctuationsfrom datasetDS2,atthe pixel

in theimageplanefor the heightof ~ km. Thesolid line representdtered velocity
uctuationsin theperiodrange s. Thedashedine representson- ltered signals
from thetop row of Fig. 4.2.

Figure4.5: Two-dimensionaimapof the short-periodvave power form the datasetDS1,
integratedover periodranges sto s. Theimagesaretime-shiftedby s which
correspondso thetime necessaryor short-periodvavesto travel with soundspeedrom
the kmtothe km heightlevel.

4.2 Methods usedfor the analysisof the data

To obtainthe nal resultsit was necessaryo perform an additionalanalysis. In this
sectiontherespectre methodsaredescribed.
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Figure4.6: Time sequencef  sfrom the datasetDS1, with repetitionrateof  s.
Thebottomrows representhe granulationthe middlerow theintegratedpower of short-
periodwaveswith periodsof sto  sattheheight km, andthetoprow theinte-
gratedpower of short-periodvaveswith periodsof sto  sattheheight km. The
arrov pointsto ameging power feature.

4.2.1 Comparison of the spatial distrib ution of short-period waves
with white-light structures

The startingassumptioris that the obsered short-periodwaves are acousticin nature
andthustravel throughthe solaratmospheravith —. Therefore,asa rst
attemptatime-shiftrequiredfor connectiorbetweerwavesandgranulareventsis applied
to the dataas expectedfrom this velocity. In mary caseswherethis shift provedto be
inappropriateothertime shiftsareapplied.

Pixel by pixel comparison

This comparisonis madeby simple comparisonof the intensity of the corresponding
white-lightimagewith the short-periodvavespower map. In Fig. 4.7 a scatterplot for
onemomentin thetime sequencés shown.

To obtainthe percentagef power which is locatedabove dark structuresthe power
wasnormalised.andonly that power which exceeds  of the maximumvalueis con-
sidered.For comparisorwith the correspondingvhite-light image,it wasassumedhat
the short-periodwavestravel with the speedof light andthe appropriateime shift was
calculatedaccordingly This proceduras donethroughthewholetime sequencgielding
the variation of the percentagevith time. During the time sequencehe percentagef
power appearingabove intergranuladanesvaries,asis visible in Fig. 4.8.

Comparison of power mapswith the white-light images

Sincethe pixel by pixel comparisons insufcient for an accuratedeterminatiorof the
locationof short-periodvaves,additionalmethodsneededo beused.

In the rst andthird rows of Fig. 4.9 one cannotice variousstructuresformed by
power of the short-periodwaves. | will referlaterto suchpatchesas'power features'.
In the secondandfourth rows the granularevolution is shawvn; over-plottedarecoloured
contourswhich presentareaswith obsenedpower of short-periodvaves.
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Figure4.7: Scattemplot from thedatasetDS1. Theshort-periodvavespowverabore %
of themaximumlevel is presenteds. thecorrespondingixel intensityin thegranulation
imageconsideringatime shift expectedor theacoustiovave propagatiorof sbetween
thecontinuumlevel andtheheightof the  km.

Figure4.8: Timevariationof thepercentagef short-periodvavespowerappearingbove
intergranuladanesfor the datasetDS6a.

This spatialcomparisormakesit possibleto visually determinethe exactlocationof
a power featurein the white-lightimage. A similar methodof analysiswaspresentedn
thework of (Espagneetal. 1996.

For sucha spatialcomparisorthe full areaof the reconstructedvhite-light images

werecutinto squareof pixels. Sincethereconstructedavhite-lightimageshave
the same eld of view asthe power mapsit was easyto obtainfor both equally sized
squares.

Thesquare®btainedn this way couldcover shortertime spansvhicharemorecom-
fortablefor a visualinspection.Here, it is importantto make a presentatiorof the data
easyto handle.Thewhite-lightimagesepresenthecontinuumlevel; thereford putthem
onthebottomrow of therespectre gures, themiddlerow presentgower of short-period
wavesatthe  km level andthetoprow thelevelof ~ km. Theamountsof power are
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Figure4.9: Timesequencef sfromthedatasetDS5,with arepetitiontime of S.
The secondand fourth rows shav granulationchangeswith the yellow areasmarking
positionsof the mostintensepower, andthe rst andthird row exhibit power of short-
periodwavesintegratedover the sameperiodrangeattheheight  km.

differentat both heightlevels, thereforethe power is normalisedbeforepresentedn the
maps.All mapsare'tv-scaled'!; the normalisedmaximumcorrespond$o white andthe
minimum, in this case , to black. An exampleis givenin Fig. 4.10. Thearravs mark
featuresvhosebehaiour is explainedin Sect.4.4.1.

Figure4.10: Timesequencef  sfromthedatasetDS2,with arepetitiontime of S.
Thetop row shavs power of short-periodvavesintegratedover the sameperiodrangeat
theheight  km. Thebottomrowsrepresengranulationchangesthe middlerow power
of short-periodvavesintegratedover periods sto  sattheheight km

The othertwo power mapswere placedabove the white-light images, rst the ones
from  kmandthentheonesfor = km. Theproceduravasrepeatedor sub-images

A routinefrom the IDL which presentsnatricesscaledn the mostappropriatevay.
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of thetime sequenceThesub-imagesf the powermapswerealsotime-shiftedfollowing
themethoddescribedn Sect.4.2.2. Thisorderwaschoserbecausd is similarto natural
positions.

This proceduravasfollowedfor the wholetime sequencef eachdataset. To obtain
the percentag®f speci ¢ eventsor locations,simplevisual sortingand countingof the
eventsor locationswasdone.Thepercentagevasthencalculatedwvith respecto thetotal
numberof all recordecevents.

4.2.2 Determining the time shift

As a rst stepin this analysisa pixel by pixel correlationwas attempted.This analysis
is doneunderthe assumptiorthat short-periodwaves shouldtravel with the speedof
soundthroughthesolaratmospherehencehehigherlevel wasshiftedbackin time by an
appropriatenterval. The powerwasnormalised Sincefeaturesvaryin intensity abinary
maskwas formed covering the areaswherethe short-periodwave's power exceededa
givenminimum. This proceduregivesthe exact positionsof featureswith power above

% of the maximumpower. Thesebinary maskswerethencomparedixel by pixel for
bothheightlevels.

Time shifting by visual comparison

Thetime shift in this work is donein two ways. Firsta comparisorof the power features
with thegranularevolutionis done.In Fig. 4.11anexampleof time shift usingthe power

featureis shown. In this methodl selecteda power featurewith a similar shapeat both

levels. The power featureschosenin thatway | rst relatedwith the white-lightimages,
determiningthe granulationevent which might be responsiblefor the emissionof the

short-periodvaves.

After thatthetime shiftis donein suchawaythatthetime evolutionof thecorrespond-
ing granulationchangefollows the time evolution of the power feature. This methodto
determinethe time shift openedthe possibility to pay attentionto waves which travel
down. 2

In mary casesa power featurecould not be foundin thosepower mapsobtainedby
integratingthe power over the whole rangeof short-periodwaves,from sto s.In
this casethetime shift wasdeterminedrom power featuresof oneof the periodintervals
shovn in Table4.3. Someof the eventsgave differenttime shifts for differentperiod
ranges.In thesecasesthe eventsin eachperiodrangeweretreatedandcountedassepa-
rateevents.

Time shifting by maximum power

Sincethe whole proceduredescribedabore is donevisually, an additionaltest of the
resultswas necessary This time shift is doneby comparisorof the power variation of
similar power featuredn both heightlevels. First, the visual methodis usedto locatethe
power featureat onelevel, andthenthe eld of view is reducedsuchthatit containsonly
the power featurewith its closesteighbourhoodThen,usingthe samecoordinatesthe

20nly two sucheventsarefound,which make therelative occurrencdessthan1%.
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Figure4.11: Exampleof atime shift. In the bottomrow thetime evolution without time
shift is shavn, andin the top row with a time shift appropriateéo machthe maximaat

km (middle)and  km (upperrows). Theyellow arrons point at the power feature
which wasusedfor thetime shift.

eld of view is reducedor theotherlevel. Finally, theevolution of powerintegratedover
a particularfeaturein the power mapsis plottedversustime for both heightlevels. This
yield thedesiredshift from anoptimummatchof both.
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Figure4.12: Temporalvariationof the power spatiallyintegratedover onepower feature

in thedatasetDS1. Theline with crossepresentshefeatureat  km, theline with stars

thefeatureat  km height. The diagramis donefor anexamplefrom the datasetDS1.

A time shift is not appliedin theleft panel,in theright panela time shift correspondso
S.
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4.2.3 Different periods

Theanalysisshovedthattheuseof powerintegratedoverthewholeperiodrangedoesnot
allow obtaininga clearpictureof the short-periodwaves. Much interestinginformation
canbelostwith anintegrationof thepoweroverthewholeperiodrangeof agivendataset.
Therefore,an analysisof the differentperiodintervals was performed. This is possible
sincethewaveletanalysisgivessocalledoctavespertotal periodrange.An investigation
of separat®ctares,i.e. periodintervals,givestheinformationrequired.

It is foundthatdifferencedetweemeighbouringoctavesarenottoo large, sincethe
obsened power behaiour variesslowly with the period. Hence,for betterpresentation
of theresultsa summationof power over two adjacenictavesis done. This integration
givesthe periodintervals presentedn the Table4.3. In this tablealsothe abbreviations
for thevariousperiodrangesareintroduced.

