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Summary

The temperatureof the solaratmospheredecreasesto low valuesof
�������

K at approxi-
mately �

���

km heightabove �
	��������� andthenincreasesto approximately�

�������

K around
�������

km height. This phenomenoncanonly be explainedby mechanicalheatingof the
chromosphere.Short-periodacousticwavesweresuggestedasthesourceof themechan-
ical heating;waveswith periodsbetween�

�

s and ���

�

s areassumedto be themaincar-
riersof therequiredenergy. Thosewavesoriginatein thesub-photosphere.Propagating
throughthesolaratmosphere,they form shocksandthusdissipateenergy.

Observationsfor this work were donewith the telescopeVacuumtower Telescope
(VTT) at theObservatoriodel Teide,Tenerife. The datareductionis donewith speckle
interferometry. ThevelocityresponsefunctionsarecalculatedusingtheLTE atmospheric
model(Holweger& Müller 1974) for anestimateof theheights.Theresultsareobtained
with waveletanalysis.

Short-periodwavesexist atdifferentheightsandarelocatedmostlyabovedown �o ws.
They closelyfollow thetemporalevolutionof thewhite-lightstructures.Theshort-period
wavesof differentperiodsseemto beassociatedwith differentspatialscales.

Thevelocity interval of short-periodwavepropagationstartswith
������������� �"!

#

but the
upperlimit cannotbedeterminedwith thetemporalresolutionachievedin thiswork. The
magnetic�eld hasanin�uence on thepropagationof short-periodwaves.

Theenergy �ux at theheightof
�����

km is:

$ %'&'&

�)(

�

�

�*���

(

+�,

-

%

�

Theenergy �ux at theheightof (

���

km is:

$ .'&'&

�/�

�

�

�*�����

+�,

-

%

�

And thedifferencebetweenthosetwo energy �ux esis:

$0%'&'&213$0.'&'&

�4�

�5�6�7���

�

+8,

-

%

�

Thisdifferencecouldrepresenttheenergy �ux whichis usedfor heatingof chromosphere
or theenergy �ux which simply returnedto thephotosphere.Theinterpretationdepends
on theadoptedlocationof thechromosphericbase.
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1 Intr oduction

TheSunis anaveragestarof spectraltypeG2. ThemeandistancebetweentheSunandthe
Earthis 9:�/�

�<;

�

;���=<�����>�

km (Stix 2002). Thisproximity makesit possibleto studythe
Sunin greatdetail,asarepresentativestarfor a largequantityof mainsequencestars.The
atmosphereof theSunmarksthoselayerswheremostof theemittedphotonscanfreely
escape.Thesocalledsurfaceof theSunis the layerwherethecontinuumopticaldepth
changesfrom �?	A@ � to ��	AB � . Dueto theheightvariationof thephysicalparameters,
thesolaratmosphereis divided into severalparts: the layernearthe `surface`forms the
photosphere;thelayerabove is thechromosphere,followedby thecoronawhich extends
severalsolarradii aroundtheSun.

Thephotosphereis thevisible partof theSun;it is very thin andrelatively dense,as
comparedto thesolaratmosphereasa whole;it is thesourceof a largepercentageof the
solarradiation.Aboveit laysthechromospherewhich is lessdenseandmoretransparent.
It canbe seenneartheendandthebeginningof total solareclipsesasa coloured�ash,
dueto the intensive redcolourof the CED spectralline. Higherstill is thecoronawhich
extendsfrom thetopof therathernarrow transitionlayerto theheliopause.

Thetemperaturestructureof thechromosphereis interesting.As we leave thephoto-
spherethe temperature�rst falls to low valuesof

�������

K at the heightof approximately
�

���

km, moving higher, the temperatureincreasesto approximately�

�������

K (arounda
heightof

�������

km). Thisphenomenoncanonly beexplainedby mechanicalheatingof the
chromosphere.Duringthelastcentury, short-periodacousticwavesweresuggestedasthe
sourceof themechanicalheating.Theirorigin wasbelievedto bein thesub-photosphere.
Propagatingupwardsthroughthesolaratmosphere,they formshocksanddissipateenergy
in thechromosphere.Short-periodwaveswith periodsfrom �

�

sto ���

�

sareassumedto be
themaincarrierof therequiredenergy. Thepeakenergy transportshouldoccurfor waves
of periodsbelow �

�

s. Thechromosphereis consideredto representtheonsetof transport
of mass,momentumandenergy to upperlayersof theatmosphere(Kneer2002).

The observation of short-periodwavesencounterstechnicaldif�culties, sinceit re-
quiresgood spatialand temporalresolution. Thesewaves were thus �rst detectedin
the last few decades.Someof the observational works are: (von Uexküll et al. 1985)
wheredetectionof the waves with the period of (

�

s was donefor the chromospheric
layer, than(Wunnenberg etal. 2003), wherethe lowestdetectedperiodwas �

�

s for the
chromosphericlayer and(Hansteenetal. 2000) with the lowestdetectedperiodof �

���

s
for thetransitionlayer.
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1 Introduction

1.1 Heating of the solar atmosphere

As mentionedabove,wecanobserve in thechromosphereanincreaseof thetemperature
with theheightabove the temperatureminimum. Thechromosphereradiatesmorelight
thanit absorbsfrom below. The radiative loss for the chromosphereis F

�G�

�

1

(�HAIJ�

�LK

,3M

-

%

, the uncertaintybeing causedby the differencesof energy lossesin quiet and
active regions1 (Kneer& Uexküll 1999). The heatingrequiredto balancethe radiative
lossis approximately

�

I��

�

KN,3M

-

%

2 (Kalkofen2001). Accordingto (Kalkofen2001) the
chromospherictemperatureaveragedoverthetimedoesnot increasewith height,andone
cansaythat theproblemof chromosphereheatingis a questionof energy supplyfor the
radiativeemission.

As sourcefor theheatingof thesolaratmosphereonehasto considertheconvection
zone.All late typestarswith surfaceconvectionzonesarebelievedto have hot chromo-
sphericlayerswherethetemperatureincreasesoutwardsfrom low photosphericvaluesto
about �

��OQP

. It is believedthatunresolvedmotions,or non-thermalmicro-turbulencemay
beresponsiblefor theenergy transportto thechromosphere.

An amountof heatR�S enteringinto avolumeelementacrossits boundariesraisesthe
entropy T by RLT)�UR�S

M�V

, where
V

is the temperature.For a gaselementmoving with
soundvelocity W throughthe chromosphere,we have an entropy conservation equation
written in theLagrangeframe(Ulmschneider& Kalkofen2003):

RLT

M

R�X��)YZT

M

Y8X�[\WLYZT

M

YJ]\�:RLT

M

R�X_^a`b[cRLT

M

R�X_^edZ[cRLT

M

R�X_^af2[cRLT

M

R�X_^agh[\RGT

M

R<X_^ i\j (1.1)

here X is the time and ] the height. The � ve termsarecalledradiative, Joule,thermal-
conductive, viscous,andmechanicalheating,respectively. The four termson the right
handsidearede�ned as(Ulmschneider& Kalkofen2003):

RLT

M

R�X_^a` �

��k l

m

V

Fon

13p

H (1.2)

RGT

M

R<X_^ad �

q

%

rJsut (1.3)

RGT

M

R<X_^ f �

R

RL]

l

�wv

R

V

R�]

(1.4)

RLT

M

R�X_^ag � x�yoz

#

F

R<W

R�]

H

%

(1.5)

where
l

is theRosselandopacity3,
q

is thecurrentdensity,
rZs�t

is theelectricalconduc-
tivity,

l

�wv the thermalconductivity,
V

the temperature,n the frequency integratedmean
intensity,

p

the frequency intergratedPlanckfunction, x<yoz

# the viscosity, W the velocity
and m thedensity.

Calculationsof heatingratesdoneby Ulmschneideretal. (2003)show thatJouleand
thermal-conductiveheatingaretoosmallto balancethechromosphericcoolingratein the

1or {}|_~a••€ƒ‚?„�…‡†‰ˆ‡ŠŒ‹Ž•u•

•’‘”“�•

2or –�…‡†"ˆ
ŠŒ‹�•—•

•’‘”“u•

3mainlydueto ˜š™
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1.1 Heatingof thesolaratmosphere

quietregions,they canthusbeignored.Sincethechromospheredoesexist, thereshould
beameansteadystate,andtheleft handsideof Eq. 1.1shouldbezero.Sowecanwrite:

��k l

m

V Fon

1›p

H�[

RGT

R<X

^ iœ�

�

j (1.6)

where •Ÿž

•

�

^a` �

O'¡ ¢

£'¤

Fon

17p

H is theradiative heating.Hence,in stellarchromospheres,the
mainenergy balanceis betweenradiativeandmechanicalheating.

Sinceobservationsshow thatthetemperaturerisesfrom thetemperatureminimumto
theupperheightsof thechromosphere,the term for mechanicalheatinghasto bemuch
larger thanzero. Still higher the lossescausedby the solar wind cannot be balanced
by thermalconductionalone.This leadsto theconclusionthat theexistenceof chromo-
spheres,coronaeandwind dependson a constantenergy supplyprovidedby mechanical
heating(Ulmschneider& Kalkofen2003).

The theoryof weakshocksshows that in a uniform mediumthecrestof anacoustic
wave hashighertemperature,thushigheracousticspeed,thuspropagatesfasterandwill
overtakethepreceding,coolerwavevalley, andashockwill form. In astrati�ed medium,
thewave amplitudemustincreasewith height(to keepthe�ux constant),andthisallows
usto estimatethedistancefor ashockformation:

¥§¦

�

�

C©¨Žª«FŸ�¬[

k”J®

¯¬°

�?F



[±��H

H‡j (1.7)

where °

� is the initial velocity amplitude, ¯ the frequency of the wave,


the ratio of
speci�c heatsand C²� ³µ´

£

´'¶

thescaleheightin theatmosphere.High frequency acoustic
waveswill formshockswithin afew scaleheights;low frequency wavesneedlargerscales
to shock.Thevariationof thedissipationandof themechanicalenergy �ux with height
is shown in Fig. 1.1 for vertically propagatingshort( �

�

s) andlong (
�����

s) periodwaves,
bothhaving avelocityamplitudeof

���5�

km/sat ]·�

�

(Stein& Leibacher1974).
It seemsreasonableto supposethat the upperchromosphereandcoronaareheated

by � ve-minuteoscillationswhich retaintheir sinusoidalpro�les up to �

���

Mm andshock
above �

�

� Mm height,while thelow chromosphereis heatedby turbulentconvectivemo-
tionsvia the'Lighthill mechanism'(Stein& Leibacher1974).

Kalkofen (2001)concludesthat theenergy �ux generatedin theconvectionzoneby
theLighthill mechanismis largeenoughto covertheradiativelossesof thechromosphere.
Kalkofen(1990)alsoarguesthatdifferentpartsof thechromosphereareheatedby waves
of differentwavelengths(seeSect.1.2).

Radiationfrom the compressedregion behinda shock front also removes energy
from the wave. This radiative dissipationof the waves causesan excessof emission
but doesnot increasethe gastemperature.Heatingby dissipationof acousticshocksis
time dependent.Shortintervalsof very high temperaturearecausedby acousticshocks
(Carlsson& Stein1995). The maximumof the wave power is expectedat a periodof

¸œ¹

�

�<º

. Of course,thespatial-temporalstructureof thequietchromosphereis still un-
derdebate,thereforethe�nal conclusionsarenotyetmade.Short-periodwavesdooccur
in theSun'satmospherebut with stronglyvaryingamplitude(Wunnenberg etal. 2003).
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1 Introduction

Figure1.1: Behaviour of waveswith heightwith thermalconductionneglected. Solid
linesrepresent�ux, dottedlinesdissipation,(Stein& Leibacher1974).

1.2 Acousticwaves

Below thephotosphere,a convective layerexistsfrom which overshootingplasmais vis-
ible asthe'solargranulation'(seeFig. 1.2). Thereareseveralpossibilitieshow thecon-
vectionzonemaygeneratethewavemodesin theatmosphere:a)convectivemotionspen-
etrateinto atmosphericlayersanddirectly deposittheir energy; b) pressure�uctuations,
generatedby convectivemotions,propagateasacousticwaves;c) thermalover-stabilities,
whichoccurin theupperlayersof theconvectionzone,generatewaves.

The secondpossibility is widely acceptedas the methodof generationof acoustic
waves.Thegenerationof acousticwavescanbedescribedby the 'Lighthill mechanism'
(Lighthill 1951). The most energetic oscillationsshouldbe generatedin thoseregions
wherethe convective velocitiesarelargest. Themoredetailedexplanationonecan�nd
alsoin (Proudman1952)and(Stein1967). Someauthorsarguethat short-periodbursts
areeithergeneratedby rising granules,or propagatemoreor lessuniformly from deeper
layersinto the convectionzone(Deubner& Laufer1983). Although thereis a general
consensusthatthesourceof acousticwavesis convectivemotion,someauthorsarguethat
onecannotdecidewhethertheir origin is convectiveor magnetic.Theobservationaland
the theoreticalresultsdo not reveala clearpictureof thesourceof thesolaroscillations
(Moretti etal. 2001).

Thefrequenciesof theacousticwavesdependonvariousparametersof the�uid �o w:

10



1.2 Acousticwaves

Figure1.2: Oneof thebroadbandimagestakenwith theVacuumTowerTelescope(VTT)
at the Observatoriodel Teide(OT), Tenerife,after specklereconstruction.Onecansee
thegranulationpatternof surfaceconvection.The�eld of view is

�����

�<» »Z¼����?» » .

If W is thetypical �o w velocity, ¨ thetypical lineardimension,and ½ thetypical frequency,
thenthenon-dimensionalproduct ½�¨

M

W (theStrouhalnumber)varieslesswith changing
conditionsof the�o w than ½ itself. But takingfrequenciesproportionalto W

M

¨ cangivea
preliminaryandroughideaof how theacousticwaveproductionvarieswith theconstants
of the�o w (Lighthill 1951).

Figure1.3: Oneof the broadbandimagestaken with the GermanVTT at OT, Tenerife,
withoutspecklereconstruction.Imagedegradation(e.g.at thelower right side)is caused
by atmosphericturbulence,'seeing'.The�eld of view is approximately

��=

» »

¼

���

» » .

Thesurfaceof theSunis coveredby adjacentgranulesof apparentsizesbetween1”
( ���

���

km) to 3”(
���

�

�

km), ascanbeseenin Fig. 1.3 and1.2. Observations(Espagnetet
al. 1996)show thattheacousticeventsoccurpreferentiallyin thedarkintergranularlanes,
i.e. correspondto down �o ws of plasma.This leadsto theconclusionthat theexcitation

11



1 Introduction

of solarwavesis associatedwith a rapidcoolingoccurringin theupperconvectionlayer.
Indeed,eventswhich last a few minutesandextendover an areaof a few arcsechave
beendetectedto follow a darkeninganda collapseof the plasmawhich is localizedin
the intergranularlanes(Espagnetetal. 1996). The mostenergetic wavesareassociated
with thosedown-�o wsin darkareaswhicharewell separatedfrom eachotherin timeand
space(Espagnetetal. 1996). Someobserversnoticedstrongwavesfollowing expansions
of intergranularspaces.Thereis observationalevidencethat acousticwavestendto be
convertedinto magneto-acousticwavesat locationswherea magnetic�eld is expected,
e.g. at granularboundariesor in bright points (Espagnetetal. 1996). Thereare also
suggestionsaboutatransitionfrom acousticwavesin thecentresof supergranulationcells
to fastmagneto-acousticwavesat the boundariesof supergranulationor chromopshere
network. (Kalkofen1990)

Kalkofen(1990)suggeststhat the locationof acousticwavesshoulddependon their
frequency. In areasof strongmagnetic�elds atthecell boundary, Kalkofencalculatesthat
heatingis doneby wavesof (

1

�

�

min periods.The bright pointsareheatedby waves
with periodsaround

�

-¿¾

ª ; locationsfree of magnetic�eld will be heatedby wavesof
still shorterperiod.

1.2.1 Propagation

In thesolaratmospheretheacoustictransittime is approximately5 minutes(for a height
of

�������

km and a soundspeedof
�

kmsÀÂÁŸH , which matchwith the period of the � min
oscilations. For a propagationof acousticwaves in the solar atmosphereover several
scaleheights,their frequency hasto beabovethecut-off frequency:

¯ Ã

	«�

J®

��Ä

#

j (1.8)

where
®

is thegravitationalacceleration,


�

Ä

³

M

Ä

y is theadiabaticcoef�cient and
Ä

#

�

Å

C

J®

is thesoundspeed,with C asdensityscaleheight:

CÇÆ

1

m

&

•

£ŸÈ

•oÉ

j (1.9)

(see: Stix (2002), chapter5.2.4). The cut-off frequency varieswith the height in the
atmospheresince

®

and
Ä

# arenot constant.Thus,at a certainheightin theatmospherea
re�ection layerexistswherethevaluesof

®

and
Ä

# yield theappropriatecut-off frequency.
For a given frequency, a wave can be propagatingat one height and be evanescentat
other. This meansthat for waves of different frequency, the atmosphericconditions-
temperatureanddensitystrati�cation form re�ection layersat differentheights. Waves
canfreely propagatebelow the re�ection layer wheretheir frequency reachesthe local
cut-off frequency. At the correspondingre�ection layer they are re�ected downwards.
This situationcancausestandingwavesfor almostthe whole rangeof acousticwaves.
Flecketal. (1989)explain thatthereis a possibilityfor standingwaves,originatingfrom
thetotal re�ection of upwardpropagatingwavesat thechromosphere- coronatransition
region. Thisdiscoveryof standingpatternswascon�rmed by Espagnetetal. (1996).

Waveswith a frequency abovetheatmosphericcut-off frequency ¯bÃ

	 (Eq. 1.8)propa-
gateacrossthetemperatureminimumtowardsthechromosphereandcorona.As long as

12



1.3 Magnetic�eld effects

thewaveamplitudeis small,theenergy �ux associatedwith propagatingwaves
$�Ê

is

$0Ê

�

Ä

#

m

W

%

j (1.10)

where
Ä

# is thespeedof sound,m themassdensity, andW thevelocity�uctuation of thegas.
Since

$0Ê

�

Ä�Ë

ª

º

X

�

and
Ä

# dependsonly weaklyon thetemperaturewe have W

%ÍÌ

m

ÀÂÁuÎ

%

meaningthatthevelocity �uctuationsincreasethroughthechromosphericlayers.Wecan
assumethat

Ä

# is constantabove � Mm. For smallamplitudes,wehave WÏB

Ä

# .
During propagationthroughthe solar atmospherethe velocity amplitudeincreases

with decreasingdensity. Thewave crestsstartto travel with differentvelocitiesascom-
paredto wave valleys. This yieldsa deformationof thewave affectinga saw toothshape
andthe creationof a shockfront wherethe energy is dissipated;an illustration of this
processcanbeseenin Fig. 1.4.

