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Abstra
tThis thesis presents multi-epo
h interferometri
 observations of evolved stars on the Asymptoti
Giant Bran
h (AGB). The Asymptoti
 Giant Bran
h is populated by low to intermediate massstars (0.8-9M⊙) in the �nal stage of their stellar evolution. Pulsating AGB stars su�er fromstrong mass loss via a dense and dusty out�ow from an extended stellar atmosphere returninggas and dust to the interstellar medium. The pro
esses leading to the violent mass loss are notwell understood and are therefore under intense investigation.Due to the AGB stars' large diameters and high luminosities, evolved stars are ideal targets forhigh angular resolution observations. The AGB stars presented in this thesis were observed overseveral pulsation 
y
les using the near-infrared AMBER and mid-infrared MIDI instruments atthe Very Large Teles
ope Interferometer (VLTI). The goal of this study is to investigate the 
on-ne
tion between the pulsation me
hanism, the dust 
hemistry of AGB stars, and the 
ondensationsequen
e in order to better understand the mass loss pro
ess.The thesis studies a sample of four evolved stars, the oxygen-ri
h Mira variables RR Aql,S Ori, GX Mon, and R Cn
. We obtained multi-epo
h MIDI observations and individual AM-BER observations. The presented data are modeled using basi
 models of uniform disks andGaussian pro�les. The AMBER data, along with the basi
 models, are modeled using dust-freeself-ex
ited dynami
 model atmospheres (P and M series). These models represent the stellaratmosphere in
luding the 
ontinuum forming atmosphere and overlying mole
ular layers (Irelandet al., 2004a,b). In addition to the basi
 models, the MIDI data are �tted by a radiative trans-fer model of the 
ir
umstellar dust shell where the 
entral stellar intensity pro�le is des
ribedby the previously mentioned series of dust-free dynami
 model atmospheres, whi
h are based onself-ex
ited pulsation model. The radiative transfer model is 
omputed using the radiative trans-fer 
ode m
sim_mpi (Ohnaka et al., 2006). The modeling approa
h follows the work presentedby Wittkowski et al. (2007). For all stars, two dust spe
ies of sili
ate and Al2O3 grains wereexamined. In order to investigate the expe
ted variability of our mid-infrared photometri
 andinterferometri
 data, model simulations using variations of model phase and dust shell parameterswere performed.The observed visibility spe
tra for all studied stars do not show indi
ations of variations asa fun
tion of pulsation phase and 
y
le within our investigated phases and un
ertainties (5%�20%). The observed photometry spe
tra may indi
ate intra-
y
le and 
y
le-to-
y
le variationsv



Abstra
twith a signi�
an
e of 1�5σ. However, the photometry variations 
annot be 
on�rmed within ourun
ertainties. Our study shows that the photometri
 and visibility spe
tra for all stars 
an be welldes
ribed by the radiative transfer model of the dust shell that uses a dynami
 model atmospheredes
ribing the 
entral sour
e.For all epo
hs, we found the best �tting models 
onsisting of a dynami
 model atmosphere, anddust shells parameters in
luding the opti
al depth of the dust shell, the inner radii, the power-lawindex of the density distribution, and the photospheri
 angular diameter. The opti
ally thin dustshell of RR Aql 
an be well modeled using sili
ate grains alone. The addition of an Al2O3 dustshell did not improve the model �t. However, the model simulations indi
ate that the presen
eof an inner Al2O3 dust shell with low opti
al depth 
ompared to the sili
ate dust shell 
an not beex
luded. GX Mon 
an be modeled with a 
ombination of Al2O3 and sili
ate grains. The dustshell of S Ori and R Cn
 
an be well modeled using only Al2O3 dust grains without a 
ontributionof sili
ates. The inner boundary radii of Al2O3 appears around 2-2.5 photospheri
 radii and theinner boundary radii of sili
ate appears around 4-5 photospheri
 radii.The modeling simulations performed in this thesis 
on�rmed that signi�
ant intra-
y
le and
y
le-to-
y
le visibility variations are not expe
ted at mid-infrared wavelengths within our un
er-tainties. The e�e
ts of the pulsation on the mid-infrared �ux and visibility values are expe
ted tobe less than 25% and 20%, respe
tively, and are too low to be dete
ted within the measurementun
ertainties.This study represents the �rst 
omparison between interferometri
 observations and a 
ombi-nation of a radiative transfer modeling with dynami
 atmosphere models over an extended rangeof pulsation phases 
overing several 
y
les.
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Résumé
Cette thèse exploite des mesures interférométriques multi-époques d'étoiles évoluées de la bran
heasymptotique des géantes (AGB) du diagramme HR. Il s'agit d'étoiles de masses petites à inter-médiaires (0.8�9M⊙) en phase �nale de leur évolution. Ces étoiles pulsantes subissent une pertede masse très importante via un vent stellaire dense et poussiéreux qui enri
hit l'environnementstellaire en gaz et en poussières. Ces pro
essus de perte de masse sont en
ore mal 
ompris etfont l'objet de beau
oup d'investigations. Grâ
e à leur luminosité et diamètre très importants,
es étoiles sont des 
ibles privilégiées d'observations à Haute Résolution Angulaire. Les étoilesAGB étudiées i
i ont été mesurées pendant plusieurs 
y
les d'os
illation au moyen des deux in-terféromètres AMBER et MIDI du VLTI, don
 en pro
he et moyen infra-rouge. Le but de 
etteinvestigation est la 
onnexion entre le mé
anisme de pulsation, la 
ondensation et la 
himie despoussières dans le but de mieux 
omprendre leur perte de masse . J'ai étudié un é
hantillon de 4étoiles évoluées, les variables de type Mira ri
hes en oxygène RR Aql, S Ori, GX Mon et R Cn
,au moyen de données MIDI multi-époques et de données AMBER individuelles. Ces données sontmodélisées par des modèles standard de disques uniformes ou gaussiens. Les données AMBERsont modélisées par une atmosphère auto-ex
itée sans poussière in
luant les 
ou
hes molé
ulairesjuste supérieures responsables du 
ontinuum spe
tral (modèles des séries P et M, (Ireland et al.,2004a,b). Les données MIDI permettent de rajouter à 
e modèle l'enveloppe gazeuse radiative.Le transfert radiatif de l'enveloppe utilise le 
ode m
sim_mpi (Ohnaka et al., 2006) et prolongele travail de Wittkowski et al. (2007). Deux types de poussière sont envisagés, sili
ates et Al2O3.Les modèles ont été simulés à di�érentes phases et ave
 di�érents paramètres de l'enveloppe depoussière pour étudier la variabilité de la photométrie et de la dimension interférométrique eninfra-rouge moyen. Les visibilités spe
trales n'ont pas permis, pour au
une de nos étoiles, demettre en éviden
e de variation signi�
ative intra-
y
le ou d'un 
y
le à l'autre, dans nos barresd'erreur de 5 à 20%. Notre étude montre que les spe
tres de visibilité et de photométrie des4 étoiles sont bien dé
rits pas le modèle d'enveloppe radiative au dessus d'une sour
e 
entraledé
rite par un modèle d'atmosphère dynamique. L'enveloppe de poussière optiquement min
e deRR Aql est bien modélisée par des grains de sili
ates. L'addition de grains de Al2O3 n'améliorepas l'ajustement du modèle, mais n'ex
lut pas la présen
e d'une enveloppe interne optiquementplus min
e que 
elle de sili
ates. GX Mon est bien modélisé par une 
ombinaison de Al2O3 et desili
ates, alors que les enveloppes de S Ori et R Cn
 sont modélisables par des grains de Al2O3vii