Table4.3: Periodintervals obtainedirom integrationover octaves.

| Periodintenalsfor all datasets |

Dataset abbreviation for interval | periodrangeqds]
DS1 P11 50-60
DS1 P12 60-70
DS1 P13 70-80
DS1 P14 80-90
DS1 P15 90-100
DS2 P21 54-65
DS2 P22 65-76
DS2 P23 76-87
DS2 P24 87-98
DS2 P25 98-109
DS3,DS4,DS5 P31 56-68
DS3,DS4,DS5 P32 68-79
DS3,DS4,DS5 P33 79-90
DS3,DS4,DS5 P34 90-102
DS3,DS4,DS5 P35 102-113
DS6 P61 45-54
DS6 P62 54-63
DS6 P63 63-72
DS6 P64 72-81
DS6 P65 81-90
DS7 P71 59-71
DS7 P72 71-83
DS7 P73 83-95
DS7 P74 95-107
DS7 P75 107-119
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The power mapsobtainedn this way werethenexposedo the samevisual detection
whichwasperformedo the mapsof theintegratedpower overthewholeperiodrangefor
therespectre dataset.

Wavesof longer-periods

With the waveletanalysis,anincreaseof the numberof octavesincreaseshe obsened

periodrange,for datasetDS1,from to s, andfor the datasetDS6a,from to
s. For the presentanalysisof the long period-wavesthe power was integratedover

thewhole periodrangeof datasetDS1andovertheinterval sto  sfor DS6a.The

analysisof the power mapsobtainedn this way wasalsodoneusingthe visualmethod.
Finally, thewhole power wassummedover the periods for eachdatacube.

4.2.4 Termsusedfor description of granular events

In this sectioncertaintermswill bede ned which describesventsobseredin thegranu-
lation; they aresortedalphabetically

Appearanceof a granule

If in alargerintergranularareaa new granulestartsto appearandto grow, the eventwill
becalled'appearancef agranule'.

Bright point-lik e structure

A smallstructurewhichappearsn intergranuladanespossessassuallyshapesvhichare
muchsmallerthanthe surroundinggranules.Someof thesestructureshave a high inten-
sity, but someof themarelessbright thanthe surroundinggranules.The G-bandbright
pointsarevery similar in shapeandlocationasthe structuresobsenred here,thereforel

call them'bright point-like structures'.

Changesof abnormal granulation

If thetypicalgranulatiorpatternis hardlyvisible sincesmallerstructuresll theintergran-
ular lanes,the eventis calledabnormalgranulation.Changesn this kind of granulation
in shapeandpositionaremuchfasterandeasierto notice.

Disappearanceof a low intensity structur e within a granule

A darler structurein the centreof a granulecanmeantwo things: thatgranulewill ex-
plodeor thatsimply a large granulehasbright edges.In the secondcase,it canhappen
thatduringthe changeof agranules shapehedarker areain its centredisappears.

Disappearanceof a part of agranule

Sometimes granulestartsto changethe shape andpartsof the granuleseemto fadeto
thebackground.
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Fading of a small granule into the background

If agranuledisappearsdy slowly shrinkingandloosingintensityonecansayit fadesnto
thebackground.

Merging of two granulesinto onelarger

Oneof the possibilitiesof the endingof granulesgspeciallysmallerones,is thattwo or
moreof themmeigeinto onelarger.

Slow granulation changes

If changesn the granulationoccurof the orderof minutes,without ary specialevents,|
addresghis as'slow granulationchanges'.

Splitting of a granule or exploding granule

Oftenlarge granulescansplit into two or moresmallerones.If this happengjuickly, the
eventis called'explodinggranule’.

4.3 Location of short-period waves

Oneof theinterestingpointsof short-periodvave analysiss to determinevhereexactly
in thechromospheréhey appearTheanalysiswvith visualmethodsvasdescribedn Sect.
4.2.1.Theresultsin this sectionwereobtainedoy a comparisorof the spatialdistribution
of theshort-periodvaveswith thewhite-light structures.

As statedin section2.3 the datasetsusedin this work were taken from different
regionsof the solarsurface.Thereforethefollowing resultsaregroupedaccordingo the
differentobjectsof obsenation.

4.3.1 The quiet Sun

The datasetsDS1,DS2,DS3andDS6awereobseredin the quiet Sun. The rst step
in the analysiswasthe pixel by pixel comparison.This kind of analysisshavedthatfor
thesedatasetsthemostcommonlocationof short-periodoower arethedarkintergranular
areasln gures 4.7and4.13scattemplotsfor onemomentin thetime sequencés shown.
It canbe seenthatthe powerat  km is moreconcentratedh the intergranularlanes?®
thanthepowverat  km. Here,the power above intergranularlanesis about % of the
total powerattheheightof ~ km,andabout % attheheightof  km.

The situationis a bit differentfor the otherdatasets,for DS6athe percentag®f the
power above the darkintergranularareass % atthe  km. The scattermplot for this
setof datais givenin Fig. 4.14.

3De ned as , Where is the local continuumintensity minusthat of the meanundisturbed
Sun.
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Figure4.13: Scattermplot from the datasetDS1. The short-periodvave power exceeding

% of themaximumlevel is presenteds. the correspondingixel intensityin thegran-
ulationimageatfter a time shift expectedfor acousticwave propagatiorof s between
thecontinuumlevel andtheheightof ~ km.
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Figure4.14: Scattermplot from the datasetDS6a. The short-periodwavespower is pre-
sentedvs. the correspondingixel intensityin the granulationimagewith the time shift
expectedfor the acousticwave propagatiorof s betweenthe continuumlevel andthe
heightof the  km.

The scatterplots were madefor just oneimagefrom the time sequenceDuring the
time sequencehe percentag®f power appearingabove intergranularlanesvaries,asis
seerfrom Fig. 4.8.
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The maximum of the power

Variouseventscausepower of differentamount. An overview of the eventsrelatedto a
maximumof poweris givenin Table4.4.

Table4.4: Granulareventswhich causea maximumpower of short-periodvavesin the
datasetDS1.

| Dataset1 - causeof the maximumof wave power |

No. granularevent %
1 bright point-like structure 42
2 disappearancef bright structure 15
3 | darkintegranuladanewith tracesof somestructure| 15
4 darkintergranularane 14
5 darkpatchin agranule 7
5 appearancef agranule 7

Figure4.15: Timesequencef  sfromthedatasetDS1,with arepetitiontimeof s.
The bottom rows represengranulationchangesthe middle row power of short-period
wavesintegratedover periods sto  sattheheight km, andthetop row power of
short-periodvavesintegratedover the sameperiodrangeattheheight ~ km.

Fig. 4.15shows several examplesof the maximumpower of short-periodvavesand
their locationwithin the quiet Sunstructure.Therearethreeclearly distinguishedower
featuresof strongintensityin this time sequence.The maximummarked with 1 which
appearsat both heightlevelsin the rst threeimages,.e. the rst s, is locatedin the
centreof anintergranularane.

Theotherpower feature markedwith 2, whichappearsn thelast7 imagesj.e. s,
attheheightof  kmis composedf two maximawhich seento meigeinto onepower

52



4.3 Locationof short-periodvaves

feature.In the rst 3 of thoseimages the maximumis easyto separatérom the restof

the power featuresinceit hashigh intensityandappearsn an intergranularlane above

somesmall structurenearthe edgeof a larger granule,marked with the 3. The second
maximumwhich canbe distinguishedstartsgainingintensity s afterthe rst oneand
appearsalsoin theintergranuladanejust at the bottomedgeof a smallstructurenearthe
borderof alargergranule.

Another maximum, marked with 4, which appeardn the seventhimage of the se-
guencej.e. after s,islocatedattheedgeof thesubpanelsarelationwith thegranular
eventscanthusnot bededuced.

The lower valuesof the percentag@btainedwith the pixel by pixel analysisfor the
datasetDS6a,canbe explainedby the nding thatpower above bright structuress more
frequentfor DS6athanin thedatasetDS1:for DS6a % of theshort-periodvave power
maximaappeambove bright structures.

4.3.2 Solar areawith G-band structures

In orderto study possibledifferencesetweenquiet andactive regions, datasetswhich
containG-bandstructureshave beenobsered. At the beginning of eachobsenationthe
solarareawith G-bandstructureswas selectedwith the help of a G-band Iter. Exact
locationsof the G-bandstructuresarenot registered.Thesesetsare DS4andDS7. The
pixel by pixel comparisorof thegranulanntensitywith thelocationof short-periogpower
gives % of thepower above darkintergranularlanesfor theheightlevel of  km, and

% for thelevelof ~ km. Fig. 4.16presentshe scatterplot for thedatasetDS7. It can
beseerthatthepoweris almostequallydistributedover granulesandintergranuladanes.

Power/Power
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Figure4.16: Scatteplot from thedatasetDS7. Theshort-periodvave poweris presented
vs. thecorrespondingixel intensityin thegranulationmagewith thetime shift expected
for the acousticwave propagatiorof s betweenthe continuumlevel andthe heightof
the  km.

In theFig. 4.17thevariationof the percentagés shavn for thewholetime sequence.
It is noticeablethat for this dataset,the percentageariesmuchlessthanfor the quiet
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Variation of power position over intergranular lane
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Figure 4.17: Time variation of the percentagef short-periodwaves power appearing
aboveintergranuladanesfor thedatasetDS7.