Figure1.4: Sketchof acoustic-wavepropagationthroughthesolaratmosphere.

Thepropagationof wavesthroughtheatmospherewill causeaheight-dependentvari-
ationof its frequency. Thesechangesarecausedby theresonanceproperty, themergingof
shocks,andfrom shocks'cannibalizing' eachother. As a consequenceof this behaviour,
the spectrumdevelopsat

�������

km height into almostpure3 minutespectrum. Above
�

�����

km, the chromospherereachesa dynamicalsteadystatewherethe meantempera-
ture is time-independent(Ulmschneider2003). Theacousticwave thentravelson top of
this meantemperature,while its shockdissipationcontinuouslyprovidesthe energy for
thechromosphericradiationlosses.

1.3 Magnetic �eld effects

Oneusuallyde�nesasquietSunthoseareaswherethesolarmagnetogramsdo not show
locationswherepolarisationsignalsexist. But recentresearch(Dom��nguez2004) has

13



1 Introduction

shown thatthequietSunis notatall magneticallyquiet. Indeed,besidesthevisiblemag-
neticstructures,therearealsothe magneticknots. Their life time is approximatelyone
hourandthey typically appearin darkintergranularlanes;andthereforecanbeassociated
with thedown-�o w motions.Magneticknotsare�ux concentrationsandcanbeseenin
thespectrumastheline gaps.4 Therefore,in thoseareasonecanexpectstrongmixtureof
theacousticwavesandAlfv énwaves.

It wasgeneralconsensusthat themagnetic�eld in thequietSunaround
pÑÐ

�

�

À

O

T
andfor active regions it is assumedthat magnetic�eld hasvaluesfrom

pÒÐ ���

� T till
pÓÐ ���5�

T in Sunspots(Stix 2002). In a recentanalysisof thequietSunmagnetic�elds,
Dom��nguez(2004)observeselementsin the quiet Sunwith magnetic�eld strengthsof
theorderof

���

� T, andthat
�

� % of theareashaving themagnetic�eld around
pœÐ

�

�

À

K

T.
In magneticlocations,the waves may travel with Alfv én speed. The velocity for

Alfv énwavescanbecalculatedwith theexpression:

WÕÔ>�

p

%

��k

m

j (1.11)

where
p

is the magnetic�eld and m the densityof the atmosphere.It is clear that the
velocityof Alfv énwaveswill follow variationsin themagnetic�eld.

The correlationsof chromosphericlosseswith concentrationsof the magnetic�elds
suggestthat the �eld shouldplay a role in the heating. In a �ux tube, the analogueto
the ordinaryacousticwave is the longitudinal tubewave. Longitudinal tubewavesare
producedby �uctuating compressionsof the magnetictubes. They arevery similar to
acousticwavesanddevelop into shocks,which heatthe tubesby dissipatingthe wave
energy. Themain in�uence of themagnetic�eld comesfrom its geometricshapewhich
channelsthepropagatingwave. Thenarrower thechannelling,thestrongertheupwards
increaseof theamplitude,andthereforethedeeperthe level whereshockformationand
heatingoccurs.

1.4 Short-period waves

In thepreviousfew years,short-periodwavesweredetected.But it wasnotclearwhether
they arepropagatingthroughthe atmosphereandcarryenoughenergy �ux to cover the
needsof thechromosphere.Hence,ananalysisof short-periodwaveswasnecessary.

Ulmschneider(1971b)predictedthemaximumof thetransportedenergy for thewaves
of periodsfrom

���

to
�<�

s. Therefore,the increaseof the energy amountis expected
whenapproachingto theseperiods.To detectwavesof suchshortperiodin suchspeci�c
locationshigh spatialandtemporalgroundbasedobservationsweredonesinceonly that
kind of observationcangiverequireddetails.As mostinterestingquantity, theamountof
energy they carry, neededto beestablished.Additional quantitiesof short-periodwaves
couldgiveamorecompleteimageof themechanismfor theheatingof thechromosphere.

This work is basedon the work of (Wunnenberg etal. 2003) who openedthe possi-
bilities to investigatethismatterin future.

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

2.1 Aim of the observations

Short-periodwavesarethoughtto carrytheenergy neededfor theheatingof thechromo-
sphere.Their detectionandanalysisis avital stepin solvingthispuzzleaboutheating.

Short-periodwavesare spatially small eventsand their temporalchangesare quite
rapid. In orderto observe suchshort-periodwavesoneneedshigh spatialandtemporal
resolution. The high temporalresolutionrequiresa fast repetitionrate; a high spatial
resolutionis achievedfrom bestobservationscombinedwith specialtechniquesfor data
reduction.

2.1.1 Choiceof the spectral line

Sinceacousticwavesaresupposedto heatthechromosphere,the�rst requestwasto ob-
tain informationwhich is not in�uencedby themagnetic�eld. To preventstrongthermal
broadening,spectrallines of elementswith large atomicmassshouldbe chosen.Tak-
ing all theseitemsinto accountanoptimalchoicefor thespectralline is FeI �

�<�G�5�

� nm.
Calculatedresponsefunctions(seeSect.3.2.2)show that its line-coreis formednearthe
temperatureminimumat heightof (

���

km above �_	�����h�Ö� wherethewavelenghtof the
continuumopticaldepth�
	����� is �

���

nm.

Table2.1: Datafor thespectralline FeI �

�<�����

� nm

Thestrongiron line

Wavelength 543.4534nm
Multiplet 15
Transition ×

$

ÁbØ

×QÙ

&

®

sÛÚQÚ

0
Ü

t

�

Ê

1.01eV
,ÞÝ

ß 18.4pm

In thechronologicalorder, the�rst setof datausedin this work, DS1,containingthe
non-magneticspectralline Fe I �

�<�����

� nm (Table2.1) wastakenby J.K. Hirzberger and
M. Wunnenberg duringAugust2000. Theseobservationsweredonenearthesolardisc
centrein a regionwithout any G-bandstructures,i.e. far from any activity centre.
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2 Observations

Figure2.1: Observed lines Fe I �

�<�����

� nm andFe I �

�<������;

nm andtheir neighbourhood
extractedfrom FTSAtlas.

Table2.2: Datafor thespectralline FeI �

���G����;

nm

Thefainteriron line

Wavelength 543.2955nm
Multiplet 1143
Transition ×Qà

%

Ø

×

$ %

®

sÛÚQÚ

0.667
Ü

t

�

Ê

4.44eV
,

Ý

ß 7.2pm

For the next campaigns,two lines were used,Fe I �

�<�����

� nm (Table 2.1) and the
slightly Zeeman-sensitive FeI �

�<������;

nm (Table2.2) which hasa Land́e factorof
���

(�(

�

.
Duringthelastcampaignweplannedtoobtainalsomagneticinformation,butbadweather
conditionsdid notallow theseobservations.Fig. 2.1shows theusedlinesandtheir spec-
tral neighbourhoodextractedfrom theFourierTransformSpectrometerAtlas of theSun
(Neckel 1999).

Restriction fr om the line choice

Usually, stronglines form at greatheightandweaklines nearthe solarsurface1. The
main contribution to lines stemsfrom a height interval of about

¥

]3�

�����

km. If the
1De�nition of thetermsurfacecanbefoundat thebeginningof Sect.1
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2.2 Instrumentation

lengthof theacousticwavesis smallerthan
¥

] theline showsnowavelength�uctuations
but only a line broadening.This fact limits observationsto waveswith periodsgreater
than

¹ �<�

s, taking
�

km/s assoundspeed(Ulmschneider2003), andlargely in�uenced
our choiceof spectrallines usedto obtainrelevant data: a strongonefrom high anda
fainteronefrom deeperlayers.

Direct informationaboutthemagnetic�eld wasnotavailable,sincethelineswerejust
selectedfor their insensitivity to theZeemaneffect. However, indirect informationmay
bededucedfrom theresidualintensityeffect (seeSect.6.3).

2.2 Instrumentation

For thepresentstudyI neededdatawhich combinehigh temporalandspatialresolution
and,at thesametime,give informationaboutthespectralbehaviour of theline.

An instrumentwhichcanprovideall thoserequirementsis theGermanVacuumTower
telescope(VTT) on theCanaryIslands,with anappropriatepost-focusequipment.

Figure2.2: Observationalsiteon islandTenerife,Spain(USW webpage)

2.2.1 Telescope

TheVTT wasinstalledin 1987atthe`ObservatoriodelTeide`onTenerife,seeFig. 2.2,at
a heightof

���<���

m abovesealevel. Sincetime sequencesarenecessaryfor thiswork, the
goodweatherconditionsareaprimaryconditionmostlyful�lled by thistelescope.Oneof
themajorreasonsfor thechoiceof a telescopelocationis theastronomicalqualityof the
atmosphereabove thesite. Certainconditionsin theEarth's atmospherecauseanimage
�ick ering;thisphenomenonis called”seeing”,it dependsonalargenumberof factors,as
for any gaseousatmosphere2. Somefactorscanbe in�uenced to a certainextentby the
choiceof thesite.Telescopesareusuallybuilt onmountains,wheretheatmosphereabove

2TheEarthatmosphereitself is a chaoticsystem.
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2 Observations

thetelescopeis lessextendedthanatsealevel. At theCanaries,telescopesareadditionally
locatedabove themeanheightof thecloudlayers.Anotherfactoris thewind whichmay
removeatmosphericturbulences.Long distancein�uencesof theEarth's atmosphereare
further improvedby the locationon an isolatedislandfar from larger land masses.For
solartelescopesit is additionallyusefulto have surroundingswhich arenot muchheated
duringtheday. Heatingof theimmediatetelescopesurroundingis minimizedby re�ective
materialandwhitecolourof thebuilding.

TheVTT (seeFig. 2.3)wasbuilt onsuchanappropriatesite. It is locatedat �_(

�

���

»

�

��á

geographicallongitudeand
��=

�

�

=

»

���

á latitude,thusoftenexposedto tradewinds.Several
hundredmetersbelow thetelescope,a stablecloudlayerusuallyformsa helpful temper-
atureinversionlayer.

Figure2.3: Opendomeof VTT (VacuumTowerTelescope)

TheVTT is equippedwith a coelostatsystem,having two mirrorsof
=��

cm size.The
mainimagingmirror has

���

cmdiameterandafocal lengthof
�

( m. Themainopticalpath
is protectedby a vacuumtubepreventingair convectiondueto the vertical temperature
strati�cation in themostsensitiveparallelbeam.

2.2.2 Post-focussetting

As mentionedabove, this work requiresdatawhich will containspectralinformation.
Two-dimensionalspatialmapsat several spectralpositionsin the line pro�le appeared
to beoptimal for thepresentwork. Besidesa fastrepetitionratebetweenscansthrough
the line arerequired. A post-focusinstrumentwhich meetsall the requirementsis the
GöttingenFabry-Perotspectrometer(Bendlinetal. 1992). With this instrument,andan
appropriatesetof reconstructionmethods,thehightemporalandspatialresolutionneces-
saryfor my work couldbeachieved.
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2.2 Instrumentation

TheGöttingenFabry-Perotis locatedin theoptic laboratoryNo. 2 of theVTT. The
light from themainpathof the telescopeis de�ectedinto that 'OL2' by meansof a

�

�

�

mirror. Thecompleteschemeof thepost-focussettingis shown in Fig. 2.4.

Figure2.4: Schematicview of post-focussettingsusedto obtainthedatafor thiswork.

The schemeof Fig.2.4shows the instrumentationin two rooms,themain observing
roomandtheoptic laboratoryNo.2,bothareseparatedby thedashedline markedas' the
wall'. Thosepartsof theinstrumentationlocatedin themainobservingroom,markedas
HBR, consistof a mirror M1 which de�ects the light to a camera,an imaginglensand
two �lters, theonemarkedIF3 beinga 'G-band�lter' (i.e.,setat theCH absorptionnear

�<���

nm). This part of the equipmentis usedto initialise the equipmentandto choosea
locationon theSun.

Thepartof the instrumentationlocatedin theOL2, containsthemain instrumentsto
obtaindata. The incominglight is directedfrom the VTT focusF, throughtwo lenses,
TL1 andTL2, to a beamsplitterBS1 which transmits95% of the light to a narrowband
�lter andde�ects 5% to a broadband�lter . The latter part passesan interference�lter
markedasIF1 andthena neutral�lter , NF. Theimageof this part is recordedby a CCD
detector, marked CCD1. The larger part of incominglight feedsthe narrowbandbeam,
�rst producinga secondaryimageF2, whereoneof the diaphragmsis located. Behind
that focus,anotherinterference�lter , IF, is located,followed by a lens,HL1, and two
Fabry-Perotinterferometers,markedasFPI1andFPI2.Finally, lensHL2 andmirror M3
imagethe�ltered light ontoCCD2.

Part of theleft sideof theschematicview, startingwith themirror M2 is usedto take
imageswith anarti�cial light source,requiredfor thedatareduction.During theactual
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2 Observations

observations,mirror M2 is outsidethe beam. Mirrors MM3 andMM4 with adjoining
equipmentareusedfor �ne tuningof theFPIs.

Both camerasareslow scanonesandhave ThompsonTH 7863FT chipswith
��=��

¼

��=

( pixels.FPI1is aQueensgateetalon'ET 100' with anapertureof �

�

mm, �

�

��â m spac-
ing anda �nesseof ã

¹

40. FTP2hasan apertureof
�

� mm, its spacingcanvary from
�

���

â m to severalmm. It hasa �nesseof ã

¹

30 andis manufacturedby BurleighInstru-
mentsLtd (Koschinsky etal. 2001). Re�ectionsbetweentwo FPIscancausere�exeson
CCD2; to avoid this, FPI1 is slightly inclined againstthe optical axis. Someadditional
informationabouttheFPI canbefoundin AppendixA.

2.3 Data

In this work datasetsfrom several observation campaignswereused. The directionof
theFPIsscanningwasdonefor all linesfrom theredto theblue. Thedataset,DS1,was
takenby J.K. Hirzberger andM. Wunnenberg duringAugust2000(Wunnenberg 2003).
Therestof thedatasetsweretakenduringobservationalcampaignsin theyears2003and
2004,seeTable2.3.Themainobjectivewasto achievethefastestrepetitionratepossible,
allowing to studywaveswith shortestperiods.Sincethe time evolution of short-period
waveswasof maininterest,reasonablylong timesequencesweretaken.

Table2.3: Dates,usedlinesandobjectof observationfor obtaineddatasets.

DataSets

mark date line used objectof observation
DS2 08.10.2003 543.45nm and543.29nm quietSun,diskcentre
DS3 22.06.2004 543.45nm and543.29nm quietSun,diskcentre
DS4 24.06.2004 543.45nm and543.29nm quietSunandG-bandstructures

diskcentre
DS5 25.06.2004 543.45nm and543.29nm pore,diskcentre
DS6a 26.06.2004 543.45nm quietSun,diskcentre
DS6b 26.06.2004 543.45nm pore,diskcentre
DS7 28.06.2004 543.45nm quietSunandG-bandstructures

diskcentre

During the October2003campaignit wasdecidedto observe with two lines. The
mainreasonwastheexpectationthatnoisewill lessin�uence the�nal resultsif two lines
formed at different heightsare used. The spectrallines Fe �

�<�����

� nm and Fe �

�<������;

nm which originatefrom different heightsand are not essentiallyaffectedby Zeeman
splittingwere�nally chosen.AlthoughFe �

�<������;

nmhasaLand́efactor
®

�

�G�

(�(

�

, it does
not allow to deducequantitative information's aboutthe magnetic�eld. The datawere
obtainedwith thehelpof K.G. Puschmann.Becauseof unfavourableweatherconditions
wegotonly onesetof datain thatcampaign.Theobservationsweredoneat thesolardisc
centrefarawayfrom activeregionswhichwouldbevisibleasG-bandstructures.Detailed
informationaboutthatdatasetcanbefoundin appendixB.1.
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2.3 Data

In thecampaignof June2004,theadaptiveoptics(Berkefeld& Soltau2001,Soltauet
al. 2002)couldbeused;thesedatasetswereobtainedwith thehelpof J.K.Hirzberger, S.
StanglandK.G. Puschmann.During this campaignsomedatasetsweretakenwith one
andsomewith two lines(seeTable2.3). Additional detailsabouteachdatasetobtained
with two linescanbeseenin Table2.4. During this observationcampaignvarioussolar
regionswereobserved. To determinethecorrectareatheequipmentfrom HBR is used.
Theareaswhich showedneitherG-bandstructuresnorothermagneticactivity werecho-
senastheQuietSun.For theactive areasthe�eld of view with theporesandwith large
numberof G-bandbright pointswerechosen.Thecoordinatesrepresentthepositionof
the�eld of view, in arcsec,wherethereferencepoint is thecentreof theSun.During the
take of datatheFPIsmove throughtheselectedspectralline with previously determined
steps.Thenumberof stepsandthepositionin theline wheretheFPIwill pausefor taking
imagesis pre-determined.Thosenumbersof placesin the line arein Table2.4 and2.5
markedasline positions.OnecompleteFPI passthroughthespectralline is calledscan.
TheFPIshave a limited rangeof scanning.In thecasethatmorethanonespectralline
will bescanned,it is sometimesnecessaryto skip theareabetweenthelines. To achieve
that, the FPIsaresetto performa jump. At the given line positionthe FPIsjump over
the predetermineddistance.The cadenceindicatesthe repetitiontime of the FPI scans
throughthetotal spectralrange.

Table2.4: Detailsfor obtaineddatasetsfor two lines.

DataSets
mark coordinates images line positions exposuretime jumpat cadence

[arcsec] perscan [ms] [s]
DS2 ä

�

j

��å

108 18 30 10 27.4
DS3 ä

�

j

��å

108 18 30 10 28.2
DS4 ä

�

j

��å

108 18 30 10 28.4
DS5 ä

�

j

��å

108 18 30 10 28.3

Sincethe repetitionrateof datasetswith two lineswasratherlow, I took additional
datasetswith only oneline to achievea fasterrepetitionrate,seeTable2.5.

Table2.5: Detailsfor obtaineddatasetsfor oneline.

DataSets

mark coordinates images line positions exposition cadence
[arcsec] perscan [ms] [s]

DS6a ä

;

(

���

j

;��G�æ�Õå

91 13 20 22.7
DS6a äç�

;��5=

j

1
�

�

å

91 13 20 22.7
DS7 äe(�j

��å

91 12 20 29.9

Thelastdataset,DS7,wastakento checkwhetherthenumberof imagesperscanhas
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a largein�uence on thedataquality. Informationaboutsomeof datasetsfrom campaign
of 2004canbefoundin AppendixB.2.