Résuméseul sans 
ontribution de sili
ates. Les rayons intérieurs des enveloppes sont de l'ordre de 2 à2.5 rayons photosphériques pour Al2O3 et de 4 à 5 pour le sili
ate. Les modélisations e�e
tuéesdans 
e travail de thèse 
on�rment que les variations inter et intra-
y
le attendues ne sont pasdéte
tables dans la pré
ision de nos mesures. Cette étude est la première 
omparaison entre desmesures interférométriques 
ouvrant plusieurs 
y
les d'os
illation et des modèles 
ouvrant unelarge gamme de phases des os
illations.
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MotivationThe general motivation of this proje
t is to help understand a number of long-standing key ques-tions regarding the last evolutionary stage of low to intermediate mass stars on the Asymptoti
Giant Bran
h (AGB). The intense mass loss observed during the AGB phase leads to the expul-sion of gas and dust to the surrounding interstellar medium (ISM), enri
hing it by the produ
tsof the nu
leosynthesis pro
esses that took pla
e in the 
ore of these stars. Approximately 80% ofall stars evolve through the AGB phase. AGB stars are therefore the main sour
e of dust in ourGalaxy (> 50 %), returning a signi�
ant fra
tion of matter to the ISM and providing materialfor star and planet formation.AGB stars are 
hara
terized by a signi�
ant mass loss that leads to the formation of a 
ir-
umstellar envelope surrounding the star's 
ore. The me
hanisms responsible for this strong massloss are still not fully understood, and are under intense investigation. Due to the 
omplex in-terplay between pulsation, sho
k wave propagation, dust formation and radiation pressure, thereare 
urrently no models for oxygen-ri
h AGB stars able to reprodu
e the phenomena from �rstprin
iples. Therefore, it is important to study all the pro
esses leading to the mass loss and obtainobservational 
onstraints on the mass loss. The interior stru
ture of AGB stars is 
hara
terized bya 
entral and inert 
arbon-oxygen (C/O) 
ore surrounded by two separate nu
lear burning layers.The photospheri
 abundan
e of C/O determines the mole
ular 
omposition in the atmosphere ofthe star (Höfner, 2009). The stars are spe
i�ed by either C-ri
h (C>O) or O-ri
h (C<O) 
hem-istry. As a 
onsequen
e of the third dredge-up (whi
h brings the 
hemi
al elements towards thestellar surfa
e) the C/O ratio is expe
ted to in
rease during the stellar evolution. Due to largeamplitude, pulsations and dynami
 e�e
ts su
h as sho
k fronts, the outer part of the extendedstellar atmosphere be
omes very 
ool and dense, and provides suitable 
ondition for the formationof mole
ules and dust grains by 
ondensation from the gas phase. As a 
onsequen
e of the largeopa
ity, dust 
reated in the outer part of the atmosphere absorbs radiation from the star, and thewind is believed to be driven by radiation pressure on the dust parti
les whi
h drags gas alongthrough 
ollisions. The mass is expelled via a dense and dusty out�ow from an extended stellaratmosphere with rates of up to 10−4M⊙/year (Matsuura et al., 2009), and expansion velo
ities of5-30 km/s (Höfner, 2005). However, it still remains un
lear whether dust is su�
iently opaque todrive massive winds from oxygen-ri
h envelopes (Woitke, 2006; Höfner & Andersen, 2007). Even-ix