Sun,andtendsto be above % over the whole time. This could be dueto the larger
occurrencef smallstructuresn the solarregionswith G-bandfeatures.
Location of power maxima

The maximaof the obsened power aremostly locatedabore bright structuresput notin
anamountonewould expect. In Table4.5anoverview over the mostcommonlocations
of themaximaof short-periodvavesis given.

Table4.5: Eventswhich causehemaximumpower of short-periodvavesin datasetDS?7.

| Dataset7 - locationof the maximumof wave power |

No. granularevent %
1 thebright point-like structure 39
2 intergranuladane 23
3 | thedarkintergranulananewith tracesof somestructure| 19
4 thedarkpatchin thegranule 19

4.3.3 Observations containing a pore

A still strongerin uence of magnetic elds on short-periodvavesthanin G-bandstruc-
turescanbe expectedn thevicinity of pores.The obsenationsneara poreareDS5and
DS6h Thepixel by pixel analysisshovsthattheamountof powerabovetheintergranular
lanesis for bothsetsof data % attheheightof ~ km; attheupperlevel of  km, it

Is % for thedatasetDS6band % for DS5.

Thescattemplotin Fig. 4.18shavsagroupof pointsattheleft sidewhichis separated
from the main group. This power is probablyappearingabove the pore, sincethey are
relatedto very low intensities.

During thetime sequencehepercentagef powver above intergranuladanesdoesnot
vary strongly exceptattheend;its meanvalueis about % (seeFig. 4.19).

An interestingesultis thealmostequalpercentagef poweraboveintergranuladanes
atthetwo heightlevelsfor bothdatasetswhich containmagneticallyactive structuresA
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Figure4.18: Scattemlot from the datasetDS6h The short-periodwavespower is pre-
sentedvs. the correspondingpixel intensityin the granulationimagewith the time shift
expectedfor the acousticwave propagatiorof s betweenthe continuumlevel andthe
heightof the  km.

Figure4.19: Timevariationof thepercentagef short-periodvave powerappearingabore
intergranulardanesfor the datasetDS6h

possibleexplanationfor this maybethatpower featuresabove bright point-like structures
do notdiffer spatiallybetweerdifferentheights.They tendto be similar, with sometimes
very slightsymmetricexpansiomat the higherlevel.

Location of the power maxima

Thestudyof short-periodvave sourcesn thesedatais donefrom sub-imagesotcontain-
ing the pore. The poreandits vicinity shoved quite smallamountsof power; therefore
this analysisis doneoutsidethe pore. Sincethe datasetswith the porealsocontainG-
bandstructuresjt wasenoughto excludethe poreandits closeneighbourhoodo geta
datasetwith G-bandstructuresAs mightbeexpectedtheanalysisof sub-imagesvithout
poreshonvedthatmostof the power maximaappeabove bright structuresAn overvien
of the resultsfor the DS5 setof datais shavn in Table4.6. Insidethe porethereis no
signi cant power of short-periodwvaves,mostpower appearsn the ambientarea.In the
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porethereis onemaximumwhich appeardo be connectedn high layerswith structures
which arebrightandlocatedon the borderof the pore,seeFig. 4.21.

Table4.6: Eventswhich causea maximumpower of short-periodvaves,for the dataset
DS5.

| Dataset5; locationof maximumof wave power |

No. Event %
1 bright point-like structures 52
2 intergranuladanes 36
3 | darkintergranuladaneswith tracesof somestructure| 6
4 darkpatchin agranule 6

4.4 Relation of short-period wavesto certain structures
on the Sun

The datausedin this work make it possibleto investigatethe positionof power features
relative to white-light events. The relation of short-periodwavesand white-light struc-
turesgivesvaluableinformationaboutpossiblesourcef the short-periodvaves.

Theresultsin this sectionareobtainedoy comparisorof the power mapswith white-
light imagesseeSect.4.2.1.In this analysisalsothe resultsweredistinguishedetween
guietandactie regions.

4.4.1 The quiet Sun

The mostfrequentorigin of power in thesedatasetsarevariationsin the granulation for
which thetypical time scaleis muchlongerthanthe periodof the obseredwaves. %
to % of thetotal obsered power is associatedvith theseslow changes Examplesof
this canbe seenin Fig. 4.10,whereonenoticesthe differencebetweerpower featuresat
thetwo levels. Theoccurrencef power at differentheightlevelshasbeenshiftedin time
correspondingo thesoundspeedsothata changen thegranulationpatternoccursatthe
sametime stepasthe power feature.

At kmtherearemorepower featuresvisible (Fig. 4.10). The power featuregend
to follow intergranulardanes while thosefeatureswith strongerpower tendto follow the
bordersof the granulationstructure. At the higherlevel,  km, it lookslike thereare
lesspower featuresnvolved. In the rst  ve imagesof the time sequencéwo maxima,
marked in the gure with the arrovs 1 and2, appearto be followed by power features
which areslightgrey, indicatinglessamountof local power.

Themaximummarkedwith 2, appearshroughthewholetime sequencandseemso
berelatedto the disappearancef a small structurein the intergranularlanessurrounded
by largergranuleqarron 3). The changeof the power shapewhich doesnot correspond
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4.4 Relationof short-periodvavesto certainstructureonthe Sun

to a similar changeof the shapeof the granulationpatternmightindicatethatthereis no
clearconnectiorbetweerthem.

The secondmaximumwhich appearnly in the rst veimagesis alsorelatedto a
disappearancef a partof the granulationstructure;ts shapeandchangen shapecorre-
spondgo thatof the granulationpattern. Strongermower featuresendto clusteraround
irregular bordersof the granulationstructure. The power featuresat both levelstendto
appearat similar locations. Although correspondingower featuresfor the higherlevel
canalsobefoundatthelowerlevel, they seermotto beatidenticallocations.

Thesecondrequenicauseof poweris thevariationof smallgranularstructuresyhich
cause %to % of thetotalobsenedpower. An overview of thegranulareventswhich
causeshort-periodvavesin thedatasetDS1is givenin Table4.7.

Table4.7: Granulareventswhich causeshort-periodvaves,in the datasetDS1,with the
percentagef appearingabove the 10%.

| Dataset1; causeof wave power |

No. granularevent %
1 slow granulationchanges 52
2 | fadingof asmallgranuleinto the background| 12
3 change®f abnormalranulation 12
4 bright point-like structure 12

In additionto Table4.7,thefollowing eventsalsocauseshort-periodvave power:

fadingof a smallgranuleinto the background,
splitting of agranuleinto two,

appearancef agranule,

disappearancef partof agranule,

meiging of two granulesnto onelarger,

disappearancef alow intensitystructurefrom agranule.

Thepercentagef the power connectedvith theseeventsis % of thetotal obsened
power.

4.4.2 Solarareawith G-band structures

Herethedatasetswhich containG-bandstructure DS4andDS7,will beanalysedSince
thosedatasetswith poresin the eld of view also shov G-bandstructures,the pore
surroundingsverealsousedin this analysis. The mostcommonsourcesof short-period
power arechange®f abnormalgranulationin the continuumlayer. The amountof total
power appearingn the small-scalestructureis around % of thetotal registeredpower.
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Thepower originatingfrom thesesourcess spreacdver mostof the eld of view without
large amplitudevariationand often coverssmall granulationstructures.An exampleof

this sourceis givenin Fig. 4.20. The moststriking structuresare the three point-like

power featuresvhich appeaiatbothheightlevelsatthe sameocations.They aremarked

with thearraw. It is interestingto noticethatat the granulatiorlevel thereis no structure
of similar shape.All threefeaturesfollow the changeof the small-scalestructuresear
the bordersof larger granulationstructures.Table 4.8 givesan overviewv over the most
commonsource®f short-periodgpower for thesedatasetswith G-bandfeatures.

Figure 4.20: Time sequencef s from the dataset DS5, with a repetitiontime of
s. The bottomrows represengranulationchangesthe middle row power of short-

period wavesintegratedover periods sto  sattheheight km, andthetop row

power of short-periodvavesintegratedover the sameperiodrangeattheheight ~ km.

Table4.8: Granulareventswhich causeshort-periodvaves,in the datasetDS7.

\ Dataset7 - causeof wave power \

No. granularevent %
1 changesn abnormalgranulations 56
2 slow changesn thegranulation 19
3 fadingof a smallgranuleinto thebackground | 14
4 | appearancef two smallergranulefrom onelarger | 11

For the datasetDS7, the appearancef granulesis found as an additionalsource.
However, the power relatedto thiseventis only % of thetotal obsenedpower.

4.4.3 Observations containing a pore

Thestudyof short-periodvave sourcesn thesedata,DS5andDS6b,is performedfrom
sub-imagesvithoutthepore.

Also in thesedatasetsthe mostcommonsourceof short-periodvavesarechange®f
smallstructures.In thedatasetDS5it amountso % of thetotal registeredpower for
this dataset. Table4.9 givesanoverview of thesources.

Additional sourcesvith amountsof powerbelon % are:
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4.5 Relationbetweerwavesof differentperiods

Figure4.21: Time sequencef s from the datasetDS5, with a repetitiontime of
s. The bottomrow representgranulationchangesthe middle row power of short-

periodwavesintegratedover periods sto  sattheheight km, andthetop row

power of short-periodvavesintegratedover the sameperiodrangeattheheight  km.