2.3.1 Observations

Theequipmentandthedataacquisitionsystemaredesignedto satisfyrequirementsof the
specklereconstruction.With thehelpof thespecklereconstructionthespatialresolution
canbeimproved.

Eachdatasetcontainsonetime sequenceandconsistsof thebroadbandandthenar-
rowbandimages. Narrowbandimagescontainthe requiredinformation aboutspectral
lines,while broadbandimagesaretaken for reconstructionpurposes.For the latter, the
bothsetsof images,thebroadbandandthenarrowbandaretakensimultaneously.

A preconditionfor successfulreconstructionof datais the considerationof the dark
and�at �eld matricesaswell asthetotal transmission.Only afteracquiringall theneces-
sarymatricesandthedataset,aspecklereconstructioncanbedone.

Dark frames

CCDdarkframesareimagestakenwith theshutterclosedwith thesameexposuretimeas
that for theobjectframes.Theseareusedto correctthedatafor e.g. 'hot' or badpixels,
andallow to estimatethe thermalnoiseof the CCD, aswell as the rateof cosmicray
strikesat theobservationalsite.Multiple darkframesareaveragedto producea�nal dark
calibrationframe.Weusuallytakeoneor two scans,with 20 imagesperscan.

Flat �elds

Flat �eld imagesaretaken by moving the telescopepointing in a 'randomwalk' mode
to averageany solarstructure.For a reconstructionof thenarrowbandimages,�at �elds
werealsotakenwith defocusedtelescope.Flat �elding mustbedonefor eachwavelength
regionandparticularinstrumentalsetupin which objectframesaretaken(Howell 2000).
For our observationswe usually take 20 scansfor the ordinary �at �eld, eachwith the
samenumberof imagesper scanasfor maindatasequencesandoneor two scanswith
defocusedtelescope.Flat �eld exposuresareusedto correctfor pixel by pixel variations
in theCCDresponseaswell asfor anon-uniformilluminationof thedetector.

Transmissioncurve

For eachobservationalcampaignand in caseof any additionalexperimentalor altered
line setting,wetooknarrowbandimageswith ahalogenlampasacontinuumlight source.
Thisis doneto correctthenarrowbandimagesfor thetransmissioncurveof thepre-�lters.
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3 Data reductionand analysismethods

The�nal analysisof thedatais doneby meansof velocitymaps.In orderto obtainhighest
spatialresolutionin two-dimensionalimages,the in�uence of seeinghasto beremoved.
An exampleof the ”raw” datais shown in Fig. 3.1; it canbe seenthat thecontrastand
brightnessof the imagearenot constantover the �eld of view. Patchesof unsharpenes
arecausedby atmosphericseeing.This problemis mosteffectively removedby speckle
reconstruction.

Fromthereconstructedimagesat differentpositionin thespectralline velocity maps
are calculated. Sinceit is importantto resolve the �o ws also in vertical direction we
combinethedatasuchthat the heightrangewhich contributesto the velocity mapis as
narrow aspossible.

Figure3.1: Oneof the”raw” broadbandimagesfrom datasetobtainedatAugust2000.

3.1 Data reduction

The datareductionis donein two major steps,eachperformedby separatesetsof pro-
gramswritten in IDL. The datafor the broadbandimagesare taken from CCD1. The
samenumberof imagesis taken with the two FPIson CCD2, simultaneouslywith the
CCD1images,andhasthereforethesameatmosphericdistortion.TheCCD1imagesare
takenin theintegratedlight of aspectralregioncoveredby theinterference�lter IF1. The
programusedfor this stepwasdevelopedby de Boer (de Boer et al. 1992,de Boer &
Kneer1994).
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3 Datareductionandanalysismethods

The CCD2 provides spectralresolutionby scanningthroughthe spectralline in a
previouslydeterminednumberof steps(seeSect.2.3),with anappropriatenumberof the
imagesperwavelengthpositionof theFPI.Thenumberof imagesperline pro�le position
dependson thequalityof seeingduringtheobservations.Thebettertheseeing,thefewer
imagesperpositionarenecessary;andviceversa.Oneof themainguidelinesfor thetotal
imagenumberis thespecklereconstruction,which requiresapproximatelyonehundred
imagesper datascan. The programsetusedfor this reconstructionwasdevelopedby
Janssen(Janssen2003).

3.1.1 Specklereconstruction

Speckleinterferometrycanimprove theangularresolution,down to thediffraction limit
of the telescope.The termspeckledescribesthegrainy structureobservedwhena laser
beamis re�ectedfrom adiffusingsurface.Thisstructureis aresultof interferenceeffects
in a coherentbeamwith randomspatialphase�uctuations. Thegrainscanbe identi�ed
with the coherencedomainsof theBose-Einsteinstatistics.The speckle-affectedimage
containsmoreinformationaboutsmallerfeaturesthana long exposureimageor anaver-
ageimagewith blurredspeckles(Labeyrie 1970).

Thespeckleinterferometryis basedon theanalysisof a sequenceof short-exposure
imagesobserved with a telescope.The exposuretime shouldbe shorterthan the time
scalesof atmosphericchanges,i.e. typically of theorderof �

�
1

�

�

ms.Theimagesdiffer
sincethestateof theatmospherechangescontinuously;but every imagecontainsa part
of the informationof the small angularstructureof the observed object. Averagingof
the imageslosesthis kind of information,but it canberecoveredusingspeckleimaging
methods(von derLühe1993).

Theastrophysicalimagecanberepresentedby theequation:
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where
Ë

F—èbH is thetrueimageand
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FuèbH is thepointspreadfunction,PSF. ThePSFcontains
theeffectsof thetelescopeandof theatmosphere.TransformingEq. 3.1 into theFourier
space,wecanwrite :
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F�ðhH is thelongexposureimagewith degradation,ñ is theFouriertrans-
form of thetrueimageand T

í

F—ðöH is theinstantaneousOpticalTransferFunction,OTF.
Theatmosphericturbulencesintroducevaryingphasesin theOTF, thereforeaveragind

theOTFs resultsin thecancellingof someof theamplitudesandcausesa lossof infor-
mationathigherfrequencies.

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

í

F�ðöH_^

%

is calledSpeckleTransferFunction,STF. In solarobserva-
tions, the STF dependsonly on the seeingconditionsand is gainedfrom a model of
turbulencein theEarth'satmosphere.TheSTFsareevaluatedwith theFriedparameter÷

&

(Korff 1973) which is obtainedwith thespectralratio method(vonderLühe1984).This
kind of calculationrequiresat least100speckleimages.

The STF and equation3.3 give the amplitudeof the image in the Fourier space.
The specklemaskingmethodgivesthe informationaboutthe phasesat eachfrequency,
(Weigelt1977), (Weigelt& Wirnitzer1983). Thebispectrumis de�ned as:
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. Whenaveragedoverasuf�cient numberof OTFs,Eq.
3.4givesa realnon-zerofunction,thereforecontainingonly theobjectphases.Theresult
is a four-dimensionalarraycontainingmultiplicationswith differentdisplacementsof the
imagesin Fourierspace.With thestartingconditions:
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arephasesobtainedfrom theoriginal datausingthefact thatphasesat
low frequenciesarewell known) andtheequation:
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(where �ÍF
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jµ¨—H arethephasesof thebispectrum)onecanrecover thephases.
Thespeckleimagingprocessusuallyconsistsof two passesthroughthedata.A �rst

passestimatesthe prevailing seeingconditionsandconstructsa noise�lter . Also, the
Friedparameteris calculatedin this �rst pass.In thesecondpassthespeckleimagingis
performed.In ordertopreventartefactsduetoanisoplanatismthesizeof thereconstructed
�eld is reduced.Eachimageis cut into overlappingsegments.Thosesegmentsaretreated
independentlyandaftercompletereconstructionthey arecombinedinto oneimageof the
full �eld of view.

Two majorsourcesof noisecontributeto thereconstructedimage,oneis thespeckle
processitself, and the other is the photonnoise. The noiseintroducedby the speckle
processitself canbereducedwhenincreasingthenumberof averagedframeswhich are
usedfor thereconstruction,in frameregistration;(seevon derLühe1993).Thestatistics
of thenormalizederrorof thecomplex Fourier transformof thereconstructedimagecan
beapproximatedby a circularly complex randomprocesswith equalvariancein thereal
and the imaginaryparts. Besidesthe speckleprocess,many sourcesin the detection
processcontribute to the noise,but due to the luminosity of the Sun the photonnoise
is the largestcomponent.This sourceis not connectedwith the OTF but it resultsin
a biaswhich needsto be corrected.The photonnoisecontribution to the total error is
comparableto thespecklenoisecontribution. So in total, a randomphotometricerror is
lessthan1% if the rms contrastof the reconstructionis 10% (vonderLühe1994). The
reconstructionsobtainedfrom acontinuousdatarunundernot sogoodseeingconditions
shouldberegardedwith caution(vonderLühe1994).
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3 Datareductionandanalysismethods

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

3.1.2 Reconstructionof the narr owband images

Thenarrowbanddatacontainasetof imagesperpreviouslyde�nednumberof wavelength
positionin theline. This meansthat therearefewer imagesfrom which informationcan
beextractedascomparedto thebroadbandimageseries.Sincetheobjectof observationis
seenthoughthesameturbulentatmosphere,thenarrowbandreconstructionusetheinstan-
taneousOTF known from the alreadyreconstructedbroadbanddata. This procedureis
basedon amethoddevelopedby KellerandvonderLühe(Keller& vonderLühe1992).

Figure3.2: A reconstructednarrowbandscan,for thespectralline 543.45nm in 12 posi-
tionsof theline pro�le. Theblueshift of themaximumFPI transmissionacrossthe�eld
of view is notyet removed.

If
�

ñü is the estimateof the narrowbandimageand
�

ñ�� is the alreadyreconstructed
estimateof thebroadbandimage,theformulausedfor thereconstructionis:

�

ñü �)C

ô

í

ï



í

ï��

�

í

^

ï

�

í

^

%

�

ñ��‰j (3.9)

where C is a noise�lter ,
ï
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� T

í

I

�

ñü the imagein theFourierspaceat the individual
wavelengthposition

q

�/��j
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j and
�

thenumberof imagesperposition,T is theOTF,
and

ï

�

í

�)T

í

I

�

ñ�� therespectivebroadbandimage.Thenoise�lter canbecalculatedasan
optimum�lter , consideringthenoiselevel in the �at �eld framesandthecorresponding
light levels(Krieg etal. 1998).

Thespeckleimagingof thenarrowbandimagesis severelydegradedby noisein the
individual frames(Keller& vonderLühe1992). Oneof thewaysto reducethisdegrada-
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3.2 Determinationof theheights

tion is to constructthebestpossiblenoise�lter . Detailedwork aboutthenoise�ltering
wasdescribedby (deBoer1996). In our case,additionalimproving of the �lter is done
by takinga largenumberof �at �elds, around20 scansduring theprocessof therecon-
struction.Thisprocedureis doneto obtaina�at �eld whichdoesnotcontainany tracesof
theobservedgranularstructuresbut only thedisturbancesintroducedby theequipment.

In Fig. 3.2onecanseeareconstructednarrowbandscan.Thetopleft sidecorresponds
to theredwing of theline, the6�wv imageshows theline core,andthebottomright image
thebluewing of theline.

3.2 Determination of the heights

In orderto analysethedynamicsof thechromosphere,calculationsof thevelocitiesare
required.This is donewith thehelpof theDopplerformula:

Wš�

¥

r

r & I

Ä

j (3.10)

where
¥

r

is theshift of thewavelength,
r

&

is thelaboratorywavelengthand
Ä

thespeed
of light. Theequation3.10is usedfor calculationof velocitymapsfor thiswork, and

¥

r

is determinedwith thehelpof bisectors(seeSect.3.2.1).

3.2.1 Bisectors

Thebisectoris acurvewhich dividestheline pro�le into two parts.In theidealcaseof a
symmetricline pro�le thebisectorwouldbeastraightverticalline. Dueto Dopplershifts
andphysicalparametersof the solaratmosphere,the line pro�le is usuallyasymmetric,
andthebisectorthuscurved.

3.2.2 Responsefunctions

Oneof theaimsof this analysiswasto determinethebehaviour of acousticoscillations
with increasingheight. Thereforeit wasnecessaryto performcalculationswhich yield
only oscillationsproducedin acertainheightinterval. Thecalculationsnecessaryfor this
purposearedonewith responsefunctions(Eibe et al. 2001,PérezRodr��gues& Kneer
2002).

If we supposethat a certainphysicalquantity, in our casethe radial velocity, W is
disturbedby a smallquantity W F—]�j‰X"H which dependson theheightandthetime, the�uc-
tuationscanbewrittenas:
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jµ]�HŸWNFu]<HŸR�]�j (3.11)

where
r

is the wavelength, W����

�

ß is proportionalto the Dopplershift at the samewave-
length and

�

$

y�F

r

jµ]<H is the weighting function (Mein 1971), in our casethe response
function,associatedto thephysicalquantityin question.Thisweightingfunctionis com-
putedby successively disturbingthemodelof theatmospherein certainlevelsof increas-
ing altitudes.This responsefunctioncanbeusedto determinetheformationheightof the
observedvelocities.
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3 Datareductionandanalysismethods

Figure3.3: Exampleof thecalculatedbisectorfor a line pro�le. Theline pro�le is repre-
sentedby thesolid line, andthebisectorby thedash-dottedline.

Thevelocity responsefunctionsin this work arecalculatedwith thesoftwaredevel-
opedby F. Kneer. I will heredescribethecalculationsdonefor the line Fe I �

�<�����

� nm.
Using a model of the solar atmosphereby (Holweger& Müller 1974) calculationsare
donefor 95 differentheights,from

1
���

km to
=�=

( km, wherezerois the level with unity
optical depthin the continuumat �

���

nm �*� � . It is assumedthat �uctuations below
this startingheightdo not in�uence the line pro�le. As disturbancefor theabove height
interval I used: W

•

�

�����

�

+

-

º

ÀÂÁ . With this valuethedisturbedline pro�le is calculated
for eachof the 95 differentheights. The bisectorsfor eachpro�le werecalculatedand
theirwavelengthshiftsgiveobservablevelocities,via theDopplerformula:
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Hence,applyingtheconstantvelocity W at levels ¾ with ¾��
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weobtainanobservable
velocity:
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FromEq. 3.13wecanobtaintheresponsefunctionas:
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whereW

•

is
�G�æ�

�

+
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º

ÀÂÁ . Thirty responsefunctionsarecalculatedfor theintensitylevels
of bisectorfrom
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to
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, wherethestepwidth is
�G���<�

. Fig. 3.4givesthese
functionsfor thespectralline �

�<�����

� nm.
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3.2 Determinationof theheights

Figure3.4: Velocityresponsefunctionsfor 30intensitylevelsin thepro�le of thespectral
line �

�<�����

� nm; that with the peaknear (

���

km stemsfrom the line core, that with the
largerpeaknear

���

km from thefar line wings(i.e.
¹

continuum).

Application

Onecannotice(in Fig. 3.4) that thevelocity responsefunctionscover a ratherbroadin-
terval of heights.Thelargestcontribution to the�uctuationscomesfrom heightsbetween

�<���

km and (

���

km.
To achieveasnarrow aspossiblecontributions,linearcombinationsof thevelocityre-

sponsefunctionswerecalculated.Fig. 3.6representsfour of thenarrowestlinearcombi-
nationsfound;thesecombinationsallow achieving satisfactoryvelocitymaps.Thelinear
combinationswith maximaat heightsbelow �

���

km oftenaretoonoisy, thesehadthusto
berejected.That linearcombinationwith themaximumcontribution near �

���

km height
wasobtainedby combiningthreevelocity responsefunctions.

In Fig. 3.7onecanseethattheresultsof thewaveletanalysisfor thevelocitymapsat
heightsbetween�

���

and
�����

km havesimilarshapes,while theresultfor theheight �

���

km
shows somepower which doesnot exist at otherlevels. Sincethelinearcombinationfor
thisheightwasdeducedfrom threevelocity responsefunction,therewasasuspicionthat
theextra power obtainedat this heightmight becausedby noise. Therefore,this linear
combinationwasrejected.

In orderto checkwhethertheformationheightof thespectralline (seeSect.2.1)has
any in�uence on the �nal results,datasetswith two lines weretaken. Sincethe linear
combinationfor thecontribution of thecoreof theweaker line gives

�����

km, this height
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3 Datareductionandanalysismethods

Figure3.5: The linear combinationof velocity responsefunctionsfor the spectralline
�

�����æ��;

nm at
�����

km. The dashedanddash-dottedlines representtwo velocity response
functionsfor thedifferentintensitylevelsin theline pro�le, andthesolid line their linear
combination.

Figure3.6: Linearcombinationsof velocity responsefunctionsyielding maximaat four
differentheights.

wastakenassuitablefor theanalysis.Two heights�nally chosenfor thiswork areshown
in Fig. 3.8.

For datasetswith two lines linear combinationsweremadefor eachline separately
usingcorrespondingresponsefunctions. In caseof datasetswith two spectrallines, the
linearcombinationsarecalculatedwith theexpressions:
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3.2 Determinationof theheights

Figure3.7: Exampleof resultsof a wavelet analysisfor onepixel in the �eld of view
for linearcombinationsof velocity responsefunctionsyielding maximaat four different
heights.

Figure 3.8: Linear combinationsof velocity responsefunctions for the spectralline
�

�����5�

� nm. The top row shows the combinationyielding a maximumat
�����

km andthe
bottomat (

���

km.
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where
�

$

z representsthe velocity responsefunction for the level ¾ . For the heightof
(

���

km thevelocityresponsefunctionsfor theline �

�<�����

� nmwereused,andfor theheight
of

�����

kmthevelocityresponsefunctionsof theline �

�<�G�æ��;

nm. In thedatasetswhereonly
oneline wasscanned,thelinearcombinations:
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were used. In Fig. 3.8 the resultinglinear combinationsof the responsefunction are
shown. Thelinearcombinationfor theheightof

�����

km calculatedwith velocity response
functionsfor thespectralline �

�<������;

nm,is shown on Fig. 3.5.

3.2.3 Velocity maps

During thescanningwith the FPI, for mechanicalreasons,the �rst wavelengthposition
in theline oftenvariesin eachscannedline pro�le. To removethiseffect,acalculationof
thebisectorsis required.

Thatcalculationis donefor eachpixel in the reconstructednarrowbandimages.All
imagesfrom onescanarecorrelated,so thatwe have a line pro�les for eachspatialpo-
sition. This line pro�le is theninterpolatedby a cubicsplinefunction(in theappropriate
IDL program),thenthebisectorpositionswerecalculated.This interpolationis necessary
sincethespectralline is scannedwith a relatively smallnumberof wavelengthpositions
in orderto achievea fastcadence.