Motivationtually about 70% of the matter disperses into spa
e in a so 
alled 'super-wind' phase (during ∼tens of thousand years), and the AGB stars evolve toward the planetary nebulae phase (Sedlmayr,1994). The aim of the work presented here is to analyze 
ir
umstellar envelopes around AGBstars in order to better 
onstrain the mass loss phenomenon.AGB stars emit a large part of their �ux at infrared (IR) wavelengths. Ground based obser-vations are limited to distin
t bands in the near-IR (J, H, K) and mid-IR (L, M, N and Q) dueto atmosphere mole
ular absorption bands and a thermal ba
kground radiation, whi
h adds tothe radiation of the star and its 
ir
umstellar environment. However, in 
omparison with spa
ebased observations, ground based teles
opes allow observations of strongly variable AGB starsat many di�erent epo
hs over their pulsation 
y
le. The resolution of any teles
ope is limitedby atmospheri
 �u
tuations and by the size of its aperture (diameter of the teles
ope D). Theangular resolution, Θ, is given by sinΘ=1.22λ/D where λ is the observed wavelength. For obser-vations of highly 
omplex sour
es su
h as AGB stars, high angular resolution is essential (typi
alphotospheri
 angular diameter up to ∼ 10 mas). To resolve 
omplex and very distant obje
tssu�
iently, one would need to build a teles
ope with a very large aperture. Interferometry isa unique te
hnique that o�ers a 
ost-e�e
tive alternative by 
ombining light beams from twoor more 
omparatively small teles
opes, emulating a virtual teles
ope up to hundreds of metersa
ross (distan
es between the teles
opes are referred to as baselines). By in
reasing these base-lines, the system is 
apable of very high resolutions, o�ering the resolving power of a virtualteles
ope of diameter D represented by the baseline. High angular resolution of a few milliar
se
-onds allows pre
ise measurements of stellar diameters, as well as intensity pro�les a
ross stellardisks of nearby stars. Systems with three or more teles
opes additionally allow the measurementof the so 
alled 
losure phase whi
h provides information about the geometry of the observedobje
t (symmetry/asymmetry). High luminosities and very extended atmospheres are 
hara
ter-isti
s that highlight AGB stars as ideal targets for high angular resolution observations.The AMBER (near-infrared) and MIDI (mid-infrared) instruments at the Very Large Tele-s
ope Interferometer (VLTI) of the European Southern Observatory lo
ated on Cerro Paranal inChile allow us to investigate the lo
ation and features of mole
ular and dust layers of the starsover their pulsation 
y
les. Near-infrared interferometri
 observations 
an help us to estimate thestellar photospheri
 diameter, the e�e
tive temperature, the 
enter-to-limb intensity variations,while mid-infrared interferometri
 observations provide information regarding the mole
ular shellsand the dust formation zone. In parti
ular, the goal of this proje
t is to study the 
onne
tionbetween the pulsation me
hanism and the dust 
ondensation sequen
e and in turn, better under-stand the mass loss pro
ess.Despite remarkable progress in theoreti
al and observational studies, many physi
al aspe
ts ofAGB stars remain poorly understood. The presented proje
t is fo
used on answering the followingx



Motivationquestions: (i) What is the role of stellar pulsation and its 
onne
tion to dust formation, and massloss? (ii) What is the detailed atmospheri
 strati�
ation and 
hemi
al 
omposition of evolvedstars? (iii) What dust spe
ies are relevant to a given AGB phase? (iv) Do the dust spe
ies 
hangeas a result of the pulsational 
y
le? (v) How does the amount of dust generated vary from 
y
leto 
y
le, and (vi) what is the shaping me
hanism during the evolution from AGB to planetarynebulae (PNe) phase?To answer these questions we have investigated multi-epo
h interferometri
 observations offour oxygen-ri
h Mira variables RR Aql, S Ori, GX Mon, and R Cn
. The observations were
ondu
ted at various proje
ted baselines lengths and position angles using the Very Large Tele-s
ope Interferometer (VLTI). This allows us to 
ompare interferometri
 data obtained at di�erentpulsation phases and 
y
les observed at very similar points in the uv plane. Sin
e the visibilitydire
tly depends on the proje
ted baseline lengths and position angles, the observations are prob-ing layers in the same, or very 
losely lo
ated, depth of the atmosphere. This unique and ri
hsample of interferometri
 data allow the monitoring of the photometry and visibility spe
tra overtheir pulsation 
y
le(s). The data are 
ompared to dust-free dynami
 model atmosphere seriesrepresenting the 
entral sour
e, and radiative transfer model des
ribing the dust shell. Dynami
stellar model atmospheres with 
onsistently in
luded dust formation are, in parti
ular for oxygen-ri
h stars, still very rare. Hen
e, the data are 
ompared to the best modeling approa
h 
urrentlyavailable. The investigation will provide the following:
• a

urate study of the photometry and visibility spe
tra and their features in the mid-infraredregion of the ele
tromagneti
 spe
trum for four AGB stars RR Aql (13 epo
hs), S Ori (14),GX Mon (12), and R Cn
 (2) over several pulsation 
y
les.
• monitoring of variability as a fun
tion of phase and 
y
le
• analysis of near-infrared observations for RR Aql
• determination of 
orresponding UD and Gaussian FWHM diameter for ea
h data set andspe
tral 
hannel
• determination of photospheri
 angular diameters derived by �tting the data to self-ex
iteddust free dynami
 models atmospheres (near-infrared)
• determination of photospheri
 angular diameters derived by �tting the data to an ad ho
radiative transfer model of the dust shell where the 
entral stellar sour
e is des
ribed bydust-free dynami
 model atmosphere (mid-infrared) series
• investigation of dust 
hemistry for ea
h starxi
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• monitoring of variations of opti
al depth for the studied dust spe
ies, inner boundary radiiof the dust shells, and density distribution.
• investigation of deviations from 
ir
ular symmetry
• modeling simulations of intra-
y
le and 
y
le-to-
y
le photometry and visibility variationstheoreti
ally expe
ted at mid-infrared wavelength.The results from the proje
t will allow re�nements and enhan
ements of state-of-the-art dy-nami
 model atmospheres and radiative transfer modeling 
odes, whi
h will help us to understandthe physi
al pro
essed involved.In this thesis the �rst two Chapters are devoted to the general introdu
tion. First, the intro-du
tion gives the basi
 theory of AGB stars (Chapter 1.1) in
luding evolutionary states (Se
. 1.1.1and Se
. 1.1.2), variability (Se
. 1.1.4), mole
ule and dust formation (Se
. 1.1.5), and mass loss ofAGB stars (Se
. 1.1.7). Chapter 2 fo
uses on infrared interferometry. After a short se
tion on thetheoreti
al ba
kground of opti
al interferometry (Se
. 2.1) the Chapter is devoted to the AMBERand MIDI instruments at the VLTI. Along with a des
ription of the instruments (Se
. 2.2.4 andSe
. 2.2.5), the Chapter 
onsists of se
tions regarding the preparation of interferometri
 observa-tions (Se
. 2.3), near- and mid- infrared observables at the VLTI (Se
. 2.3.2 and Se
. 2.3.2), aswell as data redu
tion pro
edures dedi
ated to the AMBER and MIDI data (Se
. 2.5 and Se
. 2.4).The pra
ti
al part of the thesis and the des
ription of investigated data 
olle
ted during ob-servational runs at the VLTI starts in Chapter 3. All the following Chapters 
onsists entirely ofwork I 
ondu
ted myself during my PhD. I was responsible for the data redu
tion, pro
essing ofall observational data, appli
ation of the modeling approa
h, determination of all presented stel-lar parameters, and 
ondu
ting test simulations in order to interpret the performed results. Theonly ex
eption is the development of the highly 
omplex dust-free dynami
 atmosphere models(Se
. 4.1 and of the radiative transfer 
ode (Se
. 4.2), whi
h was done by Ireland et al. (2004a),Ireland et al. (2004b) and Ohnaka et al. (2006).Chapter 3 brie�y summarizes the theory of the data 
alibration, and des
ribes in detail the
alibration pro
edure of the large sample of data redu
ed within this proje
t. This in
ludes mon-itoring and 
omparison of ambient 
onditions (Se
. 3.2) during the observations of RR Aql (April2004 � July 2007), S Ori (February 2006 � Mar
h 2009), GX Mon (February 2006 � April 2008),and R Cn
 (De
ember 2008 � mar
h 2009), as well as di�erent data redu
tion and 
alibrationapproa
hes and their impa
t on the results (Se
. 3.4 and Se
. 3.5).Chapter 4 explains the modeling analysis applied in this thesis. Se
tion 4.1 introdu
es the
omplete self-ex
ited dynami
 model atmospheres of Mira stars Hofmann et al. (1998), Bessellxii