Table4.9: Granulareventswhich causeshort-periodvave, presentedior thedatasetDS5.

| Dataset5; causeof wave power |

No. Event %
1 changesn abnormalgranulations 70
2 slow changesn thegranulation 19
3 bright-point-like structures 4
4 | appearancef two smallergranuledrom onelarger | 3.5
5 appearancef adarkstructureinsideagranule | 3.5

disappearancef smallgranules,

appearancef granules.

Above the porethe amountof power of short-periodwavesis extremelysmall. As
onecanseein the Fig. 4.21,the only power feature,markedwith 1, seemdo be caused
by a bright structureat the edgeof the pore,marked with 2, at the beginning of thetime
sequencelaterthe mostpronouncednaximumseemdo drift a bit into darker areasof
the pore,without relationto a visible structure.Otherfaint structuresseemto be caused
by granularchangeswhichcannotbedeterminedincetheporein the eld of view causes
low contrastsn the surroundinggranulation.

4.5 Relation betweenwavesof differ ent periods

Differencesbetweenneighbouringoctaves are found to be not very large sincethe ob-
senationsshows thatthe power behaiour variesslowly with the period. Major changes
usuallyappearfor periodsnear s. This sectiondiscusseshe dependencef waveson
theperiodintenal.
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4.5.1 Variation of power location with periods

In Fig. 4.22 one can note differencesbetweenvariousperiods. For eachinterval the
power over a differentperiodinterval appearsat differentspatiallocations. Usually, the
mostrapidchange®ccurin theintervalsP13,P23,P33,P64andP72,(interval de nition
givenin Sect.4.2.3)which oftendo not have muchrelationto otherperiods.In Fig. 4.22
it canbe seernthattheintensityof the powerin thethird panelis markedly wealened.

Figure4.22: Time sequenc®f sin threetime stepsfrom the datasetDS2. The ve
panelgepresenintegratedpowerovertheperiodranges$21,P22,P23,P24andP25(P21

s,P22 s,P23 s,P24 s,P25 S
), atthetwo differentheightsof ~ km (middlerow) and  km (top row). The bottom
rows shav the correspondingranularpattern.

For comparisonfig. 4.23shows the sametime sequencavith the power integrated
overall periodranges.Thegenerapowerdistributionis quite similar; theonly difference
occursfor suchpower featuresvhich appeatn relationto bright point-like structures.

For datasetsstemmingrrom thequietSun,theresultsgenerallyshow thatthis change
of power in the periodinterval around sis the mostobvious. The Table4.10givesan
overview of themostprominenteventsrelatedto change®f short-periodvaveswith the
periodinterval.

The eventNo.1 happenedogetherwith slow granularchangeswhile eventNo.3re-
latesto change®f smallstructuresThevariationof thelocationof maxima,eventNo.5,
is found in relation with differentgranularevents. In % of the caseswherea varia-
tion over periodrangesoccurs,onecan nd thatpower in P11hasa differentlocation
comparedvith P14;P15shav power at the samelocations,asin the formertwo period
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4.5 Relationbetweerwavesof differentperiods

Figure4.23: Sametime sequenc®f sin threetime stepsfrom the datasetDS2, but
with the power integratedoverthewhole periodrangefrom sto  s.

Table4.10: Eventsrelatedto differencdan theshort-periodvavesvisible overthedifferent
periodintervals. Theanalysiss donefor all rangeggivenin Table4.3.

\ Datasetl: change®f short-periodoower over the periodintervals \

No. event %
1 | diffusepowerfeatureswith differentshapeoverall ranges| 43

2 changeof thelocationovertheperiodrangearound s | 27
3 diffusepowerfeatureswith similar shape®verall ranges | 13
4 nodifferences 7
5 maximaat differentlocations 4

ranges.For the quiet Sundatathereis no clearcorrelationbetweengranulareventsand
thebehaiour of short-periodvavesover thedifferentperiodintervals.

For the G-banddatathereis somedifferenceascomparedo the quiet Sunobsena-
tions. In Fig. 4.25the behaiour above a bright point structureis presentedFig. 4.24
showsin differentsub-panelshe powerin thedifferentperiodintenvals. It canbenoticed
thatthe rst two panelswhich presenpowerin theintervalsP31andP32,exhibit a simi-
lar spatialdistribution. Also the lastthreepanelswhichrepresenpowerrangesL33,P34
andP35,shav similar distribution. However, panelsl and2 differ signi cantly from 3,
4, and5. In particular the almostcentralmaximumin P33,P34andP35doesnot occur
in P31andP32.Thismeanghatthosewavescoveraperiodrangefrom sto  s.This
maximumalsooccursin the integratedpower.

Comparisorof theintegratedpower (Fig. 4.25)with thatin thedifferentrangeshaws
thatin this examplesomepower of the short-periodrangesP31andP32doesnot occur
whenintegratedover the whole periodrange. This clearly indicatesthatin this casethe
powerin thosetwo intervalsis muchsmallerthanin the otherthreeintervals.

In Table4.11anoverview of thebehaiour of power featuresoverthedifferentperiod
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Figure4.24: Time sequenc®f sin threetime stepsfrom the datasetDS5. The ve
panelsrepresentntegratedpower over periodrangesP31,P32,P33,P34andP35 (P31

s,P32 s,P33 s,P34 s,P35 S
), at the two differentheightsof =~ km (middlerow) and  km (top row). The lower
panelsshov the correspondingranularpatternin thethreetime steps.

Figure4.25: Sametime sequencef  of thesamegranularchangeor thedatasetDS5,
but for theintegratedpower over whole periodrange.

intervalsis given. It is seerthatfor thedatanearG-bandstructuresliffusepowerfeatures
aremore frequent,theseare usually relatedto changesf small granulationstructures.
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In the dataset, DS5, thereare bright point-like structuresfor which almost % of the
power equallyappearsn the mapwith power integratedover the whole periodrangeas
in thevariousperiodrangeslin therestof the cases slightly largerpoweris obsenedin
thedifferentperiodintervalscomparedo theintegratedpower.

Table4.11: Eventsrelatedto differencesn the short-periodvavesvisible over the differ-
entperiodranges.

\ Dataset7 - change®f short-periodpower overthe periodintervals \

No. event %
1 similar diffusepower featuresover all ranges 28
2 | changan thepositionovertherangeof to s 14
3 similar diffusepower featuresover all ranges 17
4 no differences 13
5 maximaat differentlocations 25

In thedatasetscontainingaporetheanalysideadsto similarresultsfor thoselocations
outsidethe poreasfor the datasetswith the G-bandstructures.This may be expected
sincethe poresurroundingsreknown to be coveredby G-bandstructures.

Fig. 4.26 shav the spatialdistribution of power in the periodrangesP31,P32,P33,
P34 and P35in the pore and its immediatevicinity. It can be seenthat the location
of the strongmaximumis the samefor both heights,whereashe restof the power is
insigni cant.

The power maximumis locatedat the lower end of a lengthy bright structureat the
left sideof the porewhich seemgo separata smallextensionfrom themainporeregion.
One nds no variationof power over the periodintervals; accordinglythe power feature
equallyoccursin the mapof integratedpower.

4.5.2 Comparison of short-period waveswith waves of the longer-
period

To completethediscussioraboutdifferencesn thevariousperiodintervalsl herediscuss
a comparisorbetweerthe shortandthe long-periodwaves. Sucha comparisons only

donefor the datasetsfrom the quiet Sun, sinceprevious investigationgdEspagnett al.

1996)weredonefor the quietSunaswell. In this sectionl alsouseconclusiongrom the

resultsaboutlongerperiodwaves.

The range of 50to 200s

Fig. 4.28 presentdhe variationof power featuresn thetwo periodintervals sto s
and sto s.ltisseenthatfeaturesof longerperiod( s—  s)wavestendto vary
moreslowly andclusternearspeci c locations. An interestingeventis marked with 1.
Pawer featuresof short-periodwavesseemto originatefrom larger numbersof smaller
sourcesmarkedwith 2.
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Figure4.26: Time sequenc®f sin threetime stepsfrom the datasetDS5. The ve
panelsrepresenintegratedpower over periodrangesP31,P32,P33,P34andP35,at the
two differentheightsof km (middlerow) and  km (top row). The lower panels
show the correspondingontinuumpatternin thethreetime steps.

Figure4.27: Timesequencef sin threetime stepsrom thedatasetDS5.

In Fig. 4.29thetemporalbehaiour of featureswith maximumpower is shovn. The
arrovs 1 and2 markthe power maximaof longerperiodwaves,andarronvs 3 and4 the

power maximaof short-periodvaves.
Carefulinspectionof thelongersequencéig. 4.29shaws thatthefeaturesof longer
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Figure4.28: Time sequencef  sfrom thedatasetDS1. Thetop row presentgpower
integratedover therange sto s, the middle one power integratedover the range

sto s, bothatthe heightof  km; the bottomrow presentghe corresponding
granulationchange.