As referencefor thecalculationof theDopplervelocitiesin ourdata,we tookamean
velocity from onedatascan,andsetit to zero. The shift of onebisectorvaluewith re-
spectto this referencepointcorrespondsto aDopplershift, sincethewavelengthdistance
betweentwo scanningpositionsis known.

After suchcalculationsaredonefor eachpixel, velocitymapshaveto bemade.These
areobtainedfrom the samebisectorlevel as the correspondingvelocity responsefunc-
tions from which the linear combinationswerecalculatedto give the narrowestheight
contribution.

Figure3.9: Exampleof avelocitymapfor theheightof
�����

km; thegranulationpatternis
visible.

Thecombinationsof differentimagesincreasethenoiselevel in theresultingimage.
To minimizethiseffect,I calculatedonly two linearcombinationsof thevelocityresponse
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3.3 Thedatacubes

Figure3.10: Exampleof a velocity mapfor theheightof (

���

km; thegranulationpattern
is hardlyvisible.

functions,resultingin thetwoheightlevels
�����

and(

���

km, (seeFig.3.9and3.10).Linear
combinationsfor theheightsin betweenthosetwo levelswould requiretheuseof three
velocity responsefunctions(i.e. threeimages);while linear combinationsfor heights
below

�����

km andabove (

���

km would requiremany individual wavelengthimagesand
wouldbeextremelynoisy.

3.3 The data cubes

In order to studythe time evolution, it is necessaryto look at time sequences.This is
doneby composingthe velocity mapsinto datacubeswherethe third axis is the time.
All thesemapshave different sizesas a consequenceof the reconstructionprocedure
in the narrowbandimages. It is thereforenecessaryto do an additionalcorrelationand
destretching.This procedure,outlined below in detail, can be doneproperlyonly for
imageswhereclear structuresare visible. Thereforeit is donefrom the reconstructed
broadbandimageswhich were alreadycut to the samedimensionsas the narrowband
imagesduringthenarrowbandreconstruction.Theparametersobtainedin this way were
usedfor correlatinganddestretchingthevelocitymeasurements.

3.3.1 Corr elation

In a �rst stepthecrosscorrelationis donewith thebroadbandimagesusingthefollowing
equation: &

÷�F%'Âj�(‡Hb�ò9±I

p

�

j (3.19)

wherea and b are two different functionsto be correlatedand A and B their Fourier
transforms,

p

�

is complex conjugate.The maximumpositionof the

&

÷ function is the
appropriateshift. To performa correlationof theimages,a centralsub-image,is cut and
transformedinto theFourierspace.Thecoordinatesobtainedwith thisprocessaresaved,
andtheprocedureis thendonefor thecompletetime sequence.After obtainingtheshift
for eachimagein thetime sequence,theimagesareaccordinglydisplacedandcut to the
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3 Datareductionandanalysismethods

samedimensions.Thisshift is alsoappliedto thevelocitymapsfrom whichthedatacube
hasto becreated.

3.3.2 Destretching

Correlationalonedoesnot �nish theprocedure.Dueto atmosphericin�uencesit canhap-
penthattheshapesof certainstructuresaredeformed,evenafterthereconstruction.This
deformationcancausethatapixel in oneimageof thetimesequencedoesnotcorrespond
to thepixel in thenext image.Thus,adestretchingis required.

Figure3.11:Exampleof a datacubemadeof granulationimages.Threesurfacesexhibit
cutsthroughthecube.This cubeis usedasbasein this proceduresinceit' s imageshave
traceablestrctures.

To performthis procedurethemeanimageof thesequenceof severalimagesis taken
asa reference.This canbedonebecausethegranulationchangesin a time scaleof min-
utes,while our scanshave a time scaleof seconds.That referenceimageis 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 thentaken to destretcheach
imageof thetime sequence,following themethodof (November1986). Thematrix cal-
culatedwith broadbanddata,is thenappliedto the correspondingvelocity map. These
two proceduresgivethe�nal timesequence.
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3.4 Waveletanalysis

3.4 Waveletanalysis

For a studyof the dynamicsof acousticwaves,the informationabouttime andperiods
is crucial. 1 With waveletsit is possibleto obtainsimultaneousinformationabouttime
andfrequency. Waveletsmaybeconsideredasa compromisebetweendigital dataat the
sampledtimesanddatathroughaFourieranalysisin frequency space.In the�rst caseone
maximizestheinformationaboutthetimelocation,andin thesecondcaseonemaximises
theinformationaboutthefrequency location.

The essenceof a waveletanalysisis the searchof structureswhich arelocally simi-
lar to oneof the waveletsfrom the set. With the wavelet transform,time seriescanbe
analysed,which containnonstationarypower at many differentfrequencies.Thetypical
waveletanalysisusethecontinuouswavelettransform:
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where ÿ•F�X"H is the signal we analyse,)
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F�X"H is a set of functionscalled wavelets,and
the variables

º

and � are scaleand translationfactors,respectively. The waveletsare
generatedfrom thesinglebasicwavelet,themotherwavelet:
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where Á
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#

is thenormalisationfactoracrossthedifferentscales.
As is visible from theequations3.20and3.21thewaveletbasisfunctionis not spec-

i�ed. If the function oscillatesandis localizedin the sensethat it decreasesrapidly to
zeroas ^ X_^ tendsto in�nity , it canbetakenasmotherwavelet. Thesetsof waveletscre-
atedwith Eq. 3.21from thechosenmotherwaveletcanbeorthogonal,bi-orthogonalor
non-orthogonal.

Thewaveletanalysisis acommontool for dataanalysis.(Vigouroux& Delache1993,
Graps1995andStarcket al. 1997)For practicalapplicationsso-calleddiscretewaveleta
areused.

3.4.1 The mother wavelet

The main problemin the wavelet analysisis to �nd a setof functionsthat providesan
optimaldescriptionof theproblemathand.Variousfunctionswhichsatisfytheconditions
for thecreationof a wavelethave beenfound. To choosethewaveletsetappropriatefor
theproblem,oneneedsto know whatthemaingoalof theresearchis.

For my analysisI choosetheMorlet wavelet:
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where¯

&

is thenondimensionalfrequency and X thenondimensionaltimeparameter. This
waveletis non-orthogonal,basedontheGaussianfunctionandthereforeverycloseto the
limit of thesignalprocessinguncertainty,

Å

k

. An exampleis shown in Fig. 3.12.
1For the signalprocessing,Heisenberg's uncertaintyprinciple statesthat it is impossibleto know the

exactfrequency andtheexacttime of occurrenceof this frequency in asignal,thelimit is 3 4 .
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3 Datareductionandanalysismethods

Figure3.12:Morlet wavelet.Theleft panelis in thetimedomain,thesolid line givesthe
realpart,thedashedline theimaginarypart;at theright panelthewavelet is givenin the
frequency domain.(Torrence& Compo1998)

3.4.2 The code

Thecodefor thepresentwaveletanalysisis basedon theonedevelopedby Torrenceand
Compo(Torrence& Compo1998). This codeusesone-dimensionaltime seriesfor the
processing.As resultit givesadiffusetwo-dimensionaltime-frequency image.

Figure3.13: Exampleof a resultobtainedwith the usedcode. In the top row velocity
�uctuations are shown which are subjectto the analysis. The bottom row shows the
resultingtwo-dimensionaltime-frequency image.

Sincethewavelet functionis complex thewavelettransformis alsocomplex. There-
fore theresultcanbedividedinto a realpart -amplitude- ^
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. Thewaveletpowerspectrumcanbede�ned as:
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For thescales
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thefollowing setwasused:
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where
º &

is the smallestresolvablescale,and n the largestscale. The bestchoicefor
º &

is thevaluewhoseequivalentFourierperiodis approximately
¥

X . Thechoiceof
¥

q

dependson the width of thewavelet function in thespectralspace.Smallervaluesgive
higherresolution.

The codeby (Torrence& Compo1998) is madefor noncyclic data in the Fourier
space.To avoid errorsat theedgesof thedataset,apodisationof thedatawasdonebefore
they aresubmittedto thewaveletanalysis.Sinceall time seriesaresubjectto noise,only
peaksin the wavelet power spectrumwhich aresigni�cantly above the noiselevel can
beassumedto bea truefeaturewith suf�cient con�dence.Thereforethetotal amountof
presentedwaveletpower dependson thenoiselevel; if that is low, morerealisticwavelet
powerwill occur, andviceversa.

For this work only a wavelet power spectrawere used. The �nal result from the
appliedcodeis a four-dimensionaldatacube,wherethe additionalfourth dimensionis
thewaveletpowervariationwith theperiod.Thewavelettransformcanbeconsideredas
a bandpass�lter of uniform shapeandvarying locationandwidth (Torrence& Compo
1998, Wunnenberg et al. 2003). During the datareconstructiona certainamountof
the noiseremainsin data. Wavelet analysistendsto �lter out thoseremains,sinceit is
registeringonly theselectedfrequenciesin time which aresigni�cantly above thenoise
level. Therefore,noisethenhasno largeeffecton theprocesseddata.This is readilyseen
during the choiceof the appropriatelinear combinationsfor a descriptionof the height
contribution.

3.4.3 Additional data processing

The resultingfour-dimensionaldatacubespanningthe whole periodrangewasdivided
into periodintervals namedoctaves. For the periodrangeof �

�

s to �

���

s the datacube
resultingfrom theusedcode,hadelevenoctaves,seeFig. 3.14.

For an overall analysisintegration over all octaves is done. This gives the power
integratedover thecompleteperiodrange,seeFig. 3.15. In addition,integrationis also
donetakingonly two or threeneighbouringoctaves.Thisgivestheintegratedpowerover
� vesubrangesof thetotal periodrange.

Comparisonof thetwo-dimensionalpower featuresrequiresconstructinga particular
spatial�lter which removesall power featuresbelow a level which is givenby thenoise.

For the calculationsof theenergy carriedby waves,additionalhigh pass�ltering of
thevelocitymapson the�uctuation rangeof �

�

to �

���

s is done.
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Figure3.14:Exampleof a setof octavesof thedatacube;eachsurfacedisplaysthetwo-
dimensionaldistributionof power in oneoctave.

Figure3.15:Exampleof integrationoverall setsof octavesof thedatacube.
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4 Results

It is believed that spatiallyunresolved motions,or non-thermalmicro-turbulence,have
asphysicalprocesseshort-periodwaves,whichmayberesponsiblefor theenergy trans-
port to the chromosphere(Ulmschneider& Kalkofen2003). The existenceof chromo-
spheresandcoronaedependson a constantenergy supplyprovidedby mechanicalheat-
ing (Ulmschneider& Kalkofen2003). Theheatingrequiredto balancetheradiative loss
is approximately

�

I��

��K

;

!

#

. Thebehaviourof short-periodwavesandtheamountof energy
they carryarethesubjectof thiswork.

4.1 Wavesat differ ent heights

Short-periodwaveswith periodsfrom �

�

s to ���

�

s areassumedto bethemaincarrierof
theenergy requiredfor theheating.Thepeakenergy shouldbetransportedby wavesof
periodsbelow �

�

s. An observationof thesewavesencounterstechnicaldif�culties, since
it requiresgoodspatialandtemporalresolution;they werethus�rst investigatedin thelast
few years(Hansteenet al. 2000,Wunnenberg et al. 2003). A �rst stepin this work was
to determinewhethervelocity �uctuationsobservedby (Wunnenberg etal. 2003)exist at
differentheights.Fig. 4.1 representsmy resultof thewaveletanalysisof �uctuations at
thesameheight(i.e.,(

���

km) astheoneusedin (Wunnenberg etal. 2003).

Figure4.1: Waveletpowersectionfrom datasetDS2,calculatedfor thepixel I¿�:(

�

jKJš�

�

� in the imageplane. The maximumof the heightswhich contribute to the observed
�uctuationsis at

¹

(

���

km.

39



4 Results

Figure4.2: SameasFig 4.1but for
¹ �����

km height.

At the top row of the �gures the velocity �uctuations areshown, andat the bottom
row thepower of theshort-periodwaves,bothasfunctionof time. Darker colourmeans
that largepower is registered,light colourmeansthat lesspower is registered.Thereare
6 areasin thebottomrow of Fig. 4.1which representthe�nally obtainedpower.

Fig. 4.2showstheresultof thewaveletanalysisat theheightof
¹

�����

km. Here,only
threeareasshow power.

Table4.1: Overview of thepoweroccurrenceat theheight
�����

km.

Occurrenceof power in 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 onecanseean overview of the power appearingin Fig. 4.2; Table4.2
givesanoverview of thepower from Fig. 4.1. It is noticeablethatalthoughboth images
representthe samepixel in the dataset, the resultsof the power arenot the same. At
the higher level onecannoticemorepower featuresdistributedin time andapparently
withoutconnectionto thelower level. Ontheotherhandpowerat thelower level,

�����

km,
might be relatedto someof the featuresat thehigherlevel, althoughthe distribution of
power is slightly differentin timeandperiod.

Short-periodwavesarenot oftenvisible in thesignalpresentedin thetop row of the
�gures, sincelonger-periodsareoverwhelming.In �gures 4.3 and4.4 however, a signal
is present.

The differentdatasetsshow that power of short-periodoscillations(in the rangeof
�

( s to �

���

s) appearat differentheightsin thesolarchromosphere.It is evident that the
power variesin time and appearswith varying amplitudes. In addition, at

�����

km the
powerpeaksappearto belessfrequentthanat (

���

km.
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4.1 Wavesatdifferentheights

Table4.2: Overview of thepoweroccurrenceat theheight (

���

km.

Occurrenceof power in 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

Figure4.3: TheDopplervelocity �uctuationsfrom datasetDS2,at thepixel I¿�:(

�

jLJÏ�

�

� in theimagefor theheightof (

���

km. Thesolid line represents�ltered velocity �uctu-
ationsin theperiodrange���

1

�

���

s, thedashedline representsnon-�ltered signalsfrom
thetop row of Fig. 4.1.

4.1.1 Spatial location

In Fig. 4.5 the power of short-periodwaves is shown as two-dimensionalmaps. It is
evident that power at the height

�����

km appearsseldomin spaceascomparedto power
at the height (

���

km, in agreementwith the �ndings in �gures 4.1 and4.2. In the en-
largedrectanglesonenoticesfeatureswhichat

�����

km have low powerandoccurin three
differentpatches;at (

���

km thesefeaturesarestrongerin power andof differentshape.
Thepower featuresat theheight

�����

km which appearat thesamelocationasthepower
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.
Thecontribution to thespatialvariationcomesfrom thedissipationof wavesof different
periodsat differentheights. The merging of wavesfrom differentsourcesadditionally
complicatesthispicture.

An exampleof merging is shown in Fig. 4.6. In thetop row it is seenthat thepower
featuresof thewavesemittedfrom two neighbouringintergranularlanesmerge into one
featureat (

���

km. This featureis markedwith a greenarrow at thebeginningof its evo-
lution. Theprocessis easierto seefor waveswith longer-periodssincethey changemore
slowly in time (seesection4.5.1).
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4 Results

Figure4.4: TheDopplervelocity �uctuationsfrom datasetDS2,at thepixel I¿�:(

�

jLJÏ�

�

� in theimageplanefor theheightof
�����

km. Thesolid line represents�ltered velocity
�uctuationsin theperiodrange���

1

�

���

s. Thedashedline representsnon-�ltered signals
from thetop row of Fig. 4.2.

Figure4.5: Two-dimensionalmapof theshort-periodwavepower form thedatasetDS1,
integratedover period ranges�

�

s to �

���

s. The imagesare time-shiftedby �

�

s which
correspondsto thetimenecessaryfor short-periodwavesto travel with soundspeedfrom
the

�����

km to the (

���

km heightlevel.

4.2 Methodsusedfor the analysisof the data

To obtain the �nal resultsit was necessaryto perform an additionalanalysis. In this
sectiontherespectivemethodsaredescribed.
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4.2 Methodsusedfor theanalysisof thedata

Figure4.6: Time sequenceof
�

�

�

s from the datasetDS1, with repetitionrateof
�

� s.
Thebottomrowsrepresentthegranulation,themiddlerow theintegratedpowerof short-
periodwaveswith periodsof �

�

s to �

���

s at theheight (

���

km, andthe top row the inte-
gratedpowerof short-periodwaveswith periodsof �

�

s to
�����

sat theheight (

���

km. The
arrow pointsto amerging power feature.

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

The startingassumptionis that the observed short-periodwavesare acousticin nature
andthus travel throughthe solaratmospherewith W

#

��MQ

•

¹
�

�‰!

#

. Therefore,asa �rst
attempt,atime-shiftrequiredfor connectionbetweenwavesandgranulareventsis applied
to the dataasexpectedfrom this velocity. In many caseswherethis shift proved to be
inappropriateothertimeshiftsareapplied.

Pixel by pixel comparison

This comparisonis madeby simple comparisonof the intensity of the corresponding
white-light imagewith theshort-periodwavespower map. In Fig. 4.7 a scatterplot for
onemomentin thetimesequenceis shown.

To obtainthepercentageof power which is locatedabove darkstructures,thepower
wasnormalised,andonly that power which exceeds

���5�

of the maximumvalueis con-
sidered.For comparisonwith thecorrespondingwhite-light image,it wasassumedthat
the short-periodwavestravel with the speedof light andthe appropriatetime shift was
calculatedaccordingly. Thisprocedureis donethroughthewholetimesequenceyielding
the variationof the percentagewith time. During the time sequencethe percentageof
powerappearingabove intergranularlanesvaries,asis visible in Fig. 4.8.

Comparisonof power mapswith the white-light images

Sincethe pixel by pixel comparisonis insuf�cient for an accuratedeterminationof the
locationof short-periodwaves,additionalmethodsneededto beused.

In the �rst and third rows of Fig. 4.9 onecannoticevariousstructuresformedby
power of the short-periodwaves. I will refer later to suchpatchesas 'power features'.
In thesecondandfourth rows thegranularevolution is shown; over-plottedarecoloured
contourswhichpresentareaswith observedpowerof short-periodwaves.

43



4 Results

Figure4.7: Scatterplot from thedatasetDS1.Theshort-periodwavespowerabove
���

%
of themaximumlevel is presentedvs. thecorrespondingpixel intensityin thegranulation
imageconsideringatimeshift expectedfor theacousticwavepropagationof

�

� sbetween
thecontinuumlevel andtheheightof the

�����

km.

Figure4.8:Timevariationof thepercentageof short-periodwavespowerappearingabove
intergranularlanesfor thedatasetDS6a.

This spatialcomparisonmakesit possibleto visually determinetheexact locationof
a power featurein thewhite-light image.A similar methodof analysiswaspresentedin
thework of (Espagnetetal. 1996).