Motivationet al. (1996), Ireland et al. (2004a), Ireland et al. (2004b). Se
tion 4.2 prefa
es ad ho
 radiativetransfer models using the radiative transfer 
ode mpi_m
sim (Ohnaka et al., 2006), and Se
-tion 4.3 
ontains the �nal modeling approa
h of an ad ho
 radiative transfer modeling of the dustshell where the 
entral stellar sour
e is des
ribed by readily available and established dust-freedynami
 model atmosphere series (Wittkowski et al., 2007). Se
tion 4.4 outlines the steps in-volved in the pro
essing of the simulations, and shows the model simulations performed in orderto investigate the theoreti
al intra-
y
le and 
y
le-to-
y
le photometry and visibility variationsfor the presented stars.Chapters 5� 9 des
ribe interferometri
 observations of Mira variables RR Aql, S Ori, GX Mon,and R Cn
. Chapter 5 
onsists of the investigations of 13 epo
hs of interferometri
 observationsof RR Aql with the MIDI instrument at the VLTI. Se
tion 5.3.1 and Se
tion 5.3.2 
ontain theanalysis and monitoring of photometry and visibility spe
tra, and Se
tion 5.3.5 des
ribes the per-formed analysis and derived stellar parameters. Chapter 6 summarizes AMBER observations ofRR Aql. Chapter 7, 8, and 9 investigate MIDI observations of S Ori, GX Mon and R Cn
 at14, 12 and 2 epo
hs. The brief se
tion 9.5 of Chapter 9 
ontains preliminary results of R Cn
observations with various instruments obtained by our 
ollaborators.Chapter 10 outlines the future steps and observational possibilities o�ered by new or plannedinstruments.Chapter 11 summarizes all performed work and derived results.The appendix in
ludes Se
tions devoted to the sele
tion of a 'star of the month' for the AM-BER instrument operations team (Appendix A), tables of 
alibrators used during the MIDI obser-vations (Appendix B), and all observed epo
hs with the MIDI instrument (RR Aql�Appendix C,S Ori�Appendix D, GX Mon�Appendix E, and R Cn
�Appendix F).

xiii





Chapter 1Introdu
tion
This se
tion is meant to be a brief introdu
tion to the theory of stars on the Asymptoti
 GiantBran
h. As su
h, only basi
 information is provided and details have been ex
luded. For furtherinformation the reader is referred to 
omprehensive reviews on the AGB stars, in parti
ular Habing& Olofsson (2003), Lattanzio (2003), Herwig (2005), from where most of the following 
ontentwas adopted.1.1 AGB starsAGB stars are one of the major sour
es of the 
hemi
al enri
hment of galaxies, and their nu
le-osynthesis, taking pla
e in the 
ore of the star, plays an important role in our understanding ofthe origin of the elements. The name �Asymptoti
 Giant Bran
h� is re�e
ting a morphology ofthe evolutionary tra
k as some of the AGB stars are asymptoti
ally approa
hing the giant bran
h.The stars' evolution is determined by the mass at whi
h the �rst nu
lear rea
tions are initiated.The stars are divided into three 
lasses (Iben & Renzini, 1983): Low mass stars with masses of0.8 - 1.0 < M < 2 - 2.3 M⊙, Intermediate mass stars with masses of 2 - 2.3 < M < 4 - 5 M⊙ andmassive stars with masses of 4 - 5 < M < 8 - 9 M⊙. The limits between the di�erent 
lasses arenot know pre
isely and also depend on the initial 
hemi
al 
omposition. In this thesis, we onlyfo
us on low- and intermediate-mass stars. The following Se
tions 1.1.1 and 1.1.2 will des
ribethe evolutionary stage prior to the AGB.1.1.1 Pre-AGB low mass stars (1 M⊙)In the stage prior to the AGB, low mass stars radiatively burn H in their 
ore in proton-proton
hain rea
tions. The fusion of H 
ontinues until H is exhausted, at whi
h point the 
ore is
omposed of He (He-4) and a degenerated ele
tron gas surrounded by an H burning layer. Sin
ethe fusion temperature of He is higher than for H, the star's 
ore is not hot enough to initiatethe He fusion. As there is no more fusion in the 
ore, and thus no more radiation pressure to
ounterweight gravity, the 
ore of the star 
ollapses. As a result, the temperature in the 
ore andperipheral layers raises, initiating the fusion of the H in the layer surrounding the 
ore. At thisstage the star is qui
kly leaving the main sequen
e. As the star as
ends the giant bran
h, its radius1