Figure 4.29: Time sequencef s from the datasetDS1; upper middle and lower
paneldike Fig. 4.28but at a differentspatiallocation.

periodwavesappeatrearlierin the time sequencandlastlongerthanthe corresponding
featureof short-periodwavesat the samelocation. In turn, the power featuresof short-
periodwavesappeatateranddisappeaearliet

For thesamedataset,DS1,thewaveletanalysisvasdonetwo times,yielding mapsof
powerintegratedoverthetwo periodintervals sto  sand sto s.Thedifferences
in the featuresoccurringin both intervals areevident. They indicatemore power in the
range sto sthanintherange to s,sinceno structurefromtheinterval s
to  sisvisiblein thepowermapsof theinterval sto  s.
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The period range betweenl75sand 280s

Also for the dataset DS6athe wavelet analysiswas donetwo timesyielding mapsof
power integratedover the periodintervals sto sand sto s. Thissetof data
shonvs dominantpower patternsonly in therange sto s, indicatingthatthe short-
period waves have the largestamplitudes. Thereforeit was necessaryo separatehis
range fromtheonebetween sto s.

The power mapsof this rangeshov a behaiour of longerperiodwavessimilarto the
behaiour of the wavesin the periodinternval  sto  s. Thechangesf their power
featuresareslowerandthey donotcomefrom thesamesourcesstheshort-periodvaves.

The maximaof the wave power behae similarly asin Fig. 4.29: the featuresof the
longerperiodwaveslastlongerthanthecorrespondingower featuresof theshort-period
wavesatthe sameocations.

4.6 Travelling of wavesthr oughthe solar atmosphere

For an effective heatingof the chromospherepwardstravelling short-periodwvavesare
required. Sothe next stepof the analysiswasto determinehow the short-periodvaves
travel throughthe solaratmosphereAs a rst stepin this analysisa pixel by pixel corre-
lation wasattempted.

This methodgave % correlationbetweenthe locationof power integratedover
the whole periodrangeat the two heights,presumingthat wavestravel with the speed
of sound.For the datasetswhich containmoresmall granularstructuresthe percentage
of this correlationwaslarger, sincethe power over thesestructuresendsto have similar
shapestbothheightlevels.

The sameproceduras donefor variousperiodranges.It wasfound thatthe largest
percentagesf matchingpower locationsoccur for comparisorwithin the sameperiod
rangeat both heights. A similar behaiour wasobseredif oneperiodrange,e.g. P11
(see.Table4.3),wastakenfor the oneheight,andthe neighbouringone,e.g.P12,for the
otherheightlevel. However, comparingperiodintervalsnot neighbouringthepercentage
of the correlationwas % smallerthanthe percentagef correlationof neighbouring
periodranges.In Table4.12 onecanseeanoverview of the percentagef the matching
short-periocpowerin thedifferentperiodrangesassuminghatthey travel with thespeed
of sound, —.

Comparisonof the resultsfrom the wavelet transformfor eachpixel shaved that
wavesdo travel throughthe solaratmospherebut that their velocity is not exclusively
the speedof sound. Fig. 4.30 shaws the resultof the wavelet analysisfor one pixel.
Thosepartsof the contourplot presentingpower of short-periodwavesat both heights
(markedwith thelettersA, B, andC) indicatethe existenceof a time shift. But theareas
marked with theselettersalsoshav the compleity of the problem. AreasA andB are
separateat the heightof the  km while at the height they arejoinedinto one,al-
thoughthetwo partsseento bestill visible. Theareamarkedwith the C differsnotonly
in time but alsoin intensityand period betweernthe two heights. This picture might be
more complex sincethe pixel by pixel analysisdoesnot take into accountvariationsof
the spatialpositionof short-periodvaves,or variationsover the periodranges.
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Table 4.12: Percentagesf matchinglocationsof power featuresat the two different
heights,assumingthat the short-periodwaves travel with the speedof sound,for the
datasetDS3.

\ Dataset3; matchinglocations \

No. | rangeat km|s] | rangeat km|[s] | matching[%]
1 56-120 56-120 15
2 56- 69 56- 69 36
3 69- 81 69- 81 36
4 81-94 81-94 36
5 94-107 94- 107 31
6 107-120 107- 120 31

Figure4.30: Resultof thewaveletanalysisfor pixel (167,112t thetwo heightsfor data
setDS1.

4.6.1 Matching of similar power features

Using the pixel by pixel comparisordifferencesetweenthe datasetsare now investi-
gated. The resultsshav differencedetweenthe variousobjectsof the obsenations. In
this sectionthereademustbearin mindthatin total 8 differentdatasetsareanalysednd
mostof themhave differentrepetitiontime, which automaticallycauseshe differencen
the sizeof the necessaryime steps.Table4.13givesan overview of the repetitiontime
for eachdataset.

The quiet Sun

In thosedatasetscontainingthe quietSunasobjectof obsenationthe mostfrequenttime
shift to matchpower maximaatbothheightlevelsis s. Thiscorrespond$o avelocity
of —, beingcloseto the soundspeed.This valueis obtainedby averagingthe
measurementyverthedifferentdatasets.Thedifferentcadencesf thesetsgive different
time andvelocity resolutionsandthereforean averagingof the velocitieswasnecessary
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Table4.13: Datasetsandtheir repetitiontime.

| DataSets |
Dataset | repetitiontime (sizeof onetime step)[s]

DS1 25

DS2 27.4
DS3 28.2
DS4 28.4
DS5 28.3
DS6a 22.7
DS6a 22.7
DS7 29.9

In Table4.14anoverview of sometime shiftsfor thedatasetDS1is given.

Table4.14: Time shiftsdeducedor thedatasetDS1 (quietSun)andtheir corresponding
velocitiesandgranularevents.

| Dataset1 - thetime shift |

No. granularevent time shift | velocity | percentage
[s] [—]
1 slow granulationchanges 75 5.3 4
2 | smallchangestthebordersof granules 50 8 28
3 bright point-like structure 100 4 4
4 changesn abnormalgranulations 100 4 6

In total, for the datasetDS1 % of the eventsoccurwith atime shiftof s, %
with s, % with s andthe restwas not detectable.For the datasetDS2, which
shaws the largestvariations, % of the eventsoccurredwith atime shiftof s, %
with s, %with  s,therestnotbeingmeasurablefor bothdatasetsthe dominant
velocity is —, yetonly % of all obsened eventshave this velocity. The
secondrequentvelocity for thosedatasetsis —

Also, thesequiet Sundatagive evidencefor ratherfastshort periodwaves. One of
the examplesis shavn in Fig. 4.31. The two arrons in the left panelswith velocity
power (1 and2) markthe power featurewhich wasusedto determinethe time-shift. The
arrow in thegranulationimage(No.3) marksthe possibleeventin the granulationwhich
correspondso theappearancef the power feature;thetotal contritution of thesespeedy
short-periodvavesis around %. Thearravs 4 and5 marksthe power featurebeforethe
time-shiftis applied.

The following gures presentresultsfrom a quantitatve comparisorof powersfea-
tures. Fig. 4.32shaws in the left panelthe power vs. time without time shift. It canbe
seernthatthe power variationsdo not correspondo eachother Theright panelshovsthe
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4.6 Travelling of wavesthroughthe solaratmosphere

Figure4.31: lllustrationof thetime shift of powerfeaturedor thedatasetDS1. Thetime
shiftin thisexampleis s, onetime step,which correspondso avelocityof —.
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Figure4.32: Temporalvariationof the power spatiallyintegratedover onepower feature
in thedatasetDS1. Theline with thecrossegpresentshefeatureat  km, theline with

starsthefeatureat  km height. The diagramgivesan examplefrom the datasetDS1.
A time shift is notappliedin theleft panel,in theright panelatime shift of onestep s,
is applied tting optimallythecurves,yielding km/s.

situationafterapplyingatime shift of s. This meanghatthe optimaltime shift corre-
sponddo avelocityof —, beingabouttwice thesoundspeedAlso it is visiblein this
diagramthatthe power increaseat the enddoesnot correspondo theabore assumede-
locity. Thatis becausehis partmay belongto anothempower structurewithin the spatial
regionintegrated.

ThedatasetDS1hasalsoexamplesof featuresvhichindicateatime shift correspond-
ing to the speedof sound. Fig. 4.12shaws the behaiour of sucha power versustime.
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Thetime shift optimally tting thetwo curvesis swhichwell correspond$o the speed
of thesound.

without time shift with time shift
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Figure4.33: Temporalvariationof the power spatiallyintegratedover onepower feature
in the datasetDS1. The line with the crossegpresentshe featureat  km, theline
with starsthefeatureat  km height. The time shift is not appliedin the left panel.In
theright panela time shift of threestepsis applied,correspondingo s, yealdingthe
velocityof  km/s.

The dataset DS1 hasalso examplesof featureswhich indicatea time shift corre-
spondingto velocitieswhich areslower thanthe speedof sound.Fig. 4.33shavs atime
evolutionwhichrequiresatime shiftof  s. Thisexampleof anevolutionis, however, not
representatie, but it is evidentthatthe time shift producesan exact matchingof power
changesat two heightsonly for a small part of the time interval. In particularthe very
beginning of the seriesshaws a ratherdifferentbehaiour in both heights,which might
needanothettime shifts.

The G-band structuresand pores

It is reasonableo put the resultsfrom the datawith G-bandstructureqdatasetsDS4,
DS7)andwith pores(datasetsDS5andDS6b)together sincein the latter, regionssur
roundingthe poreshawv the samebehaiour asthosewith the G-bandstructures.