For sucha spatialcomparisonthe full areaof the reconstructedwhite-light images
werecut into squaresof �

�

¼��

�

pixels. Sincethereconstructedwhite-light imageshave
the same�eld of view as the power mapsit waseasyto obtain for both equallysized
squares.

Thesquaresobtainedin thiswaycouldcovershortertimespanswhicharemorecom-
fortablefor a visual inspection.Here,it is importantto make a presentationof thedata
easyto handle.Thewhite-lightimagesrepresentthecontinuumlevel; thereforeI putthem
onthebottomrow of therespective�gures, themiddlerow presentspowerof short-period
wavesat the

�����

km level andthetop row thelevel of (

���

km. Theamountsof power are
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4.2 Methodsusedfor theanalysisof thedata

Figure4.9: Timesequenceof
�

���

���

sfromthedatasetDS5,with arepetitiontimeof
��=��5�

s.
The secondand fourth rows show granulationchangeswith the yellow areasmarking
positionsof the most intensepower, andthe �rst andthird row exhibit power of short-
periodwavesintegratedover thesameperiodrangeat theheight (

���

km.

differentat bothheightlevels,thereforethepower is normalisedbeforepresentedin the
maps.All mapsare' tv-scaled'1; thenormalisedmaximumcorrespondsto white andthe
minimum, in this case

�

, to black. An exampleis given in Fig. 4.10. Thearrows mark
featureswhosebehaviour is explainedin Sect.4.4.1.

Figure4.10:Timesequenceof
�����

sfrom thedatasetDS2,with arepetitiontimeof
���L�5�

s.
Thetop row showspowerof short-periodwavesintegratedover thesameperiodrangeat
theheight (

���

km. Thebottomrowsrepresentgranulationchanges,themiddlerow power
of short-periodwavesintegratedoverperiods��� s to ���

�

sat theheight
�����

km

The othertwo power mapswereplacedabove the white-light images,�rst the ones
from

�����

km andthentheonesfor (

���

km. Theprocedurewasrepeatedfor �

�

sub-images
1A routinefrom theIDL whichpresentsmatricesscaledin themostappropriateway.
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of thetimesequence.Thesub-imagesof thepowermapswerealsotime-shiftedfollowing
themethoddescribedin Sect.4.2.2.Thisorderwaschosenbecauseit is similar to natural
positions.

This procedurewasfollowedfor thewholetime sequenceof eachdataset.To obtain
the percentageof speci�c eventsor locations,simplevisual sortingandcountingof the
eventsor locationswasdone.Thepercentagewasthencalculatedwith respectto thetotal
numberof all recordedevents.

4.2.2 Determining the time shift

As a �rst stepin this analysisa pixel by pixel correlationwasattempted.This analysis
is doneunderthe assumptionthat short-periodwaves shouldtravel with the speedof
soundthroughthesolaratmosphere;hencethehigherlevel wasshiftedbackin timeby an
appropriateinterval. Thepowerwasnormalised.Sincefeaturesvary in intensity, abinary
maskwas formedcovering the areaswherethe short-periodwave's power exceededa
givenminimum. This proceduregivestheexactpositionsof featureswith power above

���

% of themaximumpower. Thesebinarymaskswerethencomparedpixel by pixel for
bothheightlevels.

Time shifting by visual comparison

Thetimeshift in this work is donein two ways.First a comparisonof thepower features
with thegranularevolution is done.In Fig. 4.11anexampleof timeshift usingthepower
featureis shown. In this methodI selecteda power featurewith a similar shapeat both
levels. Thepower featureschosenin thatway I �rst relatedwith thewhite-light images,
determiningthe granulationevent which might be responsiblefor the emissionof the
short-periodwaves.

After thatthetimeshift is donein suchawaythatthetimeevolutionof thecorrespond-
ing granulationchangefollows the time evolution of thepower feature.This methodto
determinethe time shift openedthe possibility to pay attentionto waves which travel
down. 2

In many casesa power featurecouldnot be found in thosepower mapsobtainedby
integratingthepower over thewhole rangeof short-periodwaves,from

�

( s to �

���

s. In
thiscasethetimeshift wasdeterminedfrom power featuresof oneof theperiodintervals
shown in Table4.3. Someof the eventsgave different time shifts for differentperiod
ranges.In thesecases,theeventsin eachperiodrangeweretreatedandcountedassepa-
rateevents.

Time shifting by maximum power

Sincethe whole proceduredescribedabove is donevisually, an additional test of the
resultswasnecessary. This time shift is doneby comparisonof the power variationof
similar power featuresin bothheightlevels.First, thevisualmethodis usedto locatethe
power featureatonelevel, andthenthe�eld of view is reducedsuchthatit containsonly
thepower featurewith its closestneighbourhood.Then,usingthesamecoordinates,the

2Only two sucheventsarefound,whichmake therelativeoccurrencelessthan1%.
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4.2 Methodsusedfor theanalysisof thedata

Figure4.11: Exampleof a time shift. In thebottomrow thetime evolution without time
shift is shown, andin the top row with a time shift appropriateto machthe maximaat

�����

km (middle)and (

���

km (upperrows). Theyellow arrows point at thepower feature
whichwasusedfor thetimeshift.

�eld of view is reducedfor theotherlevel. Finally, theevolutionof power integratedover
a particularfeaturein thepower mapsis plottedversustime for bothheightlevels. This
yield thedesiredshift from anoptimummatchof both.

Figure4.12: Temporalvariationof thepower spatiallyintegratedover onepower feature
in thedatasetDS1.Theline with crossespresentsthefeatureat (

���

km, theline with stars
thefeatureat

�����

km height.Thediagramis donefor anexamplefrom thedatasetDS1.
A time shift is not appliedin the left panel,in theright panela time shift correspondsto

�

�

s.
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4.2.3 Differ ent periods

Theanalysisshowedthattheuseof powerintegratedoverthewholeperiodrangedoesnot
allow obtaininga clearpictureof theshort-periodwaves. Much interestinginformation
canbelostwith anintegrationof thepoweroverthewholeperiodrangeof agivendataset.
Therefore,an analysisof the differentperiodintervals wasperformed.This is possible
sincethewaveletanalysisgivessocalledoctavespertotal periodrange.An investigation
of separateoctaves,i.e. periodintervals,givestheinformationrequired.

It is foundthatdifferencesbetweenneighbouringoctavesarenot too large,sincethe
observedpower behaviour variesslowly with the period. Hence,for betterpresentation
of theresultsa summationof power over two adjacentoctavesis done.This integration
givestheperiodintervalspresentedin theTable4.3. In this tablealsotheabbreviations
for thevariousperiodrangesareintroduced.

Table4.3: Periodintervalsobtainedfrom integrationoveroctaves.

Periodintervalsfor all datasets

Dataset abbreviation for interval periodranges[s]
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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4.2 Methodsusedfor theanalysisof thedata

Thepowermapsobtainedin this waywerethenexposedto thesamevisualdetection
whichwasperformedto themapsof theintegratedpoweroverthewholeperiodrangefor
therespectivedataset.

Wavesof longer-periods

With the wavelet analysis,an increaseof the numberof octavesincreasesthe observed
periodrange,for datasetDS1, from �

�

to
�����

s, andfor the datasetDS6a,from
�<=

to
�����

s. For the presentanalysisof the long period-wavesthe power was integratedover
thewholeperiodrangeof datasetDS1andover theinterval �

�

� s to
�����

s for DS6a.The
analysisof thepowermapsobtainedin thiswaywasalsodoneusingthevisualmethod.

Finally, thewholepowerwassummedover theperiods,for eachdatacube.

4.2.4 Termsusedfor description of granular events

In this sectioncertaintermswill bede�ned which describeeventsobservedin thegranu-
lation; they aresortedalphabetically.

Appearanceof a granule

If in a larger intergranularareaa new granulestartsto appearandto grow, theeventwill
becalled'appearanceof a granule'.

Bright point-lik e structure

A smallstructurewhichappearsin intergranularlanespossessesusuallyshapeswhichare
muchsmallerthanthesurroundinggranules.Someof thesestructureshave a high inten-
sity, but someof themarelessbright thanthesurroundinggranules.TheG-bandbright
pointsarevery similar in shapeandlocationasthestructuresobservedhere,thereforeI
call them'bright point-likestructures'.

Changesof abnormal granulation

If thetypicalgranulationpatternis hardlyvisiblesincesmallerstructures�ll theintergran-
ular lanes,theevent is calledabnormalgranulation.Changesin this kind of granulation
in shapeandpositionaremuchfasterandeasierto notice.

Disappearanceof a low intensity structure within a granule

A darker structurein thecentreof a granulecanmeantwo things: thatgranulewill ex-
plodeor thatsimply a largegranulehasbright edges.In thesecondcase,it canhappen
thatduringthechangeof agranule'sshapethedarker areain its centredisappears.

Disappearanceof a part of a granule

Sometimesa granulestartsto changetheshape,andpartsof thegranuleseemto fadeto
thebackground.
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Fading of a small granule into the background

If agranuledisappearsby slowly shrinkingandloosingintensityonecansayit fadesinto
thebackground.

Merging of two granulesinto onelarger

Oneof thepossibilitiesof theendingof granules,especiallysmallerones,is that two or
moreof themmergeinto onelarger.

Slow granulation changes

If changesin thegranulationoccurof theorderof minutes,without any specialevents,I
addressthisas'slow granulationchanges'.

Splitting of a granule or explodinggranule

Oftenlargegranulescansplit into two or moresmallerones.If this happensquickly, the
eventis called'explodinggranule'.

4.3 Location of short-period waves

Oneof theinterestingpointsof short-periodwave analysisis to determinewhereexactly
in thechromospherethey appear. Theanalysiswith visualmethodswasdescribedin Sect.
4.2.1.Theresultsin thissectionwereobtainedby acomparisonof thespatialdistribution
of theshort-periodwaveswith thewhite-lightstructures.

As statedin section2.3 the datasetsusedin this work were taken from different
regionsof thesolarsurface.Therefore,thefollowing resultsaregroupedaccordingto the
differentobjectsof observation.

4.3.1 The quiet Sun

The datasetsDS1, DS2,DS3 andDS6awereobserved in the quiet Sun. The �rst step
in theanalysiswasthepixel by pixel comparison.This kind of analysisshowedthat for
thesedatasetsthemostcommonlocationof short-periodpowerarethedarkintergranular
areas.In �gures 4.7and4.13scatterplotsfor onemomentin thetimesequenceis shown.
It canbeseenthat thepower at

�����

km is moreconcentratedin the intergranularlanes3

thanthepower at (

���

km. Here,thepower above intergranularlanesis about
���

% of the
total powerat theheightof

�����

km, andabout(

�

% at theheightof (

���

km.
Thesituationis a bit differentfor theotherdatasets,for DS6athepercentageof the

power above the dark intergranularareasis �

�

% at the
�����

km. The scatterplot for this
setof datais givenin Fig. 4.14.

3De�ned as NPO

•RQ

ˆ , where NPO

• is the local continuumintensityminusthatof themeanundisturbed
Sun.
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4.3 Locationof short-periodwaves

Figure4.13: Scatterplot from thedatasetDS1. Theshort-periodwave power exceeding
���

% of themaximumlevel is presentedvs. thecorrespondingpixel intensityin thegran-
ulation imageafter a time shift expectedfor acousticwave propagationof

�

� s between
thecontinuumlevel andtheheightof (

���

km.

Figure4.14: Scatterplot from thedatasetDS6a. Theshort-periodwavespower is pre-
sentedvs. thecorrespondingpixel intensityin thegranulationimagewith the time shift
expectedfor theacousticwave propagationof (

=

s betweenthecontinuumlevel andthe
heightof the (

���

km.

Thescatterplotsweremadefor just oneimagefrom the time sequence.During the
time sequencethepercentageof power appearingabove intergranularlanesvaries,asis
seenfrom Fig. 4.8.
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The maximum of the power

Variouseventscausepower of differentamount.An overview of theeventsrelatedto a
maximumof power is givenin Table4.4.

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

Dataset1 - causeof themaximumof wavepower

No. granularevent %
1 brightpoint-likestructure 42
2 disappearanceof bright structure 15
3 darkintergranularlanewith tracesof somestructure 15
4 darkintergranularlane 14
5 darkpatchin a granule 7
5 appearanceof agranule 7

Figure4.15:Time sequenceof
�

�

�

s from thedatasetDS1,with a repetitiontime of
�

� s.
The bottomrows representgranulationchanges,the middle row power of short-period
wavesintegratedover periods�

�

s to �

���

s at theheight
�����

km, andthetop row power of
short-periodwavesintegratedover thesameperiodrangeat theheight (

���

km.

Fig. 4.15shows severalexamplesof themaximumpower of short-periodwavesand
their locationwithin thequietSunstructure.Therearethreeclearlydistinguishedpower
featuresof strongintensityin this time sequence.The maximummarked with 1 which
appearsat both heightlevels in the �rst threeimages,i.e. the �rst

�

� s, is locatedin the
centreof anintergranularlane.

Theotherpower feature,markedwith 2, whichappearsin thelast7 images,i.e. �

�

� s,
at theheightof

�����

km is composedof two maximawhichseemto mergeinto onepower
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4.3 Locationof short-periodwaves

feature.In the �rst 3 of thoseimages,themaximumis easyto separatefrom therestof
the power featuresinceit hashigh intensityandappearsin an intergranularlaneabove
somesmall structurenearthe edgeof a larger granule,marked with the 3. The second
maximumwhich canbedistinguished,startsgainingintensity

�

� s after the �rst oneand
appearsalsoin theintergranularlanejust at thebottomedgeof a smallstructurenearthe
borderof a largergranule.

Anothermaximum,marked with 4, which appearsin the seventh imageof the se-
quence,i.e. after �

�

� s,is locatedat theedgeof thesubpanels,arelationwith thegranular
eventscanthusnot bededuced.

The lower valuesof the percentageobtainedwith the pixel by pixel analysisfor the
datasetDS6a,canbeexplainedby the�nding thatpowerabovebright structuresis more
frequentfor DS6athanin thedatasetDS1: for DS6a(

�

% of theshort-periodwavepower
maximaappearabovebright structures.

4.3.2 Solar areawith G-band structur es

In orderto studypossibledifferencesbetweenquiet andactive regions,datasetswhich
containG-bandstructureshave beenobserved. At thebeginningof eachobservationthe
solarareawith G-bandstructureswasselectedwith the help of a G-band�lter . Exact
locationsof theG-bandstructuresarenot registered.ThesesetsareDS4andDS7. The
pixelby pixel comparisonof thegranularintensitywith thelocationof short-periodpower
gives �

�

% of thepowerabovedarkintergranularlanesfor theheightlevel of (

���

km, and
�

�

% for thelevel of
�����

km. Fig. 4.16presentsthescatterplot for thedatasetDS7.It can
beseenthatthepower is almostequallydistributedovergranulesandintergranularlanes.

Figure4.16:Scatterplot from thedatasetDS7.Theshort-periodwavepoweris presented
vs. thecorrespondingpixel intensityin thegranulationimagewith thetimeshift expected
for theacousticwave propagationof

;��

s betweenthecontinuumlevel andtheheightof
the (

���

km.

In theFig. 4.17thevariationof thepercentageis shown for thewholetimesequence.
It is noticeablethat for this dataset,the percentagevariesmuchlessthanfor the quiet
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Figure 4.17: Time variation of the percentageof short-periodwaves power appearing
above intergranularlanesfor thedatasetDS7.

Sun,andtendsto be above �

�

% over the whole time. This could be dueto the larger
occurrenceof smallstructuresin thesolarregionswith G-bandfeatures.

Location of power maxima

Themaximaof theobservedpoweraremostly locatedabovebright structures,but not in
anamountonewould expect. In Table4.5anoverview over themostcommonlocations
of themaximaof short-periodwavesis given.

Table4.5: Eventswhichcausethemaximumpowerof short-periodwavesin datasetDS7.

Dataset7 - locationof themaximumof wavepower
No. granularevent %
1 thebrightpoint-likestructure 39
2 intergranularlane 23
3 thedarkintergranularlanewith tracesof somestructure 19
4 thedarkpatchin thegranule 19

4.3.3 Observationscontaining a pore

A still strongerin�uence of magnetic�elds on short-periodwavesthanin G-bandstruc-
turescanbeexpectedin thevicinity of pores.Theobservationsneara poreareDS5and
DS6b. Thepixel by pixel analysisshowsthattheamountof powerabovetheintergranular
lanesis for bothsetsof data

�<;

% at theheightof
�����

km; at theupperlevel of (

���

km, it
is

�<;

% for thedatasetDS6band �

�

% for DS5.
Thescatterplot in Fig. 4.18showsagroupof pointsat theleft sidewhich is separated

from the main group. This power is probablyappearingabove the pore,sincethey are
relatedto very low intensities.

During thetimesequence,thepercentageof poweraboveintergranularlanesdoesnot
varystrongly, exceptat theend;its meanvalueis about

�<;

% (seeFig. 4.19).
An interestingresultis thealmostequalpercentageof poweraboveintergranularlanes

at thetwo heightlevelsfor bothdatasetswhichcontainmagneticallyactivestructures.A
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4.3 Locationof short-periodwaves

Figure4.18: Scatterplot from thedatasetDS6b. Theshort-periodwavespower is pre-
sentedvs. thecorrespondingpixel intensityin thegranulationimagewith the time shift
expectedfor theacousticwave propagationof (

=

s betweenthecontinuumlevel andthe
heightof the (

���

km.

Figure4.19:Timevariationof thepercentageof short-periodwavepowerappearingabove
intergranularlanesfor thedatasetDS6b.

possibleexplanationfor thismaybethatpowerfeaturesabovebrightpoint-likestructures
donotdiffer spatiallybetweendifferentheights.They tendto besimilar, with sometimes
veryslight symmetricexpansionat thehigherlevel.

Location of the power maxima

Thestudyof short-periodwavesourcesin thesedatais donefrom sub-imagesnotcontain-
ing the pore. The poreandits vicinity showedquitesmall amountsof power; therefore
this analysisis doneoutsidethe pore. Sincethe datasetswith the porealsocontainG-
bandstructures,it wasenoughto excludetheporeandits closeneighbourhoodto get a
datasetwith G-bandstructures.As mightbeexpected,theanalysisof sub-imageswithout
poreshowedthatmostof thepowermaximaappearabovebrightstructures.An overview
of the resultsfor the DS5 setof datais shown in Table4.6. Insidethe porethereis no
signi�cant power of short-periodwaves,mostpower appearsin theambientarea.In the
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porethereis onemaximumwhich appearsto beconnectedin high layerswith structures
whicharebrightandlocatedon theborderof thepore,seeFig. 4.21.