1. INTRODUCTIONexpands, and its luminosity in
reases while the temperature de
reases. The material is less tightlygravitationally bound to the star, and the mass-loss rate in
reases while the outer envelope 
oolsdown. At these lower temperatures the opa
ity in
reases, and 
onve
tion be
omes the dominantenergy transport me
hanism. The 
onve
tion rea
hes deeper regions where He is 
onverted fromburning H, and �dredges-up� some produ
ts to the surfa
e in the so 
alled 'First Dredge-Up'. Heand produ
ts of the CN 
y
les su
h as 14N and 13C are mixed and 
arried upwards. The heavyHe 
ore 
ontra
ts, a

ompanied by an in
rease of temperature and density.
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M=1 M=5Figure 1.1: Stru
ture of an AGB stars showing the mass and radius s
aling for the layers within an AGBstar of 1 M⊙ (left) and 5 M⊙ (right). (Based on Habing & Olofsson (2003))When the temperature is high enough (about 100 million degrees), an intense ignition ofthe He burning o

urs via triple-alpha rea
tions. The extra released energy in
reases the lo
altemperature, and due to the degenera
y, the burning rate further in
reases. This is 
alled the
ore helium �ash. However, it takes more than one of these �ashes to remove the degenera
yon the 
ore. Ea
h subsequent �ash is mu
h weaker and o

urs 
loser to the 
enter than the onebefore it. Eventually, the He 
ore burns steadily and the 
ore expands dramati
ally as a result ofthe energy input from the burning He. The expansion 
auses the H shell to be pushed outwardand to 
ool down. This temporarily stops the H burning until the 
ore 
ontra
ts again. Thestar now has two energy sour
es: an He-burning 
ore and an H burning shell. As He-4 burns, itinitially produ
es 12C. However, on
e a substantial amount of 12C is present, 16O is produ
ed from
12C(α,γ)16O. After exhaustion of He in the 
ore, the star as
ends the giant bran
h for the se
ondtime. This is the beginning of the Asymptoti
 Giant Bran
h. Figure 1.1 shows the s
hemati
stru
ture of the star. Above the ele
tron degenerative C/O 
ore in the 
enter lies the He burningshell and H burning shell providing the energy output of the star. These nu
lear burning layersare surrounded by a deep 
onve
tive envelope.1.1.2 Pre-AGB intermediate mass stars (5 M⊙)For intermediate mass stars, the H is 
onverted into He through the CNO 
y
les. The CNOrea
tion is the dominant sour
e of energy in stars more massive than about 1.3 times the mass ofthe Sun. In su
h stars, the 
ore is 
onve
tive with an homogeneous, mixed 
omposition. When2



1.1. AGB starsall the H is exhausted and 
onverted into He-4, the star moves out of the main sequen
e. AnH-burning shell is formed on the edge of the H-exhausted 
ore. The star then moves toward thegiant bran
h. Due to the 
onve
tive 
ore in earlier stages of the evolution of AGB star, the 
oreis larger in 
omparison to low mass stars. The star expands in radius and the temperature ofthe outer envelope de
rease. At these lower temperatures the opa
ity in
reases, and the energytransport me
hanism is dominated by the 
onve
tion. Due to the 
onve
tion in the regions wherethe CNO 
y
ling takes pla
e, produ
ts su
h as 14N from 12C and 16O are 
arried to the surfa
e ina pro
ess known as the First Dredge-Up. Compared to the less massive stars, He is burned gentlywithout the �ash in the hot 
ore, whi
h in this 
ase is less dense, avoiding degenerate ignition.The 
onve
tion rea
hes as well regions of CNO 
y
ling. The energy of the star is produ
ed by twoenergy sour
es: an He-burning 
ore and an H-burning shell. As He-4 burns it initially 
reates 12C,and subsequently 16O from 12C(α,γ)16O. After 
onversion of all of the He, the star as
ents the(asymptoti
) giant bran
h for the se
ond time. Large amount of energy produ
ed by the initialburning of the He shell pushes out the H-shell to regions with lower temperatures. This 
oolingdown halts the H-burning in the shell, and later in
reases the opa
ity. The 
onve
tion penetratesvery deep inwards into regions where the produ
ts of H-burning are dredged up during the so
alled 'Se
ond Dredge-Up'. The produ
ts of H-burning, primarily He as well as 14N from CNO
y
ling, are mixed to the surfa
e. The Se
ond Dredge-up therefore in
reases the amount of 14Nand de
rease the 12C and 16O. The following 
ontra
tion of the envelope rea
tivates the H-burningshell. The energy is initially provided by the He shell. At the end of the se
ond dredge-up whenthe H shell is rea
tivated, and the He shell is set to its new position, it is the H burning shellwhi
h provides most of the stellar luminosity. The Se
ond Dredge-Up, whi
h o

urs only for starsmore massive than 4 M⊙, is a
tually already part of the next evolutionary state: the early stageof AGB evolution (E-AGB). Later on, when thermal pulses o

ur, the star is referred to as thethermally pulsing AGB (TP-AGB).
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hemati
 evolutionary tra
k of a low- to intermediate mass AGB star (based on Lattanzio& Boothroyd 1997) 3



1. INTRODUCTION1.1.3 Early AGB and Thermally pulsing AGBThe AGB phase 
an be separated in two distin
t periods: the early AGB (E-AGB) and thermallypulsing AGB (TP-AGB). The E-AGB is similar for both type of stars regardless of their initialstellar masses. The energy is provided by H-burning and He-burning shell surrounding the very
ompa
t, 
onve
tive, ele
tron degenerated, C/O 
ore, with a radius about of 1% of R⊙. The
onve
tive envelope has a 
hemi
al 
omposition similar to the one of the interstellar medium inwhi
h the star was 
reated. Even though the region 
ontaining the 
ore of the star and the Hand He layers a

ounts for half of its mass, its size is very small (R∼0.035R⊙ for stars of 1 M⊙),and is similar to the size of a white dwarf. At this stage, the volume of the 
onve
tive envelopea