All thesedatasetshave the mostfrequenttime shift of threetime stepswhich corre-
spondgo avelocity (averagedverall datasets)of —. In Table4.15anoverview
of the time shifts andthe correspondingyranulareventsis given for the datasetDS6h
This datasetis a typical representate of the behaiour short-periodwavesin regions
with G-bandstructuresIn this casethe dominanttime shiftis swhich correspondso
avelocityof —, sincetherepetitiontime in this datasetis s. An examplefor such
slowly travelling short-periodwavesis shavn in Fig. 4.34. Thetwo arrons in the bot-
tom panels(1 and2) markthe power featurewhich wasusedto determinghetime-shift,
beforeapplyingthe time-shiftitself, andarrons 3 and4 the power featureafterthe time
shift.

The secondrequentvelocity is —, beingcloseto the soundspeedandin
somedatasetsit appearswith the samepercentagasthe dominantvelocity of the data
setDS6h
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4.6 Travelling of wavesthroughthe solaratmosphere

Table 4.15: Time shifts for the dataset DS6b and their correspondingvelocitiesand
granularevents.

| Dataset1: thetime shift |

No. granularevent time shift | velocity | percentage
[s] [—]
1 slow granulationchanges 45 8.9 18
2 | smallchangestthebordersof granules 67 5.9 17
3 bright point-like structures 90 4.45 2
4 changesn abnormalgranulation 90 4.45 36

Figure4.34: lllustrationof thetime shift of somepowerfeaturesn thedatasetDS6h The
time shiftbetween km (middle)and  km (upperpanel)is swhichcorrespond$o
avelocityof —. The power featureusedto determinethe time shift is marked with
arrons on bothlevels.

Also, for the datasetDS5, the velocity — is thedominantone. However,
fastershort-periodwavesalsoappear Someof themare so fastthat the actualvelocity
cannot be determineddueto the nite time resolution;onetime stepcorrespondindo

S.

Fig. 4.35shavs examplesof two power features(arrov 1) which indicatea time
differencesmallerthanthe time resolutionof the dataset. In Fig. 4.35the sourceof
the power featureis a small granulationstructurewith high intensity (arrov 2). In the
exampleFig. 4.350necannoticethattheintensityof the power structureraisesatalmost
the sametime at both heightlevels;it alsodecreaseapparentlyat the sametime. There
aretwo powerfeaturesn thisexamplewhich shaw thiskind of behaiour. This behaiour
of power featuresoften occursin the datasetswhich include somemagneticstructures.
Also, the power featureswhich appeararoundthe poretendto behae in a similar way.
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Figure4.35: lllustration of the time shift of two power featuresn the datasetDS5. The
time shift in this exampleis undetectablesinceit is smallerthanonetime stepof these
seriesof S.

Theactualvelocity of thosewavescanonly approximatelybe determinedSincethedata
setDS6hasa quitefastrepetitionrate,  s,thesewaveshave to befasterthan —.

without time shift with time shift
T T

./
./

I I I I I I
a 50 100 150 200 250 a 50 100 150 200 250

Figure4.36: Temporalvariationof the power spatiallyintegratedover onepower feature
in thedatasetDS6h Theline with thecrossepresentshefeatureat  km, theline with
starsthefeatureat  km height. In the left panela time shift is not applied,andin the
right panelatime shiftof  sis applied tting optimally the curvesandcorresponding
to kmi/s.

The power variationswith time con rm the previous nding. Fig. 4.36shovs oneof
theslow velocity exampleswith avelocityof — —.

Theexamplegivenin Fig. 4.37showvs evenslowertravelling waves,having velocities
of only —. Yetthis behaiour canbe dueto differenttime resolutionsof both data
sets.In thatdatasetwherethe repetitiontime is , sShawvn in Fig. 4.36,thetime shift
wasdeducedrom vetime stepswhile in thedatasetDS7thetime shift wasonly taken
from four time steps. In this exampleof dataset DS7 the evolution of two featuresis
indicated. The secondfeaturehaslarger power atthe  km level thanat  km; this
may be explainedby a dissipationof waves.

An examplefrom datasetDS6bis shavn in Fig. 4.38. Thetime shift wasdeduced

from threetime stepsandyieldsavelocityof = —. Someeventsin the datasetsDS6b
and DS5 shov waves which are fasterthan the speedof sound. The examplein Fig.
4.39shavs waveswhich travel with avelocity of —, beingroughlytwice the sound

velocity. The appliedtime shift correspond$o onetime step,andpresentnly theend
of the evolution of onepowerfeature.
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Figure4.37: Temporalvariationof the power spatiallyintegratedover onepower feature
in thedatasetDS7. Theline with thecrossegpresentshefeatureat  km, theline with
starsthefeatureat  km height. In theleft panela time shift is not applied,andin the
right panelatime shiftof  sis applied tting optimally the curvesandcorresponding
to km/s.
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Figure4.38: Temporalvariationof the power spatiallyintegratedover onepower feature

in thedatasetDS6h Theline with thecrossepresentshefeatureat  km, theline with

starsthefeatureat  km height. In theleft panela time shift is not applied,andin the

right panelatime shiftof sis applied tting optimally thecurvesandcorrespondingo
km/s.

Fig. 4.40givesthe mostfrequentsituationfor the datasetDS5. Theintegrationarea
evidently coverstwo featuresmatchingalmostperfectly without time shift. In the rst

s of the diagram,one can seethat the curve from the lower heightlevel seemsto
consistof two featuressuperpose@n eachother The rst, wealer onepeaksafter s
anddoesnot appearat the higherlevel; the secondnaximumat s well matcheswith
thehigherlevel.

Thetimeresolutionof this datasetwith arepetitionof s, isto low to determinewith
which velocity thewavestravel. The only possibleconclusionis thatthey arefasterthan
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without time shift with time shift
T T T

08— — 08— —

Al
Al

0.4 — 0.4 4

02— = 02— =

0.0 1 1 0.0

Figure4.39: Temporalvariationof the power spatiallyintegratedover onepower feature

in thedatasetDS5. Theline with the crossegpresentshefeatureat  km, theline with

starsthefeatureat  km height. In theleft panela time shift is not applied,andin the

right panelatime shiftof sis applied tting optimally thecurvesandcorrespondingo
km/s.
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Figure4.40: Temporalvariationof the power spatiallyintegratedover onepower feature
in thedatasetDS5. Theline with thecrossepresentshefeatureat  km, theline with
starsthefeatureat  km height. The diagramis donefor the examplefrom the dataset
DS5. A time shift hadnotto be appliedsinceboth curvesmatchalmostperfectly

4.7 Energy transport and the dissipation of energy

In orderto heatthe chromospherey short-periodvaves, it is necessaryhatthey carrya

certainamountof enegy andthatthey dissipatehatenegy. To determinehow muchen-

ergy is carriedby acoustiovavesthe LTE model(Holweger& Miuller 1974)wasusedto

determinghedensityandthecorrespondingpeedf sound.Theenegy ux iscalculated
with theexpression:

(4.1)

where, isthedensityattheheight ,and thecorrespondingpeeddf sound.Forthe
two heightsusedin this work therespectre valuesarepresentedn Table4.16
In Fig. 4.7 onecanseethesignalwhichis usedin thisanalysis.The ltering removed
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4.7 Enegy transportandthedissipationof enegy

Table4.16: Valuesof the soundspeedandthe densityusedfor calculationsof theenegy
ux.

| Soundspeecdanddensity |
| height[km] | speecf sound[—] | density[—] ||

all waveswhoseperiodwasabove  sin Fourierdomain,in orderto suppresshe min
oscillations.It is interestingto noticethatin certainpartsof right sidepanelswherenon-
Itered signalsarepresentedpnecannot seeshort-periodscillations.Justafter Itering
theshort-periodvavesandtheiramplitudecanbeseen(left panelsof Fig 4.7),- evidently
sincethey arenomoresuperposetly min oscillations.
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Figure 4.41. Examplesof the analysedsignalsbefore Itering (right panels)and after
Itering for theperiodrange sto  s(left panels).

The averagevelocity in Eq. 4.1 wasdeterminedrom the velocity mapsat
the appropriateheight. The averagingwasdonefor eachpixel of eachvelocity mapin
thetime sequencekor this calculationonly the datasetsDS1,DS2andDS7 wereused.
In Table4.17the ux valuesarepresented.The erroris calculatedusingthe statistical
distribution for thelow numberevents,sincethe numberof measurements quite small,
thevaluesareobtainedrom only threedatasets.

Theenegy ux attheheightof  kmis:

— (4.2)
Theenegy ux attheheightof  kmis:
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Table4.17: Theenegy ux for thedatasetsDS1,DS2andDS?7.

Theenepgy ux

| dataset| cadencd

[—1]

[—1]

[—1]

DS1 25 0.899 6.954 6.054
DS2 27.4 1.583 7.059 5.477
DS7 29.9 0.794 5.375 4.581

— 4.3)

And thedifferencebetweerthosetwo enegy ux esis:

— (4.4)

This differencerepresentghelossof enegy ux duringthetravel of the short-period
waves.

Table4.18: Theenepgy ux for thedatasetsDS6aandDS6h

| Theenegy ux |
[ dataset| cadencd  [—]] [—]] [—1]
DS6a 22.7 2.486 19.732 17.246
DS6b 22.7 8.613 17.936 9.323

The datasetsDS6aand DS6bhave a cadenceof s, andaccordingto the theory
thereshouldbe moreenegy ux detectedthe smallerrepetitionrateallows to measure
higherenegy ux. Table4.18shavstheresultsfor thesedatasets.lt canbe seenthatfor
thedatasetDS6a,which hasthequietSunasobjectof obsenation,thedissipatecenegy

ux is , While theenegy ux for the datasetDS6bis smaller This result
may beexplainedby thefactthatdatasetDS6bcontainsa poreabove which short-period
wavesappearquite seldomandaveragingoverthewhole eld of view, canthusnotyield
anamountof enegy ux similarto thatin the datasetDS6a.