Table4.6: Eventswhich causea maximumpower of short-periodwaves,for thedataset
DS5.

Dataset5; locationof maximumof wavepower
No. Event %
1 brightpoint-likestructures 52
2 intergranularlanes 36
3 darkintergranularlaneswith tracesof somestructure 6
4 darkpatchin a granule 6

4.4 Relation of short-period wavesto certain structur es
on the Sun

Thedatausedin this work make it possibleto investigatethepositionof power features
relative to white-light events. The relationof short-periodwavesandwhite-light struc-
turesgivesvaluableinformationaboutpossiblesourcesof theshort-periodwaves.

Theresultsin this sectionareobtainedby comparisonof thepowermapswith white-
light images,seeSect.4.2.1.In this analysisalsotheresultsweredistinguishedbetween
quietandactiveregions.

4.4.1 The quiet Sun

Themostfrequentorigin of power in thesedatasetsarevariationsin thegranulation,for
which thetypical time scaleis muchlongerthantheperiodof theobservedwaves. �

�

%
to

���

% of the total observedpower is associatedwith theseslow changes.Examplesof
this canbeseenin Fig. 4.10,whereonenoticesthedifferencebetweenpower featuresat
thetwo levels.Theoccurrenceof poweratdifferentheightlevelshasbeenshiftedin time
correspondingto thesoundspeed,sothatachangein thegranulationpatternoccursat the
sametimestepasthepower feature.

At
�����

km therearemorepower featuresvisible (Fig. 4.10).Thepower featurestend
to follow intergranularlanes,while thosefeatureswith strongerpower tendto follow the
bordersof the granulationstructure.At the higherlevel, (

���

km, it looks like thereare
lesspower featuresinvolved. In the �rst � ve imagesof the time sequencetwo maxima,
marked in the �gure with the arrows 1 and2, appearto be followed by power features
whichareslightgrey, indicatinglessamountof local power.

Themaximummarkedwith 2, appearsthroughthewholetimesequenceandseemsto
berelatedto thedisappearanceof a smallstructurein theintergranularlanessurrounded
by largergranules(arrow 3). Thechangeof thepower shapewhich doesnot correspond
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4.4 Relationof short-periodwavesto certainstructureson theSun

to a similar changeof theshapeof thegranulationpatternmight indicatethat thereis no
clearconnectionbetweenthem.

Thesecondmaximumwhich appearsonly in the �rst � ve imagesis alsorelatedto a
disappearanceof a partof thegranulationstructure;its shapeandchangein shapecorre-
spondsto thatof thegranulationpattern.Strongerpower featurestendto clusteraround
irregular bordersof the granulationstructure.The power featuresat both levels tendto
appearat similar locations.Althoughcorrespondingpower featuresfor thehigherlevel
canalsobefoundat thelower level, they seemnot to beat identicallocations.

Thesecondfrequentcauseof poweris thevariationof smallgranularstructures,which
cause�

�

% to �

�

% of thetotalobservedpower. An overview of thegranulareventswhich
causeshort-periodwavesin thedatasetDS1is givenin Table4.7.

Table4.7: Granulareventswhich causeshort-periodwaves,in thedatasetDS1,with the
percentageof appearingabovethe10%.

Dataset1; causeof wavepower

No. granularevent %
1 slow granulationchanges 52
2 fadingof asmallgranuleinto thebackground 12
3 changesof abnormalgranulation 12
4 brightpoint-likestructure 12

In additionto Table4.7,thefollowing eventsalsocauseshort-periodwavepower:

S fadingof asmallgranuleinto thebackground,

S splittingof agranuleinto two,

S appearanceof agranule,

S disappearanceof partof agranule,

S mergingof two granulesinto onelarger,

S disappearanceof a low intensitystructurefrom agranule.

Thepercentageof thepowerconnectedwith theseeventsis �

�

% of thetotalobserved
power.

4.4.2 Solar areawith G-band structur es

HerethedatasetswhichcontainG-bandstructure,DS4andDS7,will beanalysed.Since
thosedatasetswith poresin the �eld of view also show G-bandstructures,the pore
surroundingswerealsousedin this analysis.Themostcommonsourcesof short-period
power arechangesof abnormalgranulationin thecontinuumlayer. Theamountof total
power appearingin thesmall-scalestructureis around(

�

% of thetotal registeredpower.
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4 Results

Thepoweroriginatingfrom thesesourcesis spreadovermostof the�eld of view without
large amplitudevariationandoften coverssmall granulationstructures.An exampleof
this sourceis given in Fig. 4.20. The most striking structuresare the threepoint-like
power featureswhichappearatbothheightlevelsat thesamelocations.They aremarked
with thearrow. It is interestingto noticethatat thegranulationlevel thereis no structure
of similar shape.All threefeaturesfollow the changeof the small-scalestructuresnear
the bordersof larger granulationstructures.Table4.8 givesan overview over the most
commonsourcesof short-periodpower for thesedatasetswith G-bandfeatures.

Figure 4.20: Time sequenceof
��=��

s from the dataset DS5, with a repetitiontime of
��=G���

s. The bottomrows representgranulationchanges,the middle row power of short-
periodwavesintegratedover periods ��( s to �

���

s at the height
�����

km, andthe top row
powerof short-periodwavesintegratedover thesameperiodrangeat theheight (

���

km.

Table4.8: Granulareventswhichcauseshort-periodwaves,in thedatasetDS7.

Dataset7 - causeof wavepower
No. granularevent %
1 changesin abnormalgranulations 56
2 slow changesin thegranulation 19
3 fadingof asmallgranuleinto thebackground 14
4 appearanceof two smallergranulesfrom onelarger 11

For the dataset DS7, the appearanceof granulesis found asan additionalsource.
However, thepower relatedto thiseventis only

�

% of thetotal observedpower.

4.4.3 Observationscontaining a pore

Thestudyof short-periodwave sourcesin thesedata,DS5andDS6b,is performedfrom
sub-imageswithout thepore.

Also in thesedatasetsthemostcommonsourceof short-periodwavesarechangesof
smallstructures.In thedatasetDS5it amountsto

���

% of thetotal registeredpower for
thisdataset.Table4.9givesanoverview of thesources.

Additional sourceswith amountsof powerbelow �

�

% are:
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4.5 Relationbetweenwavesof differentperiods

Figure 4.21: Time sequenceof
��=��

s from the dataset DS5, with a repetitiontime of
��=G���

s. The bottomrow representsgranulationchanges,the middle row power of short-
periodwavesintegratedover periods ��( s to �

���

s at the height
�����

km, andthe top row
powerof short-periodwavesintegratedover thesameperiodrangeat theheight (

���

km.

Table4.9: Granulareventswhichcauseshort-periodwave,presentedfor thedatasetDS5.

Dataset5; causeof wavepower

No. Event %
1 changesin abnormalgranulations 70
2 slow changesin thegranulation 19
3 bright-point-likestructures 4
4 appearanceof two smallergranulesfrom onelarger 3.5
5 appearanceof adarkstructureinsideagranule 3.5

S disappearanceof smallgranules,

S appearanceof granules.

Above the porethe amountof power of short-periodwavesis extremelysmall. As
onecanseein theFig. 4.21,theonly power feature,markedwith 1, seemsto becaused
by a bright structureat theedgeof thepore,markedwith 2, at thebeginningof thetime
sequence.Later themostpronouncedmaximumseemsto drift a bit into darker areasof
thepore,without relationto a visible structure.Otherfaint structuresseemto becaused
bygranularchanges,whichcannotbedeterminedsincetheporein the�eld of view causes
low contrastsin thesurroundinggranulation.

4.5 Relation betweenwavesof differ ent periods

Differencesbetweenneighbouringoctavesarefound to be not very large sincethe ob-
servationsshows thatthepower behaviour variesslowly with theperiod.Major changes
usuallyappearfor periodsnear

=��

s. This sectiondiscussesthedependenceof waveson
theperiodinterval.
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4 Results

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
mostrapidchangesoccurin theintervalsP13,P23,P33,P64andP72,(interval de�nition
givenin Sect.4.2.3)whichoftendonot havemuchrelationto otherperiods.In Fig. 4.22
it canbeseenthattheintensityof thepower in thethird panelis markedlyweakened.

Figure4.22: Time sequenceof
;��

s in threetime stepsfrom the datasetDS2. The � ve
panelsrepresentintegratedpowerovertheperiodrangesP21,P22,P23,P24andP25(P21

�œF��

�
1

(���H s,P22 � F—(<�

1
�

(<H s,P23 �œF

�

(

1
=<�

H s,P24 � F

=<�
1

;�=

H s,P25 � F

;�=
1

�

��;

H s
), at thetwo differentheightsof

�����

km (middle row) and (

���

km (top row). Thebottom
rowsshow thecorrespondinggranularpattern.

For comparison,Fig. 4.23shows thesametime sequencewith thepower integrated
overall periodranges.Thegeneralpowerdistribution is quitesimilar; theonly difference
occursfor suchpower featureswhichappearin relationto brightpoint-likestructures.

For datasetsstemmingfrom thequietSun,theresultsgenerallyshow thatthischange
of power in theperiodinterval around

=��

s is themostobvious. TheTable4.10givesan
overview of themostprominenteventsrelatedto changesof short-periodwaveswith the
periodinterval.

TheeventNo.1 happenedtogetherwith slow granularchanges,while eventNo.3 re-
latesto changesof smallstructures.Thevariationof thelocationof maxima,eventNo.5,
is found in relation with different granularevents. In

�

% of the caseswherea varia-
tion over periodrangesoccurs,onecan�nd that power in P11hasa different location
comparedwith P14;P15show power at thesamelocations,asin the former two period
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4.5 Relationbetweenwavesof differentperiods

Figure4.23: Sametime sequenceof
;��

s in threetime stepsfrom the datasetDS2, but
with thepower integratedover thewholeperiodrangefrom �

�

s to �

��;

s.

Table4.10:Eventsrelatedto differencein theshort-periodwavesvisibleoverthedifferent
periodintervals.Theanalysisis donefor all rangesgivenin Table4.3.

Dataset1: changesof short-periodpowerover theperiodintervals

No. event %
1 diffusepower featureswith differentshapesoverall ranges 43
2 changeof thelocationover theperiodrangearound

=��

s 27
3 diffusepower featureswith similar shapesoverall ranges 13
4 nodifferences 7
5 maximaatdifferentlocations 4

ranges.For thequietSundatathereis no clearcorrelationbetweengranulareventsand
thebehaviour of short-periodwavesover thedifferentperiodintervals.

For the G-banddatathereis somedifferenceascomparedto thequietSunobserva-
tions. In Fig. 4.25the behaviour above a bright point structureis presented.Fig. 4.24
showsin differentsub-panelsthepower in thedifferentperiodintervals.It canbenoticed
thatthe�rst two panels,whichpresentpower in theintervalsP31andP32,exhibit asimi-
lar spatialdistribution. Also thelastthreepanels,whichrepresentpower rangesP33,P34
andP35,show similar distribution. However, panels1 and2 differ signi�cantly from 3,
4, and5. In particular, thealmostcentralmaximumin P33,P34andP35doesnot occur
in P31andP32.Thismeansthatthosewavescoveraperiodrangefrom

��;

s to ���

�

s. This
maximumalsooccursin theintegratedpower.

Comparisonof theintegratedpower(Fig. 4.25)with thatin thedifferentrangesshows
that in this examplesomepower of theshort-periodrangesP31andP32doesnot occur
whenintegratedover thewholeperiodrange.This clearly indicatesthat in this casethe
power in thosetwo intervalsis muchsmallerthanin theotherthreeintervals.

In Table4.11anoverview of thebehaviour of power featuresoverthedifferentperiod
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4 Results

Figure4.24: Time sequenceof
;��

s in threetime stepsfrom the datasetDS5. The � ve
panelsrepresentintegratedpower over periodrangesP31,P32,P33,P34andP35(P31
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��;
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�<�
1
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), at the two differentheightsof

�����

km (middle row) and (

���

km (top row). The lower
panelsshow thecorrespondinggranularpatternin thethreetimesteps.

Figure4.25:Sametimesequenceof
;��

of thesamegranularchangefor thedatasetDS5,
but for theintegratedpoweroverwholeperiodrange.

intervalsis given.It is seenthatfor thedatanearG-bandstructuresdiffusepowerfeatures
aremorefrequent,theseareusually relatedto changesof small granulationstructures.
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4.5 Relationbetweenwavesof differentperiods

In the dataset,DS5, therearebright point-like structures,for which almost
;��

% of the
power equallyappearsin themapwith power integratedover thewholeperiodrangeas
in thevariousperiodranges.In therestof thecasesaslightly largerpower is observedin
thedifferentperiodintervalscomparedto theintegratedpower.

Table4.11:Eventsrelatedto differencesin theshort-periodwavesvisibleover thediffer-
entperiodranges.

Dataset7 - changesof short-periodpowerover theperiodintervals
No. event %
1 similar diffusepower featuresoverall ranges 28
2 changein thepositionover therangeof

���

to
=��

s 14
3 similar diffusepower featuresoverall ranges 17
4 no differences 13
5 maximaatdifferentlocations 25

In thedatasetscontainingaporetheanalysisleadstosimilarresultsfor thoselocations
outsidethe poreasfor the datasetswith the G-bandstructures.This may be expected
sincetheporesurroundingsareknown to becoveredby G-bandstructures.

Fig. 4.26show thespatialdistribution of power in theperiodrangesP31,P32,P33,
P34 and P35 in the pore and its immediatevicinity. It can be seenthat the location
of the strongmaximumis the samefor both heights,whereasthe restof the power is
insigni�cant.

The power maximumis locatedat the lower endof a lengthybright structureat the
left sideof theporewhichseemsto separateasmallextensionfrom themainporeregion.
One�nds no variationof power over theperiodintervals;accordinglythepower feature
equallyoccursin themapof integratedpower.

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

To completethediscussionaboutdifferencesin thevariousperiodintervalsI herediscuss
a comparisonbetweenthe shortandthe long-periodwaves. Sucha comparisonis only
donefor the datasetsfrom the quiet Sun,sinceprevious investigations(Espagnetet al.
1996)weredonefor thequietSunaswell. In this sectionI alsouseconclusionsfrom the
resultsaboutlonger-periodwaves.

The rangeof 50 to 200s

Fig. 4.28presentsthevariationof power featuresin thetwo periodintervals �

�

s to �

���

s
and �

�

s to
�����

s. It is seenthat featuresof longer-period( �

�

s –
�����

s) wavestendto vary
moreslowly andclusternearspeci�c locations. An interestingevent is marked with 1.
Power featuresof short-periodwavesseemto originatefrom larger numbersof smaller
sources,markedwith 2.
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4 Results

Figure4.26: Time sequenceof
;��

s in threetime stepsfrom the datasetDS5. The � ve
panelsrepresentintegratedpower over periodrangesP31,P32,P33,P34andP35,at the
two differentheightsof

�����

km (middle row) and (

���

km (top row). The lower panels
show thecorrespondingcontinuumpatternin thethreetimesteps.

Figure4.27:Timesequenceof
;��

s in threetimestepsfrom thedatasetDS5.

In Fig. 4.29thetemporalbehaviour of featureswith maximumpower is shown. The
arrows 1 and2 mark thepower maximaof longer-periodwaves,andarrows 3 and4 the
powermaximaof short-periodwaves.

Carefulinspectionof thelongersequenceFig. 4.29shows thatthefeaturesof longer-
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4.5 Relationbetweenwavesof differentperiods

Figure4.28: Time sequenceof
�

�

�

s from thedatasetDS1. Thetop row presentspower
integratedover the range �

�

s to
�����

s, the middle onepower integratedover the range
�

�

s to �

���

s, both at the height of (

���

km; the bottom row presentsthe corresponding
granulationchange.

Figure 4.29: Time sequenceof �

���

s from the dataset DS1; upper, middle and lower
panelslikeFig. 4.28but ata differentspatiallocation.

periodwavesappearearlierin the time sequenceandlast longerthanthecorresponding
featureof short-periodwavesat thesamelocation. In turn, thepower featuresof short-
periodwavesappearlateranddisappearearlier.

For thesamedataset,DS1,thewaveletanalysiswasdonetwo times,yieldingmapsof
powerintegratedoverthetwoperiodintervals �

�

sto �

���

sand �

�

sto
�����

s. Thedifferences
in the featuresoccurringin both intervalsareevident. They indicatemorepower in the
range �

���

s to
�����

s thanin therange�

�

to �

���

s, sinceno structurefrom the interval �

�

s
to �

���

s is visible in thepowermapsof theinterval �

�

s to
�����

s.
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The period range between175sand 280s

Also for the datasetDS6athe wavelet analysiswasdonetwo timesyielding mapsof
power integratedover the periodintervals

�

( s to
;��

s and
�

( s to
��=��

s. This setof data
shows dominantpower patternsonly in the range

�

( s to
;��

s, indicating that the short-
periodwaves have the largestamplitudes. Thereforeit was necessaryto separatethis
range,from theonebetween�

�

� s to
��=��

s.
Thepowermapsof this rangeshow abehaviour of longer-periodwavessimilar to the

behaviour of the wavesin the periodinterval �

���

s to
�����

s. The changesof their power
featuresareslowerandthey donotcomefrom thesamesourcesastheshort-periodwaves.

Themaximaof thewave power behave similarly asin Fig. 4.29: the featuresof the
longer-periodwaveslastlongerthanthecorrespondingpowerfeaturesof theshort-period
wavesat thesamelocations.

4.6 Travelling of wavesthr ough the solar atmosphere

For an effective heatingof the chromosphereupwardstravelling short-periodwavesare
required.So thenext stepof theanalysiswasto determinehow the short-periodwaves
travel throughthesolaratmosphere.As a �rst stepin this analysisa pixel by pixel corre-
lationwasattempted.

This methodgave
¹

���

% correlationbetweenthe locationof power integratedover
the whole periodrangeat the two heights,presumingthat wavestravel with the speed
of sound.For thedatasetswhich containmoresmallgranularstructures,thepercentage
of this correlationwaslarger, sincethepower over thesestructurestendsto have similar
shapesatbothheightlevels.

The sameprocedureis donefor variousperiodranges.It wasfound that the largest
percentagesof matchingpower locationsoccur for comparisonwithin the sameperiod
rangeat both heights. A similar behaviour wasobserved if oneperiodrange,e.g. P11
(see.Table4.3),wastakenfor theoneheight,andtheneighbouringone,e.g.P12,for the
otherheightlevel. However, comparingperiodintervalsnotneighbouring,thepercentage
of the correlationwas

���

% smallerthan the percentageof correlationof neighbouring
periodranges.In Table4.12onecanseeanoverview of thepercentageof thematching
short-periodpowerin thedifferentperiodranges,assumingthatthey travel with thespeed
of sound,

� �"!