ounts for most of the star's volume (R∼225R⊙ for stars of 1 M⊙). The shells have almost thesame mass, and they are very 
lose to ea
h other, be
ause the He shell is driven outward due tothe burning, and the H shell is moving the opposite dire
tion pushed inward by the 
onve
tiveenvelope i.e. the dredge-up. For the intermediate mass stars, this has the 
onsequen
e of stoppingthe fusion rea
tion of H. The 
onve
tive envelope then penetrate the H layer and the produ
tsof H burning (He and 14N from the CNO 
y
le) are dredged up to the surfa
e: it is the se
onddredge-up. Low mass stars do not have the se
ond dredge-up but only the �rst and third dredgeup. The H fusion in
reases the mass of the degenerated C/O 
ore, and the luminosity of the AGBstars, whi
h is dire
tly linked to their 
ore mass, will in
rease. The thi
kness of the burning Helayer de
reases, and the layer moves away from the 
enter of the star. As a 
onsequen
e, thetemperature of H layer in
reases, and the fusion pro
esses 
an be again restarted. The star inthis stage enters the thermally pulsing AGB (TP-AGB). The thin He layer around the C/O 
oreis thermally unstable and burns episodi
ally during �ashes in so 
alled thermal pulsations. Thepro
ess of a thermal pulsation 
an be brie�y des
ribed as follow: when H burns, it forms He,whi
h 
ontributes to the in
rease of the mass of the inner layer and 
ompresses the burning Hewhi
h is in a degenerated state. The fusion of He then follows a pro
ess similar to the He �ash.The pressure then pushes away the burning H layer, whi
h in turn 
ools down, and thus stopsthe fusion rea
tion of H. The H layer will be later reheated as previously, and the fusion rea
tionof H will start again, generating the new thermal pulse. These pulses then appear periodi
ally.During the thermal pulse, the He layer has for a very short period a luminosity of ∼107 L⊙. A
onve
tive zone then rea
hes the He burning layer mixing the produ
ts in this region. This zoneis 
omposed approximately of 25% C and 75% He. Shortly after the thermal pulse, the luminosityde
reases while the size of the star in
reases. This 
ooling therefore leads to the interruption ofthe fusion in the H layer. The 
onve
tion penetrates deeper within the star, and these thermalpulsation are then repeated periodi
ally. After a few pulses, the 
onve
tion penetrates the zonewith material 
reated during the �ashes, dredging re
ently 
reated C atoms to the surfa
e. Thisis the third dredge up whi
h is of the utmost importan
e for the 
hemistry of the 
ir
umstellarenvelopes. This third dredge up di�ers from the previous ones due to the fa
t that it happensperiodi
ally after the thermal pulses. Figure 1.2 shows the evolutionary tra
k of the star on theAGB.1.1.4 Variability and PulsationAGB stars 
an be identi�ed as Long-Period Variables (LPVs), pulsating in brightness, with atypi
al period between 40 days to 2 or 3 years. The period of the pulsation is a fun
tion of4



1.1. AGB stars

Figure 1.3: Visual light-
urve of o Cet based on data from the AAVSO database as a fun
tion of JulianDate.
the mass and radius of the star. These pulsations produ
e a 
hange in temperature along withradius, whi
h 
ause a large variation in luminosity. Amplitudes range from barely dete
table tofa
tors of 200 or more (> 5 magnitudes) of visual brightness. AGB stars 
an be 104�105 timesmore luminous than the Sun. The stars are 
lassi�ed in three groups (Kopolov et al.1998): Miravariables, semi-regular variables, or irregular variables. The 
lassi�
ation is determined by thevariability of the pulsation 
y
le in the V -band. Mira variables show large amplitudes (> 2.5magnitudes) and long regular periods whi
h range between 80-1000 days. The other 
lasses ofAGB stars are 
alled non Miras. The semi-regular variable of type a are 
alled SRa and showfairly regular intensity variations, but with lower amplitude then the Miras (less then 2.5 magin the visible), and periods between 35-1200 days. Semi-regular variables of type b 
alled SRbshow di�
ulties to determine periodi
ity (average 
y
le is between 20-2300 days), or alternativevariations and irregular 
hanges. Finally, irregular variable Lb show very weak or no periodi
ity.In this thesis we fo
us on Mira variable stars only. Mira variables with symmetri
 light 
urvesgenerally show broad alumina emission, while those with more asymmetri
 light 
urves show
lassi
 sili
ate emission (Sloan & Pri
e, 1998). The authors suggested that these di�eren
es mayarise from di�eren
es in the photospheri
 C/O ratio. It is known that the variability of Mira stars
an be explained by radial pulsation in the fundamental mode (Wood et al., 1999). Figure 1.3shows the light 
urve of the Mira star o Cet. 5



1. INTRODUCTION1.1.5 Mole
ule and dust formationThe 
hemi
al 
omposition of dust grains and mole
ules formed in the 
ir
umstellar envelope re-�e
ts the 
hemi
al 
omposition of the stellar atmosphere (Höfner, 2009), in parti
ular the relativeabundan
e of 
arbon and oxygen (C/O). The C and O 
ombine to form a very stable CO mole
ule,and therefore only the atoms of the most abundant element will take part in the nu
leation pro
essand grain a

retion. The stars are spe
i�ed by either C-ri
h (C > O) or O-ri
h (C < O) 
hem-istry. As a 
onsequen
e of the third dredge-up, whi
h brings the 
hemi
al elements towards thestellar surfa
e, the C/O ratio in
rease during the stellar evolution. The 
hemistry of C-ri
h starsenvelopes is very di�erent than for O-ri
h stars. The dust from C-ri
h stars is mainly 
omposedof amorphous 
arbon, graphite and SiC while the dust from O-ri
h stars is mainly 
omposed ofalumina, amorphous sili
ates or 
rystalline sili
ates. The other 
hara
teristi
s of the 
ir
umstellarenvelopes su
h as opa
ity, geometry, kinemati
 et
, 
an vary 
onsiderably.We de�ne three types of stars based on their C/O ratio.M type stars with C/O < 1. Their low resolution opti
al spe
tra is dominated by mole
ularband of TiO.C type stars with C/O > 1 and a spe
trum dominated by mole
ular bands of C2 and CN.S type stars with C/O ≈ 1 are pla
ed in a transitory evolution state between M and C typestars. It is generally believed that the stars are following an M-S-C sequen
e.
O-2

Si+4

Figure 1.4: The latti
e stru
ture of sili
ate. The positions of Si and oxygen are indi
ated. Figure basedon Askeland (1994)1.1.6 Dust 
ondensation sequen
eThe formation and growth of dust grains is still a widely unsolved problem. Many 
ondensation
al
ulations have been performed in order to explain the observed dust 
omponents and to predi
tthe presen
e of not yet identi�ed dust spe
ies. Gail & Sedlmayr (1999) have derived the 
ondensa-tion sequen
e for a gas with a 
omposition representing the out�ow of AGB stars. The 
al
ulationshows that for oxygen-ri
h stars the dust in the 
ir
umstellar shell is a multi-
omponent mixture.Here, we mention only two dust 
omponents related to the investigations performed in this thesis:Al2O3 and sili
ate 
ondensates. 6