To analysegheenegy ux abovethedifferentgranulationstructuresthe eld of view
from the datasetwascut suchthatit presentonly therespectre structurewith its close
surroundings From thesesub-imageghe time sequenceavhich containsonly the evolu-
tion of that structureis taken andthenanalysed. Table 4.19 shows an overviewn of the
differentfeaturesandtheirenegy ux es.

It canbeseerthatvariousgranulatioreventsproducedifferentamountf enegy ux
carriedby short-periodvaves;alsothe amountof dissipatedux varies. Most enegetic
arechangest the bordersof granules.The slow variationsof granulationemit smaller
amountsof enegy. Eventsrelatedto a possiblemagneticin uence (asbright point-like

76



4.7 Enegy transportandthedissipationof enegy

Table4.19: Thedifferenceof theenegy ux for thevariousgranularevents.

| Theenegy ux differences |
[ structure | 1] 1] (1]

changestthebordersof granules 0.843 6.848 6.005
smallgranules 0.796 6.236 5.440

bright point-like structures 0.675 5.929 5.255
change®f abnormalranulations 1.122 6.148 5.026
darkstructurein themiddleof agranule| 1.241 6.066 4.826
slow change®f thegranulation 1.027 5.784 4.757

structureandabnormalpranulationdo emitasigni cant amountof enepgy, while events
without possiblemagnetidn uencesseemo emitlesseneny.
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5 Summary and conclusions

This work analysesshort-periodwavesin therangefrom of sto s. They arede-
terminedfrom two heightlevelsin the solaratmospherat kmand km abovethe
continuumformingatmospheri¢ayer. Informationfrom thesetwo heightswereeitherde-
ducedfrom coreandwing of thestrongFe nmline or from thecoreof Fe nm
(  km)andFe nm( km).

Thetwo-dimensionaimagedrom differentwavelengthsverecorrectedor disturbing
in uencesfrom the Earth’s atmospherdy restorationtechniques.The nally obtained
time seriesof two-dimensionaDopplermapsat two heightlevelswereusedto determine
the spatialandtemporalbehaiour of short-periodwaves,i.e. their locationwithin the
solarwhite-light structure their vertical velocity, their dependencen the periodrange,
andtheir enegy content.

Theresultsshovedthatshort-periodvavesdo exist at differentheights. Their power
is morepronouncecit kmthanat  km height. They shav alarge variety of power
amplitudesandfrequenciesTheir spatialdistributionindicatesmorphologicalifferences
of the power at thetwo heightlevels: the power featuresoccupy smallerareasat km
thanat  km height. This canbe explainedby a spatialenlagementof the short-period
waveswhentravelling upwards(Sect.4.1). Comparisorwith the solarwhite-light struc-
ture indicatesthat power featureswhich arerelatedto differentsourcescan meige into
onebiggerfeature;afactwhichis characteristicalor acoustiovaves(Lighthill 1957).

5.1 Location of power

The datausedfor this work were obseredin (a) quietsolarregions, (b) active regions
with G-bandstructuresand (c) active regions containinga pore. It is found that these
differentobjectof obsenationshav substantialn uenceson theresults(seeSect.4.3).

In the datasetsfrom the quiet Sun the mostfrequentiocationsof short-periodoower
aredark intergranularareas;this concerns % of the total power. The power features
usuallyfollow the intergranularlanes,but they partly cover alsogranules.The maxima
locatedin intergranularlanesoften appeaijust beforesomegranularchangestarts. The
time differenceto suchgranulareventcannot exactly bedeterminedinceit is very close
to the time resolutionof the data. The remainingpercentag®f power is mostly located
‘above’ smallstructuresvhich resembleG-bandbright points.

Concerninghe temporalevolution, slow changef the granulationpatternare most
frequentlyfollowedby the appearancef short-periodvave power; suchchangesrethe
mostcommonbehaiour in the presentdatasets. The secondrequentlocationof power
aredarkareasn abnormalgranulation(seeSect.4.2.4).
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The datasetswith G-bandstructures also showv a clear tendeng for short-period
wavesto appearabove' intergranularareas.However, in contrasto the quietSun,these
casesoncernonly % of total power. Maximarelatedto bright point-like structures
occurfor % of theall power features.Thetemporalevolution shovs thatthe mostfre-
quent'causes'of shortperiodwavesnearG-bandstructuresarechange®f smallwhite-
light structuregsimilar asfor thequietSun).Morethan % of thetotal obsenedpower
is relatedto this kind of structureevolution. In casesf anisolatedwhite-light structure,
the correspondingower featuretendsto 'surround'the intensity structure. The tempo-
ral appearancef short-periodpower featuresalsoindicatesthatthey aremostprobably
relatedto turbulenceeddieswhich arespatiallysmaller

The datasetswith a pore showv similar resultsasthosewith G-bandstructuresvhen
consideringonly the poresurroundingsinsidethe poretherearealmostno power struc-
tures;thefew oneswhichappeatendto berelatedto smallbrightfeaturesattheboundary
andinsidethe pore. A pixel by pixel comparison®f the amountof powerswith the cor
respondingcontinuumintensityshovs aninterestingclusteringof powerin low intensity
regions. Thisindicatedpower which appearsabove the poreitself.

Fig. 4.21shows anuntypicalbut interestingbehaiour wherea power featuredrifts
away from a white structureat the edgeof the power to an areainsidethe power where
apparentlyno additionalwhite-light structureexists. This mayindicatethateitherthetrue
origin of thatpower featureis notresolhedatthespatialresolutionachiezed,or thatwaves
have a horizontalcomponentvhich cannotbe measured.

In all threeregions(quietSun,G-bandregions,poresurroundingthepoweris mostly
relatedto down o w regions. Thepercentagef power'above' darkareass reducechear
magneticelds ascanbe seenfrom thedifferentresultsfor the quiet Sunandfor regions
with G-bandstructureqincl. poresurroundings).The latterareknown to closelyrelate
to the existenceof small ux concentrationsn intergranularlanes. Probably theseare
responsibleor the reducedoccurrenceof shortperiodwave power 'above' dark areas
from %to %.

5.2 Periods

Somepower featuresof short-periodvavestendto vary with the periodinterval. Pover
featuredn differentperiodrangesdo not shaw preferredrelationto particularwhite-light
structuresHowever, similar granulareventstendto causdifferentlydistributedpowerin
thevariousperiodrangesseeSect.4.5.

Comparisonwith waves of much longer period shows their differentbehaiour as
thatof short-periodwvaves. Previous work, (Espagneetal. 1996, nds thatthe longer
periodwavesarelocatedin theintergranularlanesandthattheir sourceis deeplyrooted
in the granulationlayer The presentresultsfor the long-periodwaves establisheghat
nding: theappearancef powerin intergranuladaneswith slow temporalevolution,and
atendenyg thatthe power maximumappearsfterthe maximumof thetemporalvariation
of thewhite-light structure.

The short-periodvavesaremostly relatedto intergranuladanes however, with a dif-
ferenttemporalevolution: themaximumof thepowerfeaturetendsto follow moreclosely
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the temporalchangeof the white-light structurethanthe long-periodwave power. This
indicatesthatthe short-periodvavesareformedcloserto the solarsurface,andthatdif-
ferentperiodsareassociateavith differentspatialscales.

5.3 Travelling

The short-periodwaves travel throughthe chromosphere.This travelling seemsto be
highly complicatedand affectedby differentwhite-light structuresandtheir evolution (
seeSect.4.6).

A largepercentagef theshort-periodvavesobsenedin thequietSuntravelswith the
dominantvelocity (averagedver the datasets)of —, beingcloseto the sound
speed. Also very slow waves appearin thesedatasetswith the secondmostfrequent
velocity of —.

Thefastestwavesin thesedatasetstravel with a velocity of approximatelytwice the
speedf soundbut in total they coverlessthan % of theobseredvelocities.

In the datasetswith the G-bandstructuiesand poresthe wavestendto be slower.
The mostcommonvelocity is smallerthanthe speedof sound. The dominantvelocity
averagedover the datasetsin active regionsis —, andthe secondfrequent
velocityis —.

The fastestwaves appearabove white-light structureswhich look like the G-band
bright points. Their velocity cannotbe measuredsincethe changesn the power features
seemto happensimultaneouslyat both heights,at the time resolutionachiesed in this
work. The power featureswhich appeamearthe boundaryof the poreandin the pore
belongto this groupof very fastwaves.

Theanalysisof all datasetsshows thatshort-periodvavestravel with differentveloc-
ities. The interval of obsenred velocitiesstartswith — but the upperlimit can
not bedeterminecht thetemporalresolutionachiezedin this work.

Thedatasetswith thedifferentobjectsof obsenationsindicatethatthemagneticeld
hasan in uence on the short-periodwaves. The presenceof magnetic eld may then
partly inhibit acoustiovaves. Possibly wavesat suchlocationsaremarkedly affectedby
themagneticeld, e.g.occurringasmagneticor magneto-acoustiwaves.