#

.
Comparisonof the resultsfrom the wavelet transformfor eachpixel showed that

wavesdo travel throughthe solaratmosphere,but that their velocity is not exclusively
the speedof sound. Fig. 4.30 shows the result of the wavelet analysisfor onepixel.
Thosepartsof the contourplot presentingpower of short-periodwavesat both heights
(markedwith thelettersA, B, andC) indicatetheexistenceof a time shift. But theareas
marked with theselettersalsoshow the complexity of the problem. AreasA andB are
separateat theheightof the

�����

km while at theheight (

���

they arejoined into one,al-
thoughthetwo partsseemto bestill visible. Theareamarkedwith theC differsnot only
in time but alsoin intensityandperiodbetweenthe two heights.This picturemight be
morecomplex sincethe pixel by pixel analysisdoesnot take into accountvariationsof
thespatialpositionof short-periodwaves,or variationsover theperiodranges.
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4.6 Travelling of wavesthroughthesolaratmosphere

Table 4.12: Percentagesof 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 (167,112)at thetwo heightsfor data
setDS1.

4.6.1 Matching of similar power features

Using the pixel by pixel comparisondifferencesbetweenthe datasetsarenow investi-
gated.The resultsshow differencesbetweenthevariousobjectsof theobservations. In
thissectionthereadermustbearin mindthatin total8 differentdatasetsareanalysedand
mostof themhavedifferentrepetitiontime,which automaticallycausesthedifferencein
thesizeof thenecessarytime steps.Table4.13givesanoverview of therepetitiontime
for eachdataset.

The quiet Sun

In thosedatasetscontainingthequietSunasobjectof observationthemostfrequenttime
shift to matchpowermaximaatbothheightlevelsis

�

�

�

( s. Thiscorrespondsto avelocity
of

�G�5=Í�±���

(

�‰!

#

, beingcloseto thesoundspeed.This valueis obtainedby averagingthe
measurementsoverthedifferentdatasets.Thedifferentcadencesof thesetsgivedifferent
time andvelocity resolutions,andthereforeanaveragingof thevelocitieswasnecessary.
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Table4.13:Datasetsandtheir repetitiontime.

DataSets

Dataset repetitiontime (sizeof onetimestep)[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 sometimeshiftsfor thedatasetDS1is given.

Table4.14:Timeshiftsdeducedfor thedatasetDS1(quietSun)andtheir corresponding
velocitiesandgranularevents.

Dataset1 - thetimeshift
No. granularevent timeshift velocity percentage

[s] [
�‰!

#

]
1 slow granulationchanges 75 5.3 4
2 smallchangesat thebordersof granules 50 8 28
3 brightpoint-likestructure 100 4 4
4 changesin abnormalgranulations 100 4 6

In total, for the datasetDS1
�

� % of theeventsoccurwith a time shift of �

�

s, �

�

%
with

�

� s, �

�

% with �

���

s andthe restwasnot detectable.For the datasetDS2, which
shows the largestvariations,

�<�

% of the eventsoccurredwith a time shift of ��( s,
�<�

%
with

=<�

s, �

�

% with �

��;

s, therestnot beingmeasurable.For bothdatasets,thedominant
velocity is

�G�5= �:���

(

�‰!

#

, yet only
¹

�

� % of all observedeventshave this velocity. The
secondfrequentvelocity for thosedatasetsis �

��� �*�G�5� �‰!

#

.
Also, thesequiet Sundatagive evidencefor ratherfastshort-periodwaves. Oneof

the examplesis shown in Fig. 4.31. The two arrows in the left panelswith velocity
power (1 and2) markthepower featurewhich wasusedto determinethetime-shift.The
arrow in thegranulationimage(No.3)marksthepossibleeventin thegranulationwhich
correspondsto theappearanceof thepower feature;thetotalcontributionof thesespeedy
short-periodwavesis around

�

%. Thearrows4 and5 marksthepower featurebeforethe
time-shiftis applied.

The following �gures presentresultsfrom a quantitative comparisonof powersfea-
tures.Fig. 4.32shows in the left panelthepower vs. time without time shift. It canbe
seenthatthepowervariationsdo notcorrespondto eachother. Theright panelshowsthe
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4.6 Travelling of wavesthroughthesolaratmosphere

Figure4.31: Illustrationof thetimeshift of power featuresfor thedatasetDS1.Thetime
shift in thisexampleis

�

� s,onetimestep,whichcorrespondsto avelocityof �_(

�"!

#

.

Figure4.32: Temporalvariationof thepower spatiallyintegratedover onepower feature
in thedatasetDS1.Theline with thecrossespresentsthefeatureat (

���

km, theline with
starsthefeatureat

�����

km height. Thediagramgivesanexamplefrom thedatasetDS1.
A timeshift is notappliedin theleft panel,in theright panela time shift of onestep

�

� s,
is applied�tting optimally thecurves,yielding �_( km/s.

situationafterapplyinga time shift of
�

� s. This meansthat theoptimal time shift corre-
spondsto avelocityof �
(

�"!

#

, beingabouttwice thesoundspeed.Also it is visible in this
diagramthatthepower increaseat theenddoesnot correspondto theaboveassumedve-
locity. That is becausethis partmaybelongto anotherpower structurewithin thespatial
region integrated.

ThedatasetDS1hasalsoexamplesof featureswhichindicateatimeshift correspond-
ing to the speedof sound.Fig. 4.12shows the behaviour of sucha power versustime.
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Thetimeshift optimally �tting thetwo curvesis �

�

swhichwell correspondsto thespeed
of thesound.

Figure4.33: Temporalvariationof thepower spatiallyintegratedover onepower feature
in the dataset DS1. The line with the crossespresentsthe featureat (

���

km, the line
with starsthefeatureat

�����

km height. The time shift is not appliedin the left panel. In
the right panela time shift of threestepsis applied,correspondingto

�

� s, yealdingthe
velocityof �

���

km/s.

The dataset DS1 hasalso examplesof featureswhich indicatea time shift corre-
spondingto velocitieswhich areslower thanthespeedof sound.Fig. 4.33shows a time
evolutionwhichrequiresatimeshift of

�

� s. Thisexampleof anevolutionis,however, not
representative, but it is evident that the time shift producesan exactmatchingof power
changesat two heightsonly for a small part of the time interval. In particularthe very
beginningof the seriesshows a ratherdifferentbehaviour in both heights,which might
needanothertimeshifts.

The G-band structuresand pores

It is reasonableto put the resultsfrom the datawith G-bandstructures(datasetsDS4,
DS7)andwith pores(datasetsDS5andDS6b)together, sincein the latter, regionssur-
roundingtheporeshow thesamebehaviour asthosewith theG-bandstructures.

All thesedatasetshave themostfrequenttime shift of threetime stepswhich corre-
spondstoavelocity(averagedoverall datasets)of

�����8� �����0�‰!

#

. In Table4.15anoverview
of the time shifts andthe correspondinggranulareventsis given for the datasetDS6b.
This dataset is a typical representative of the behaviour short-periodwaves in regions
with G-bandstructures.In this casethedominanttime shift is

;��

s which correspondsto
a velocity of

�8�5�
�‰!

#

, sincetherepetitiontime in this datasetis
���

s. An examplefor such
slowly travelling short-periodwavesis shown in Fig. 4.34. The two arrows in the bot-
tompanels(1 and2) markthepower featurewhich wasusedto determinethetime-shift,
beforeapplyingthetime-shift itself, andarrows 3 and4 thepower featureafter thetime
shift.

Thesecondfrequentvelocity is
�G��� �ò���æ� �‰!

#

, beingcloseto thesoundspeed,andin
somedatasetsit appearswith thesamepercentageasthedominantvelocity of thedata
setDS6b.
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4.6 Travelling of wavesthroughthesolaratmosphere

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

Dataset1: thetimeshift
No. granularevent timeshift velocity percentage

[s] [
�‰!

#

]
1 slow granulationchanges 45 8.9 18
2 smallchangesat thebordersof granules 67 5.9 17
3 brightpoint-likestructures 90 4.45 2
4 changesin abnormalgranulation 90 4.45 36

Figure4.34:Illustrationof thetimeshift of somepowerfeaturesin thedatasetDS6b. The
timeshift between

�����

km (middle)and (

���

km (upperpanel)is (

=

swhichcorrespondsto
a velocity of �

��=
�‰!

v

. Thepower featureusedto determinethe time shift is markedwith
arrowson bothlevels.

Also, for thedatasetDS5, thevelocity
�G��� �)�����”�‰!

#

is thedominantone. However,
fastershort-periodwavesalsoappear. Someof themareso fastthat the actualvelocity
cannot be determineddueto the �nite time resolution;onetime stepcorrespondingto

��=G���

s.
Fig. 4.35 shows examplesof two power features(arrow 1) which indicatea time

differencesmallerthan the time resolutionof the dataset. In Fig. 4.35 the sourceof
the power featureis a small granulationstructurewith high intensity (arrow 2). In the
exampleFig. 4.35onecannoticethattheintensityof thepowerstructureraisesatalmost
thesametime at bothheightlevels; it alsodecreasesapparentlyat thesametime. There
aretwo powerfeaturesin thisexamplewhichshow thiskind of behaviour. Thisbehaviour
of power featuresoften occursin thedatasetswhich includesomemagneticstructures.
Also, thepower featureswhich appeararoundtheporetendto behave in a similar way.
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4 Results

Figure4.35: Illustrationof thetime shift of two power featuresin thedatasetDS5. The
time shift in this exampleis undetectable,sinceit is smallerthanonetime stepof these
seriesof

��=��5�

s.

Theactualvelocityof thosewavescanonly approximatelybedetermined.Sincethedata
setDS6hasaquitefastrepetitionrate,

���G���

s, thesewaveshave to befasterthan �

�G�

(

�‰!

#

.

Figure4.36: Temporalvariationof thepower spatiallyintegratedover onepower feature
in thedatasetDS6b. Theline with thecrossespresentsthefeatureat (

���

km, theline with
starsthe featureat

�����

km height. In the left panela time shift is not applied,andin the
right panela time shift of ���

�

s is applied�tting optimally thecurvesandcorresponding
to

���

� km/s.

Thepower variationswith time con�rm theprevious�nding. Fig. 4.36shows oneof
theslow velocityexampleswith avelocityof

���5� �‰!

#

.
Theexamplegivenin Fig. 4.37showsevenslowertravelling waves,having velocities

of only
�������"!

#

. Yet this behaviour canbe dueto differenttime resolutionsof both data
sets.In thatdatasetwheretherepetitiontime is

���G�æ�

, shown in Fig. 4.36,thetime shift
wasdeducedfrom � ve timesteps,while in thedatasetDS7thetimeshift wasonly taken
from four time steps. In this exampleof datasetDS7 the evolution of two featuresis
indicated. The secondfeaturehaslarger power at the

�����

km level thanat (

���

km; this
maybeexplainedby a dissipationof waves.

An examplefrom datasetDS6bis shown in Fig. 4.38. The time shift wasdeduced
from threetime stepsandyieldsa velocity of �

�5;
�‰!

#

. Someeventsin thedatasetsDS6b
and DS5 show waves which are fasterthan the speedof sound. The examplein Fig.
4.39showswaveswhich travel with a velocityof �

�8�����‰!

#

, beingroughlytwice thesound
velocity. Theappliedtime shift correspondsto onetime step,andpresentsonly theend
of theevolutionof onepower feature.
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4.6 Travelling of wavesthroughthesolaratmosphere

Figure4.37: Temporalvariationof thepower spatiallyintegratedover onepower feature
in thedatasetDS7.Theline with thecrossespresentsthefeatureat (

���

km, theline with
starsthe featureat

�����

km height. In the left panela time shift is not applied,andin the
right panela time shift of ���

;

s is applied�tting optimally thecurvesandcorresponding
to

�����

km/s.

Figure4.38: Temporalvariationof thepower spatiallyintegratedover onepower feature
in thedatasetDS6b. Theline with thecrossespresentsthefeatureat (

���

km, theline with
starsthe featureat

�����

km height. In the left panela time shift is not applied,andin the
right panela timeshift of (

=

s is applied�tting optimally thecurvesandcorrespondingto
�

�5;

km/s.

Fig. 4.40givesthemostfrequentsituationfor thedatasetDS5. Theintegrationarea
evidently coverstwo featuresmatchingalmostperfectlywithout time shift. In the �rst

�

�

�

s of the diagram,one can seethat the curve from the lower height level seemsto
consistof two featuressuperposedon eachother. The �rst, weaker onepeaksafter

=��

s
anddoesnot appearat thehigherlevel; thesecondmaximumat �

=��

s well matcheswith
thehigherlevel.

Thetimeresolutionof thisdatasetwith arepetitionof
��=

s,is to low to determinewith
which velocity thewavestravel. Theonly possibleconclusionis thatthey arefasterthan

�

� �‰!

#

.
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4 Results

Figure4.39: Temporalvariationof thepower spatiallyintegratedover onepower feature
in thedatasetDS5.Theline with thecrossespresentsthefeatureat (

���

km, theline with
starsthe featureat

�����

km height. In the left panela time shift is not applied,andin the
right panela timeshift of

��=

s is applied�tting optimally thecurvesandcorrespondingto
�

�����

km/s.

Figure4.40: Temporalvariationof thepower spatiallyintegratedover onepower feature
in thedatasetDS5.Theline with thecrossespresentsthefeatureat (

���

km, theline with
starsthefeatureat

�����

km height.Thediagramis donefor theexamplefrom thedataset
DS5.A timeshift hadnot to beappliedsincebothcurvesmatchalmostperfectly.

4.7 Energy transport and the dissipationof energy

In orderto heatthechromosphereby short-periodwaves,it is necessarythatthey carrya
certainamountof energy andthatthey dissipatethatenergy. To determinehow muchen-
ergy is carriedby acousticwavestheLTE model(Holweger& Müller 1974)wasusedto
determinethedensityandthecorrespondingspeedof sound.Theenergy �ux is calculated
with theexpression:

$

vŒ�

m

vUT7W

%WV

Ä

v<j (4.1)

where,m

v is thedensityat theheight X , and
Ä

v thecorrespondingspeedof sound.For the
two heightsusedin thiswork therespectivevaluesarepresentedin Table4.16

In Fig. 4.7onecanseethesignalwhich is usedin thisanalysis.The�ltering removed
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4.7 Energy transportandthedissipationof energy

Table4.16:Valuesof thesoundspeedandthedensityusedfor calculationsof theenergy
�ux.

Soundspeedanddensity

height[km] speedof sound[
!

#

] density[
�

¶

!ZY

]
(

���

(

����� �G�����

I��

�

À

.

����� ������� �G�5;�;

I��

�

ÀL×

all waveswhoseperiodwasabove �

���

s in Fourierdomain,in orderto suppressthe � min
oscillations.It is interestingto noticethatin certainpartsof right sidepanels,wherenon-
�ltered signalsarepresented,onecannotseeshort-periodoscillations.Justafter�ltering
theshort-periodwavesandtheiramplitudecanbeseen(left panelsof Fig 4.7),- evidently
sincethey arenomoresuperposedby � min oscillations.

Figure4.41: Examplesof the analysedsignalsbefore�ltering (right panels)andafter
�ltering for theperiodrange�

�

s to �

���

s (left panels).

The averagevelocity T W

%

V

in Eq. 4.1 wasdeterminedfrom the velocity mapsat
the appropriateheight. The averagingwasdonefor eachpixel of eachvelocity mapin
thetime sequence.For this calculationonly thedatasetsDS1,DS2andDS7wereused.
In Table4.17 the �ux valuesarepresented.The error is calculatedusingthe statistical
distribution for thelow numberevents,sincethenumberof measurementsis quitesmall,
thevaluesareobtainedfrom only threedatasets.

Theenergy �ux at theheightof
�����

km is:

$ %'&'&

�)(

�

�

�*���

(

+�,

-

%

�

(4.2)

Theenergy �ux at theheightof (

���

km is:
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4 Results

Table4.17:Theenergy �ux for thedatasetsDS1,DS2andDS7.

Theenergy �ux

dataset cadence
$ .'&'&

[
�

;

!

#

]
$ %'&'&

[
�

;

!

#

]
$ %'&'&¬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 thedifferencebetweenthosetwo energy �ux esis:

^

$0.'&'& 13$0%'&'&

^��:�

���6�*���

�

+�,

-

%

�

(4.4)

This differencerepresentsthelossof energy �ux duringthetravel of theshort-period
waves.

Table4.18:Theenergy �ux for thedatasetsDS6aandDS6b.

Theenergy �ux

dataset cadence
$ .'&'&

[
�

;

!

#

]
$ %'&'&

[
�

;

!

#

]
$ %'&'&¬1›$ .'&'&

[
�

;

!

#

]
DS6a 22.7 2.486 19.732 17.246
DS6b 22.7 8.613 17.936 9.323

The datasetsDS6aandDS6bhave a cadenceof
���G���

s, andaccordingto the theory
thereshouldbemoreenergy �ux detected;thesmallerrepetitionrateallows to measure
higherenergy �ux. Table4.18showstheresultsfor thesedatasets.It canbeseenthatfor
thedatasetDS6a,whichhasthequietSunasobjectof observation,thedissipatedenergy
�ux is

¹
�

IÂ�

�
O

;

!

#

, while the energy �ux for the datasetDS6bis smaller. This result
maybeexplainedby thefactthatdatasetDS6bcontainsaporeabovewhichshort-period
wavesappearquiteseldomandaveragingover thewhole�eld of view, canthusnotyield
anamountof energy �ux similar to thatin thedatasetDS6a.

To analysetheenergy �ux abovethedifferentgranulationstructures,the�eld of view
from thedatasetwascut suchthat it presentsonly therespective structurewith its close
surroundings.Fromthesesub-imagesthe time sequencewhich containsonly theevolu-
tion of that structureis taken andthenanalysed.Table4.19 shows an overview of the
differentfeaturesandtheir energy �ux es.

It canbeseenthatvariousgranulationeventsproducedifferentamountsof energy �ux
carriedby short-periodwaves;alsotheamountof dissipated�ux varies.Most energetic
arechangesat the bordersof granules.The slow variationsof granulationemit smaller
amountsof energy. Eventsrelatedto a possiblemagneticin�uence (asbright point-like
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4.7 Energy transportandthedissipationof energy

Table4.19:Thedifferenceof theenergy �ux for thevariousgranularevents.

Theenergy �ux differences

structure
$ .'&'&

[
�

;

!

#

]
$0%'&'&

[
�

;

!

#

]
$ %'&'& 13$ .'&'&

[
�

;

!