1.1. AGB starsTwo broad emission features at roughly 9.7 µm and 18 µm are observed in a number ofobje
ts in the infrared spe
tral region. These are generally believed to be asso
iated with sili
ate
ondensates. A broad emission feature around 13 µm is usually as
ribed to 
orundum dust grains(Vardya et al., 1986), (Onaka et al., 1989), (Little-Marenin & Little, 1990), (Sten
el et al., 1990),(Begemann et al., 1997), (Sloan & Pri
e, 1998). Some other features observed between 10 µmand 19 µm are asso
iated with metal oxides and/or 
rystalline sili
ates (Goebel et al., 1994).Sili
ate CondensatesInfrared emission feature at 9.7µm and 18µm are 
hara
teristi
 for amorphous sili
ates. Theseemission features are generally believed to be asso
iated with vibrational modes of the fundamentalSiO4 tetrahedron in sili
ate 
ondensates of a largely disordered latti
e stru
ture (Fig. 1.4). Non-stoi
hiometri
 varieties, with random ratios between the Fe/Mg, Si, together with oxygen, formthe main dust 
omponents responsible for most of the dust opa
ity and the emission of infraredradiation. Amorphous sili
ates are also know as glasses. The 
ondensation of amorphous sili
atespro
eeds at temperatures below the glass temperature. An amorphous stru
ture is formed bymole
ules that sti
k to the surfa
e of the grain, and immediately freeze out without havingsu�
ient energy to �nd energeti
ally favorable latti
e positions. The spe
trometers on boardof ISO showed that in addition to amorphous sili
ates the 
rystalline sili
ates were found inthe 
ir
umstellar environment of evolved star (Waters et al., 1996). It is under debate how both
rystalline and amorphous sili
ates 
an be formed in the out�ow of evolved stars. It is believed that
rystalline sili
ates are not present in the dust shells around low mass rate AGB stars with opti
allythin dust shell. However, Kemper et al. (2001) showed that due to a temperature di�eren
ebetween amorphous and 
rystalline sili
ates it is possible to in
lude up to 40% of 
rystallinesili
ate material in the 
ir
umstellar dust shell, without the spe
tra showing the 
hara
teristi
spe
tral features.
Al3+

O2-

Figure 1.5: The latti
e stru
ture of 
orundum. The positions of aluminium and oxygen are indi
ated.Figure based on Askeland (1994) 7



1. INTRODUCTIONAl2O3 � CorundumCorundum is the 
rystalline form of aluminium oxide Al2O3. However, for histori
al reasons,many authors also refer to the amorphous form of Al2O3, whi
h is seen in stellar environments, as
orundum. It is asso
iated with a broad Al-O vibrational band whi
h is reported to peak around11.5 to 11.8µm (Begemann et al., 1997) or 13µm (Koike et al., 1995). Corundum 
ondensates at1758 K and is 
onsidered to be the �rst solid that 
ondensates in the out�ow of oxygen-ri
h stars(Gail & Sedlmayr, 1999). It has been suggested that 
orundum serves as a seed nu
lei for the sub-sequent sili
ate formation (e.g.: Degu
hi, 1980; Vardya et al., 1986; Kozasa & Sogawa, 1997a,b).Due to the higher 
ondensation temperature, these refra
tory grains 
an exist relatively 
lose tothe star. Further out, where the temperature allows formation of lower temperature 
ondensates,Al2O3 be
ome 
oated with sili
ates. Al2O3 grains 
ondensate before sili
ate grains, not only be-
ause of the higher 
ondensation temperature, but also due to the greater a�nity of oxygen foraluminium 
ompared to sili
on (Sten
el et al., 1990) (Fig. 1.5).Little-Marenin & Little (1990) argued that there is an evolutionary sequen
e in the spe
tralfeatures. This sequen
e starts with a featureless 
ontinuum, then develops toward strong sili
atefeatures. This is in a

ordan
e with a theoreti
al dust 
ondensation sequen
e by Tielens (1990)that predi
ts primary 
ondensation of refra
tory oxides. If in the 
ooler regions, further out inthe 
ir
umstellar shell, the densities are high enough, the formation of sili
ate dust 
an o

ur.In 
ases where the densities are not high enough for the formation of the sili
ate dust, the dust
ondensation sequen
e 
an �freeze-out�. This would imply that stars with low mass-loss rateswill predominantly exhibit an oxide mineralogy while stars with high mass-loss rates will formsubstantial amount of sili
ate dust. This s
enario was 
on�rmed by Blommaert et al. (2006)showing that for low mass-loss rate stars the dust 
ontent is dominated by Al2O3 grains.An alternative s
enario was suggested by Sloan & Pri
e (1998). A

ording to the authors,the 
hemistry of the dust (i.e. the 
ondensation sequen
e) is driven by the C/O abundan
e ofthe out�owing gas. In this s
enario, less evolved star - stars with low C/O ratio - produ
e largeramounts of sili
ate grains 
ompared to alumina grains due to the abundan
e of oxygen atoms,and therefore we should see strong sili
ate features. For more evolved stars - stars with C/O ratio
lose to the unity -, most of the oxygen will be bound up in CO mole
ules and oxygen will remainfor grain 
ondensation in order to form sili
ate grains. Al2O3 grains will therefore dominate inthe dust shell. The se
ond s
enario suggests an in
reasing oxide dust 
ontent with an in
reasingmass-loss rate during the evolution of the star along the AGB.Studying the dust present in the 
ir
umstellar envelopes in detail 
an help us understand thedust 
ondensation sequen
e and its 
onne
tion to the observed spe
tral features whi
h 
ould beeventually dire
tly related to the evolutionary state of the star evolving on the AGB.1.1.7 Mass-loss and Stellar windAGB stars exhibit strong mass loss due to the stellar wind. The loss of the mass is a majorphysi
al phenomenon during the AGB phase. The me
hanisms explaining this strong mass lossduring the AGB phase are still not well understood. It is believed that this mass loss is due tothe 
ombination of the stellar pulsation and the radiation pressure on the dust parti
les. Theperiodi
al motion indu
ed by the internal pulsation of the star generates sound waves whi
hpropagate through the environment. The ampli�
ation of the sound waves results in the 
reation8