The resultsof the work by (Dom nguez2004 may explain the comple situationin
the quiet Sun, sincethe percentag®f varying velocitiesin this studyagreeswith those
ndings for magnetic eld in the quiet Sunwhich saythat magnetic elds in the quiet
Sunaremorecomple thanpreviously thought,andhigh valuesof the eld strenghtup
to T, maywell appear

5.4 Energy
The short-periodwavescarry substantiabnepgy. Sincethe datasetshave differenttem-
poralresolution.the lower limits of the shortperiodsrangeform sto s. Theenepgy

ux, for wavesin theperiodrangeof sto  sataheightof kmis:
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— (5.1)
Theenegy ux ataheightof kmis:
— (5.2)
And the differencebetweerthosetwo enegy ux esis:
— (5.3)

Thisenegy ux is affectedby smearingvith theAiry functionof thetelescopemean-
ing thattheactualenegy ux canbehigher

The datasetwith periodrangesof sto s clearly shows thatthey carry alarger
amountof theenegy, seeSect.4.7. Thisis in agreementvith theorywhich predictsthat
the maximumof transportegower will occurfor wavesof the periodsaround  s.

Therefore onecanconcludethatthe short-periodvavescarry enoughenegy to sup-
portthe heatingof the solarchromosphere.
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6 Suggestiondor futur e investigations

The presentwork cannotyield a' nal' picture of the wave pacletstravelling into the
chromosphereClearly, additionalresearchs necessarySomesuggestionsnaybedravn
from the presentvork:

6.1 Instrumental

For the FPIs,the optimally scandirectionis towardthe blue; hencethe fainterline from
lower layersshouldbe locatedat longerwavelengthghanthe strongerline from higher

layers.Keepingfor thelatterFe nmasmostsuitable thelowerlayersnear  km
shouldbe investigatedrom the redwardslocatedNi nm. BesidesthatNi line is
lessZeemarsensitve ( ) ascomparedre nm ( ). Unfortunately

theNi line wasnotusedbecause¢he FPIshouldnotbechangedor otherFPlobsenations
which did notinvestigatdravel times.
As a consequencaypwardstravelling waves canonly be studiedby comparisorof
Fe nm from the rst scanwith Fe nm from the secondscan. The rst Fe
nmis measured s earlierthanthe deeperdine wherethe wavesare expectedto
start. | thushadto adjustthe time shift accordinglyfor all datasetswhich weretakenin
two lines.

6.2 Information from the granular pattern

A morequantitatve comparisorof thecontinuumintensitypatternwith therelatedpower
maximacouldbe doneby time seriesof the respectre intensityfeatureat the sameloca-
tion asthepower maximum.In caseof aclearrelationof powerto isolated smallfeatures
their continuumintensitycould be integratedover areasonablareaandthenplottedver
sustime aswas donefor the power featuresin Sect. 4.6. This procedurewould also
allow to determinea possibletime shift betweerthe developmenif theintensityfeature
atcontinuumlevel with the powerfeaturesat andat  km height.

6.3 Information fromtheline pro les

An interestingquestionrelatedto short-periodpower is the location within magnetic
structures. A simultaneousneasurementf the Zeemaneffect meetsdif culties with
the repetitionrate (cadencdime) dueto long integrationsrequired(Dom nguez2004).
Imagesin the G-bandwould yield suchinformationat a quick repetitionrate; however,
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the  nmwavelengthistoofarfrom the nmline pairrequiredfor thewave analysis:
Specklenformationfor thelattercould hardly be extractedfrom the rst.

Oneof thefutureresearcltouldaddresshe studyof line pro les andtheir behaiour
in areaswherethe short-periodpowver wasobsened. Oneof the mostpuzzlingthingsis
the causeof the variousvelocitiesof wave paclet propagation.

A promisingpossibility to get information aboutmagneticstructuress the 'resid-
ual intensityeffect’, which indicatedmagnetic elds asreducedine depth(Chapmar&
Sheelg 1977). This effect occursfor all lines but it would be superposethy a magnetic
splitting; thisis notthe casefor thelow Zeemarsensitve linesusedfor this analysis.

Sincetheline gapeffector line wealeningincreasesvith line strength(Stellmache&
Wiehr1979),Fe nmwill bemoresensitve to magneticelds thanthefainterlines
(eitherFe nmor Ni nm). The continuumintensityis requiredto normalize
theline pro le for adeterminatiorof the'line gap' effect.

S (6.1)

Yeteventheline nmshaws'line gaps'.

Figure6.1: Theaveragedoro les of thespectraline Fel nmfrom datasetDS4for

theareaswvhereshort-periodvave power travels approximatelywith the speedof sound.
Black dottedline with starsrepresentpro les averagedover regionswhereshort-period
waves cover only % of the total area. Blue dottedline with crossesepresentsnean
pro les from region with short-periodvavescovering % of thetotal area,andthered

dottedline with starsrepresentshe averagepro le from larger areadownscaledto the

intensitylevel of theaveragedine of thesmallerarea.

Figures6.1, 6.2, 6.3 give few examplesof residualintensity effectsrelatedto short-
periodwavesof differentvelocity. Onesseesreducedntensityin regionswhereshort-
periodwave power is meassuredThis is duethe fact that power maximumfrom short-
periodwavespreferablyoccurin intergranuladanes.Whennormalizingthe line pro les
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6.3 Informationfrom theline pro les

to their correspondingontinuumithis effect is eliminated,andvariationsof therelative
pro les canbestudied.

Thefew examplesshaw thatit is generallypossibleto determingheresidualintensity
effectfor powerlocationsandto thusextracta possiblerelationto the wave velocity.

Figure6.2: SameasFig. 6.1, but for locationswith wavesfasterthansoundspeed.

Figure6.3: SameasFig. 6.1, but for locationswith wavesslowerthansoundspeed.
Someof the pro les analysedlid not shav ary line wealening. Hence,a more ex-

tendedstatisticof therelationbetweenvave speedandline gapregionsis requiredto ob-
tainreliableinformationaboutthein uence of magneticelds ontheshort-periodvaves.
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A Appendix 1

A.1 Fabry- Perot interfer ometer

Fabry-Perointerferometersrecapableto assureextremelyhigh spectrakesolution,are
quiteef cient, andspectrallytunable. They areconstructedvith two partiallytransmitting
mirrorsof re ectance thatareparallelto eachother Thosemirrorsform a FP cavity.

An incidentbeamis multiply re ected betweerntheseparallelsurfacesateachre ec-
tionafraction of theintensityis transmittecandthesefractionsinterferein theoutgoing
beam. If the angleof incidenceis , the pathdifferencebetweentwo successie beam
fractionsis , andthe phasdifferenceis:

(A.1)

For anincomingwave of form theabsolutdransmittecandre ectedwave ampli-
tudesare and , respectrely. Consideringall there ectionsandthe concomitant
phasedifferencesthe outgoingwave represents.geometricseries:

(A.2)
or shortlywritten as:

(A.3)
Thereforewe cangettheintensityof the outgoingbeamas:

(A.4)
or

(A.5)

where
(A.6)

It is obviousthatthe transmissions periodic,andthe m-th maximumis at
or atwavelength:
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A Appendixl

S (A.7)

This is the conditionfor constructve interferenceof a transmittedwave front. The
expressiorfor thefree spectrarangeor distancebetweertwo successie maximais:

e —— (A.8)
Thetransmissiorpeaksbecomenarraveras approached. If thewidth is smallin
comparisorto thefree spectrakrange,it is possibleto expandthe in:
(A.9)
andobtainfor thefull width atthe half maximumtransmission:
—_— (A.10)
where
e (A.11)

is the nesseof theinterferometer The nesseis theratio of thefree spectrakrangeand
thespectraresolution.

Thefreespectrarangeof aFPlis rathersmall,for nmand mmwe have

nm. Thereforefurther Iters arerequiredto selecta particulartransmission

maximum. For an optimally high maximumtransmissiora combinationof two etalons
is usedto selectthe appropriaterange. The transmissiormaximumand free spectral
rangesf the etalonsareessentiallydeterminedy the plateseparations. Thereforethe
ratio of theseseparationsnustbe chosensuchthatthe unwantedtransmissiorwindows
are closed. Pre- Iters, in our caseinterferencelters, muststill be appliedin orderto
selecta certainspectralband. Their passbandscanbe broadthusassuringa satisfying
transmission.

Thewavelengthscanningroughaspectraline is doneby computercontrolledvaria-
tion of the spacingof the etalonsby meanf Piezoelements.
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B Appendix 2

Objectof obsenations:granulationguietSun,disccentre
Lines: Fel andFel nm,
Platedistances: (FPI1), (FPI2)

Temperaturén OL2:

B.1 2003
Dateof obsenation: 8.10.2003
Positionof Coelostat;( )
Durationof onescaninclusive datastorage:

108imagesper scan,18 positionsin bothline, 6 imagesperwavelengthposition,
exposuretime:

Startof scanningsj1): 7:30UT, endof scanning8:27UT

B.2 2004

B.2.1 22.6.2004
Dateof obserations:22.6.2004

Positionof Coelostat:

Durationof onescaninclusive datastorage:
108imagesperscan,18 positions,6 imagesperposition,exposuretime:

Startof scanningsjl): 7:30UT, endof scanning8:27UT
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B Appendix2

B.2.2 26.6.2004
Dateof obserations:26.6.2004

Positionof Coelostat:

Durationof onescaninclusive datastorage:
9l1limagesperscan,13 positions,7 imagesperposition,exposuretime: 20ms

Startof scanning9:25UT, endof scanning:10:40UT
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