#

]

changesat thebordersof granules 0.843 6.848 6.005
smallgranules 0.796 6.236 5.440

brightpoint-likestructures 0.675 5.929 5.255
changesof abnormalgranulations 1.122 6.148 5.026

darkstructurein themiddleof agranule 1.241 6.066 4.826
slow changesof thegranulation 1.027 5.784 4.757

structuresandabnormalgranulation)doemitasigni�cant amountof energy, while events
withoutpossiblemagneticin�uencesseemto emit lessenergy.
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5 Summary and conclusions

This work analysesshort-periodwavesin the rangefrom of
�

( s to �

���

s. They arede-
terminedfrom two heightlevelsin thesolaratmosphereat

�����

km and (

���

km above the
continuumformingatmosphericlayer. Informationfrom thesetwo heightswereeitherde-
ducedfrom coreandwing of thestrongFe �

�����5�

� nmlineor from thecoreof Fe �

�����æ��;

nm
(

�����

km) andFe �

�����5�

� nm( (

���

km).
Thetwo-dimensionalimagesfrom differentwavelengthswerecorrectedfor disturbing

in�uences from the Earth's atmosphereby restorationtechniques.The �nally obtained
timeseriesof two-dimensionalDopplermapsat two heightlevelswereusedto determine
the spatialandtemporalbehaviour of short-periodwaves, i.e. their locationwithin the
solarwhite-light structure,their vertical velocity, their dependenceon the periodrange,
andtheir energy content.

Theresultsshowedthatshort-periodwavesdo exist at differentheights.Their power
is morepronouncedat (

���

km thanat
�����

km height.They show a largevarietyof power
amplitudesandfrequencies.Theirspatialdistributionindicatesmorphologicaldifferences
of thepower at thetwo heightlevels: thepower featuresoccupy smallerareasat

�����

km
thanat (

���

km height.This canbeexplainedby a spatialenlargementof theshort-period
waveswhentravelling upwards(Sect.4.1). Comparisonwith thesolarwhite-light struc-
ture indicatesthat power featureswhich arerelatedto differentsourcescanmerge into
onebiggerfeature;a factwhich is characteristicalfor acousticwaves(Lighthill 1951).

5.1 Location of power

The datausedfor this work wereobserved in (a) quiet solarregions,(b) active regions
with G-bandstructures,and(c) active regionscontaininga pore. It is found that these
differentobjectof observationshow substantialin�uenceson theresults(seeSect.4.3).

In thedatasetsfrom thequietSun, themostfrequentlocationsof short-periodpower
aredark intergranularareas;this concerns

���

% of the total power. The power features
usuallyfollow the intergranularlanes,but they partly cover alsogranules.The maxima
locatedin intergranularlanesoftenappearjust beforesomegranularchangestarts.The
timedifferenceto suchgranulareventcannotexactlybedeterminedsinceit is veryclose
to the time resolutionof thedata.The remainingpercentageof power is mostly located
'above' smallstructureswhich resembleG-bandbrightpoints.

Concerningthetemporalevolution, slow changesof thegranulationpatternaremost
frequentlyfollowedby theappearanceof short-periodwave power; suchchangesarethe
mostcommonbehaviour in thepresentdatasets.Thesecondfrequentlocationof power
aredarkareasin abnormalgranulation(seeSect.4.2.4).

79



5 Summaryandconclusions

The datasetswith G-bandstructures also show a clear tendency for short-period
wavesto appear'above' intergranularareas.However, in contrastto thequietSun,these
casesconcernonly

¹

�

�

% of total power. Maximarelatedto bright point-like structures
occurfor

�<�

% of theall power features.Thetemporalevolution shows thatthemostfre-
quent'causes'of shortperiodwavesnearG-bandstructuresarechangesof smallwhite-
light structures(similarasfor thequietSun).More than (

�

% of thetotal observedpower
is relatedto this kind of structureevolution. In casesof anisolatedwhite-light structure,
thecorrespondingpower featuretendsto 'surround'the intensitystructure.The tempo-
ral appearanceof short-periodpower featuresalsoindicatesthat they aremostprobably
relatedto turbulenceeddieswhicharespatiallysmaller.

Thedatasetswith a pore show similar resultsasthosewith G-bandstructureswhen
consideringonly theporesurroundings.Insidetheporetherearealmostno power struc-
tures;thefew oneswhichappeartendto berelatedto smallbrightfeaturesattheboundary
andinsidethepore.A pixel by pixel comparisonsof theamountof powerswith thecor-
respondingcontinuumintensityshowsaninterestingclusteringof power in low intensity
regions.This indicatedpowerwhichappearsabove theporeitself.

Fig. 4.21shows an untypicalbut interestingbehaviour wherea power featuredrifts
away from a white structureat theedgeof thepower to anareainsidethepower where
apparentlynoadditionalwhite-lightstructureexists.Thismayindicatethateitherthetrue
origin of thatpowerfeatureis notresolvedatthespatialresolutionachieved,or thatwaves
haveahorizontalcomponentwhichcannotbemeasured.

In all threeregions(quietSun,G-bandregions,poresurrounding)thepower is mostly
relatedto down �o w regions.Thepercentageof power 'above' darkareasis reducednear
magnetic�elds ascanbeseenfrom thedifferentresultsfor thequietSunandfor regions
with G-bandstructures(incl. poresurroundings).The latterareknown to closelyrelate
to the existenceof small �ux concentrationsin intergranularlanes. Probably, theseare
responsiblefor the reducedoccurrenceof shortperiodwave power 'above' dark areas
from

���

% to �

�

%.

5.2 Periods

Somepower featuresof short-periodwavestendto vary with theperiodinterval. Power
featuresin differentperiodrangesdo notshow preferredrelationto particularwhite-light
structures.However, similargranulareventstendto causedifferentlydistributedpower in
thevariousperiodranges,seeSect.4.5.

Comparisonwith waves of much longer period shows their different behaviour as
thatof short-periodwaves. Previous work, (Espagnetetal. 1996), �nds that the longer-
periodwavesarelocatedin the intergranularlanesandthat their sourceis deeplyrooted
in the granulationlayer. The presentresultsfor the long-periodwavesestablishesthat
�nding: theappearanceof power in intergranularlaneswith slow temporalevolution,and
atendency thatthepowermaximumappearsafterthemaximumof thetemporalvariation
of thewhite-lightstructure.

Theshort-periodwavesaremostlyrelatedto intergranularlanes,however, with adif-
ferenttemporalevolution: themaximumof thepowerfeaturetendsto follow moreclosely
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5.3 Travelling

the temporalchangeof the white-light structurethanthe long-periodwave power. This
indicatesthat theshort-periodwavesareformedcloserto thesolarsurface,andthatdif-
ferentperiodsareassociatedwith differentspatialscales.

5.3 Travelling

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

A largepercentageof theshort-periodwavesobservedin thequietSuntravelswith the
dominantvelocity (averagedover thedatasets)of

�G�5=ü� ���

(

�‰!

#

, beingcloseto thesound
speed. Also very slow wavesappearin thesedatasetswith the secondmost frequent
velocityof �

�æ�A�7����� �‰!

#

.
Thefastestwavesin thesedatasetstravel with a velocity of approximatelytwice the

speedof sound,but in total they cover lessthan � % of theobservedvelocities.
In the datasetswith the G-bandstructuresand pores the wavestend to be slower.

The mostcommonvelocity is smallerthanthe speedof sound. The dominantvelocity
averagedover the datasetsin active regions is

�����š� ����� �‰!

#

, and the secondfrequent
velocity is

�G���ü�*�G�æ�N�‰!

#

.
The fastestwaves appearabove white-light structureswhich look like the G-band

brightpoints.Their velocitycannotbemeasured,sincethechangesin thepower features
seemto happensimultaneouslyat both heights,at the time resolutionachieved in this
work. The power featureswhich appearnearthe boundaryof the poreandin the pore
belongto thisgroupof very fastwaves.

Theanalysisof all datasetsshowsthatshort-periodwavestravel with differentveloc-
ities. The interval of observedvelocitiesstartswith

���æ�6�)����� �‰!

#

but theupperlimit can
notbedeterminedat thetemporalresolutionachievedin thiswork.

Thedatasetswith thedifferentobjectsof observationsindicatethatthemagnetic�eld
hasan in�uence on the short-periodwaves. The presenceof magnetic�eld may then
partly inhibit acousticwaves.Possibly, wavesat suchlocationsaremarkedly affectedby
themagnetic�eld, e.g.occurringasmagneticor magneto-acousticwaves.

The resultsof thework by (Dom��nguez2004) mayexplain the complex situationin
the quietSun,sincethe percentageof varyingvelocitiesin this studyagreeswith those
�ndings for magnetic�eld in the quiet Sunwhich saythat magnetic�elds in the quiet
Sunaremorecomplex thanpreviously thought,andhigh valuesof the �eld strenght,up
to �

�

ÀÂÁ T, maywell appear.

5.4 Energy

Theshort-periodwavescarrysubstantialenergy. Sincethedatasetshave differenttem-
poralresolution,the lower limits of theshortperiodsrangeform �

�

s to (

�

s. Theenergy
�ux, for wavesin theperiodrangeof �

�

s to �

���

sataheightof
�����

km is:
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5 Summaryandconclusions
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Theenergy �ux ataheightof (

���

km is:
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And thedifferencebetweenthosetwo energy �ux esis:
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Thisenergy �ux is affectedby smearingwith theAiry functionof thetelescope,mean-
ing thattheactualenergy �ux canbehigher.

The datasetwith periodrangesof
�

� s to
;

( s clearly shows that they carry a larger
amountof theenergy, seeSect.4.7. This is in agreementwith theorywhich predictsthat
themaximumof transportedpowerwill occurfor wavesof theperiodsaround

�<�

s.
Therefore,onecanconcludethattheshort-periodwavescarryenoughenergy to sup-

port theheatingof thesolarchromosphere.
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6 Suggestionsfor futur e investigations

The presentwork cannot yield a '�nal' pictureof the wave packets travelling into the
chromosphere.Clearly, additionalresearchis necessary. Somesuggestionsmaybedrawn
from thepresentwork:

6.1 Instrumental

For theFPIs,theoptimally scandirectionis towardtheblue;hencethefainterline from
lower layersshouldbe locatedat longerwavelengthsthanthestrongerline from higher
layers.Keepingfor thelatterFe �

�<�����

� nmasmostsuitable,thelower layersnear
�����

km
shouldbe investigatedfrom the redwardslocatedNi �

�<���

��( nm. Besides,thatNi line is
lessZeemansensitive (

®

�

���

� ) ascomparedFe �

�<������;

nm (
®

�

���

(�(

�

). Unfortunately,
theNi line wasnotusedbecausetheFPIshouldnotbechangedfor otherFPIobservations
whichdid not investigatetravel times.

As a consequence,upwardstravelling wavescanonly be studiedby comparisonof
Fe �

�<������;

nm from the �rst scanwith Fe �

�����5�

� nm from the secondscan. The �rst Fe
�

�����æ��;

nm is measured�

�

s earlierthanthedeeperline wherethe wavesareexpectedto
start. I thushadto adjustthetime shift accordinglyfor all datasetswhich weretakenin
two lines.

6.2 Inf ormation fr om the granular pattern

A morequantitativecomparisonof thecontinuumintensitypatternwith therelatedpower
maximacouldbedoneby time seriesof therespective intensityfeatureat thesameloca-
tion asthepowermaximum.In caseof aclearrelationof powerto isolated,smallfeatures
their continuumintensitycouldbeintegratedovera reasonableareaandthenplottedver-
sustime aswasdonefor the power featuresin Sect. 4.6. This procedurewould also
allow to determinea possibletime shift betweenthedevelopmentof theintensityfeature
atcontinuumlevel with thepower featuresat

�����

andat (

���

km height.

6.3 Inf ormation fr om the line pro�les

An interestingquestionrelatedto short-periodpower is the location within magnetic
structures. A simultaneousmeasurementof the Zeemaneffect meetsdif�culties with
the repetitionrate (cadencetime) due to long integrationsrequired(Dom��nguez2004).
Imagesin the G-bandwould yield suchinformationat a quick repetitionrate;however,
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6 Suggestionsfor futureinvestigations

the
�����

nmwavelengthis too far from the �

���

nmline pair requiredfor thewaveanalysis:
Speckleinformationfor thelattercouldhardlybeextractedfrom the�rst.

Oneof thefutureresearchcouldaddressthestudyof line pro�les andtheir behaviour
in areaswheretheshort-periodpower wasobserved. Oneof themostpuzzlingthingsis
thecauseof thevariousvelocitiesof wavepacketpropagation.

A promisingpossibility to get information aboutmagneticstructuresis the 'resid-
ual intensityeffect', which indicatedmagnetic�elds asreducedline depth(Chapman&
Sheeley 1977). This effect occursfor all linesbut it would besuperposedby a magnetic
splitting; this is not thecasefor thelow Zeemansensitive linesusedfor thisanalysis.

Sincetheline gapeffector line weakeningincreaseswith line strength(Stellmacher&
Wiehr1979),Fe �

�<�G�5�

� nmwill bemoresensitive to magnetic�elds thanthefainterlines
(eitherFe �

�<������;

nm or Ni �

�<�G�

��( nm). Thecontinuumintensityis requiredto normalize
theline pro�le for adeterminationof the' line gap' effect.
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(6.1)

Yeteventheline �

�����æ��;

nmshows ' line gaps'.

Figure6.1: Theaveragedpro�les of thespectralline FeI �

�����æ��;

nmfrom datasetDS4for
theareaswhereshort-periodwave power travelsapproximatelywith thespeedof sound.
Black dottedline with starsrepresentspro�les averagedover regionswhereshort-period
wavescover only

�

% of the total area. Blue dottedline with crossesrepresentsmean
pro�les from region with short-periodwavescovering

���

% of thetotal area,andthered
dottedline with starsrepresentsthe averagepro�le from larger areadownscaledto the
intensitylevel of theaveragedline of thesmallerarea.

Figures6.1, 6.2, 6.3 give few examplesof residualintensityeffectsrelatedto short-
periodwavesof differentvelocity. Onesseesreducedintensity in regionswhereshort-
periodwave power is meassured.This is duethe fact thatpower maximumfrom short-
periodwavespreferablyoccurin intergranularlanes.Whennormalizingtheline pro�les
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6.3 Informationfrom theline pro�les

to their correspondingcontinuum,this effect is eliminated,andvariationsof therelative
pro�les canbestudied.

Thefew examplesshow thatit is generallypossibleto determinetheresidualintensity
effect for power locationsandto thusextractapossiblerelationto thewavevelocity.

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

Figure6.3: SameasFig. 6.1,but for locationswith wavesslower thansoundspeed.

Someof the pro�les analyseddid not show any line weakening. Hence,a moreex-
tendedstatisticsof therelationbetweenwavespeedandline gapregionsis requiredto ob-
tainreliableinformationaboutthein�uenceof magnetic�elds ontheshort-periodwaves.
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A Appendix 1

A.1 Fabry- Perot interfer ometer

Fabry-Perotinterferometersarecapableto assureextremelyhigh spectralresolution,are
quiteef�cient, andspectrallytunable.They areconstructedwith twopartiallytransmitting
mirrorsof re�ectance

�

thatareparallelto eachother. Thosemirrorsform aFPcavity.
An incidentbeamis multiply re�ectedbetweentheseparallelsurfaces,ateachre�ec-

tion afraction
V

of theintensityis transmittedandthesefractionsinterferein theoutgoing
beam. If the angleof incidenceis [ , the pathdifferencebetweentwo successive beam
fractionsis
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[ , andthephasedifferenceis:
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For anincomingwaveof form �

z�0Õ� theabsolutetransmittedandre�ectedwaveampli-
tudesare
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, respectively. Consideringall there�ectionsandtheconcomitant
phasedifferences,theoutgoingwave representsageometricseries:
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or shortlywrittenas:
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Thereforewecangettheintensityof theoutgoingbeamas:
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where
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It is obviousthat thetransmissionis periodic,andthem-th maximumis at
\

�

�Õk

-

or atwavelength:
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This is the conditionfor constructive interferenceof a transmittedwave front. The
expressionfor thefreespectralrangeor distancebetweentwo successivemaximais:
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Thetransmissionpeaksbecomenarrower as
�

approaches1. If thewidth is small in
comparisonto thefreespectralrange,it is possibleto expandthe
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andobtainfor thefull width
¥

r

at thehalf maximumtransmission:
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where
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is the �nesseof theinterferometer. The�nesseis theratio of thefreespectralrangeand
thespectralresolution.

Thefreespectralrangeof aFPI is rathersmall,for
r

�)�

���

nmand RÏ�œ� mmwehave
$

T

�

¹
���

�

�

nm. Thereforefurther�lters arerequiredto selecta particulartransmission
maximum. For an optimally high maximumtransmissiona combinationof two etalons
is usedto selectthe appropriaterange. The transmissionmaximumand free spectral
rangesof theetalonsareessentiallydeterminedby theplateseparationsR . Thereforethe
ratio of theseseparationsmustbechosensuchthat theunwantedtransmissionwindows
areclosed. Pre-�lters, in our caseinterference�lters, muststill be appliedin order to
selecta certainspectralband. Their passbandscanbe broadthusassuringa satisfying
transmission.

Thewavelengthscanningtroughaspectralline is doneby computercontrolledvaria-
tion of thespacingof theetalonsby meansof Piezoelements.
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S Objectof observations:granulation,quietSun,disccentre

S Lines:FeI �

�<�����

��ª

- andFeI �

�<������;

nm,

S Platedistances:Rš�/�

�

�

-¿- (FPI1), Rƒ�
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�

�
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-¿- (FPI2)

S Temperaturein OL2: �
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B.1 2003
S Dateof observation:8.10.2003

S Positionof Coelostat:(
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S
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S Durationof onescaninclusivedatastorage:Xb� F

��=����h�*���

��H

º

S 108 imagesperscan,18 positionsin both line, 6 imagesperwavelengthposition,
exposuretime:

���

-

º

S Startof scanning(sj1): 7:30UT, endof scanning:8:27UT

B.2 2004

B.2.1 22.6.2004
S Dateof observations:22.6.2004

S Positionof Coelostat:
�

�

S

¸

�¬�

1

�

��=

� ,
p

� �

�

� ,
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ž

M‡ �

;������
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S Durationof onescaninclusivedatastorage:Xb� F

��=����h�*���

��H

º

S 108imagesperscan,18 positions,6 imagesperposition,exposuretime:
���

-

º

S Startof scanning(sj1): 7:30UT, endof scanning:8:27UT
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B.2.2 26.6.2004
S Dateof observations:26.6.2004

S Positionof Coelostat:
�

�

S
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1 �
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S Durationof onescaninclusivedatastorage:Xb� F

���G���h�*���5�

H

º

S 91 imagesperscan,13 positions,7 imagesperposition,exposuretime: 20ms

S Startof scanning:9:25UT, endof scanning:10:40UT
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