1.2. Infrared atmosphereof sho
k waves. These sho
k waves are able to move mass upwards and expel the mole
ules togreat distan
es from the 
entral star where dust grains 
an be formed. The radiation pressure onthese dust grains pushes them away and drags gas by fri
tions. The parti
les es
aping from thegravitational attra
tion of the star will then form a 
ir
umstellar envelope surrounding the star.The 
ir
umstellar dust 
onsists of ∼ 1% or less of the total mass of the obje
t rest being gas.The mass-loss rate that 
hara
terizes AGB stars 
an be as strong as 10−4 M⊙/year). Thismeans that the stars 
an loose 1 M⊙ in a period as short as 104 years. The eje
tion of matter
an rea
h a very high rate but slow speed (the wind speed in most AGB stars is within 3 - 30km/s). The signi�
ant mass loss (10−4 M⊙/year) is able to 
ompletely obs
ure the 
entral star(OH/IR stars). In general, the mass-loss rate of AGB stars is lower (10−7 � 10−6/year). Themedium is thus more transparent (the dust shell is opti
ally thin), and will let more light es
apefrom the 
entral sour
e (Miras). This allows investigation of the 
hara
teristi
s of the star andits 
ir
umstellar environment. It is generally believed that the mass-loss rate in
reases during theAGB phase, and that Miras eventually evolve into OH/IR stars (van der Veen et al., 1998).
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Absorbing MoleculeFigure 1.6: S
hemati
 atmospheri
 transmissivity at infrared wavelengths. The absorbing mole
ules areindi
ated (Image 
ourtesy of U.S. Navy).1.2 Infrared atmosphereThe 
hara
teristi
 temperatures of the stellar photospheres of AGB stars have typi
al values T> 2000 K, and stellar light is therefore mainly emitted in the visual and near-infrared. Thedust absorbs the radiation and re-emits it in the mid-infrared wavelengths. Ground based in-frared observations are unfortunately strongly a�e
ted by the turbulen
e and transmissivity ofthe terrestrial atmosphere. Infrared dete
tors 
an therefore only dete
t radiations whi
h are notabsorbed by the Earth atmosphere.The main infrared absorption sour
e in the atmosphere is water vapor (but also mole
ules ofCO2, O3, CO, CH4, N2O), whi
h blo
ks large parts of the infrared spe
trum. Observations 
an9



1. INTRODUCTIONbe su

essfully 
arried out on tops of mountains with an extremely dry atmosphere, pointing theteles
ope at a small zenith angle. The observations 
an pro
eed in so 
alled observing �windows�
entered at 1.1 � 1.4 (J -band), 1.5 � 1.8 (H ), 2.0 � 2.4 (K ), 3.0 � 4.0 (L), 4.6 � 5.0 (M ), 7.5� 14.5 (N ), 17 � 25 (Q), and 28 � 40 (Z )µm. Figure 1.6 shows a sket
h of the atmospheri
absorption bands. In this thesis, we are mainly interested in J, H, K (near-infrared), and N(mid-infrared) bands. It should be noted, that another problem with infrared observations 
omesfrom the fa
t that our atmosphere, as well as the teles
opes and instruments, emits radiation atthese wavelengths.1.3 Infrared Interferometri
 observations of AGB starsIn the following Se
tion we brie�y outline infrared interferometri
 studies of evolved stars.Interferometri
 observations at near-infrared wavelengths (NIR) are well-suited to study theregions 
lose to the 
entral star. The investigation of these regions 
an provide detailed in-formation regarding the 
onditions near the 
ontinuum-forming photosphere su
h as e�e
tivetemperature, 
enter-to-limb intensity variations, the stellar photospheri
 diameter, and its de-penden
e on wavelength and pulsation phase (e.g. Hani� et al., 1995; Perrin et al., 1999; vanBelle et al., 1996; Young et al., 2000a; Thompson et al., 2002a,b; Quirrenba
h et al., 1992; Fedeleet al., 2005; Ohnaka, 2004; Millan-Gabet et al., 2005; Woodru� et al., 2008). The variationof angular diameter as a fun
tion of wavelength and time has been resear
hed and quanti�ed(Woodru� et al., 2008). Multi-wavelength, multi-epo
h interferometri
 angular diameter studyon six oxygen-ri
h Mira stars at 3.08 µm dete
ted 
y
li
 diameter variations (Thompson et al.,2002a). These variations are believed to stem from time-dependent 
hanges of density and tem-perature (hen
e varying mole
ular opa
ities) in di�erent layers of these stars. The NIR diameterspredi
ted by uniform disk models appear to be too small and the authors suggest in
orporatingadditional and/or enhan
ed opa
ity me
hanisms. New theoreti
al, self-ex
ited, dynami
 modelatmospheres of oxygen ri
h stars have been 
reated and su

essfully applied (Tej et al., 2003; Hof-mann et al., 1998; Ireland et al., 2004b,a, 2008; Wittkowski et al., 2008). The self-ex
ited dynami
model atmospheres, in
luding mole
ular layers (parti
ularly water vapor and CO), were �tted toJ,H, and K spe
tro-interferometry observation of S Ori (Wittkowski et al., 2008). The modelsexplain reasonably well, 
lear variations in the apparent angular size with wavelength. Studyingthe brightness distribution of AGB stars is one of the main 
hannels to understand the origins ofasymmetries seen in the subsequent evolutionary stage of strongly asymmetri
 planetary nebulae.Many observations of late type stars show 
lear eviden
e of departure from 
ir
ular symmetrywell before the planetary nebulae (PNe) phase (Ragland et al., 2006, 2008; Karovska et al., 1991,1997; Tuthill et al., 2000; Thompson et al., 2002a). Re
ent observations using AMBER provideunique opportunities of dire
t measurements of the stellar intensity distribution (imaging), one ofthe most 
hallenging programs of opti
al interferometry (Ragland et al., 2008; Le Bouquin et al.,2009).Mid-infrared (MIR) interferometri
 observations 
an ideally resolve and investigate mole
ularshells and the dust formation zone of evolved stars. Interferometry in the mid-infrared domain issensitive to the 
hemi
al 
omposition and geometry of dust shells, their temperature, inner radii,radial distribution, and the mass-loss rate (e.g. Dan
hi et al., 1994; Monnier et al., 1997, 2000;10



1.3. Infrared Interferometri
 observations of AGB starsWeiner et al., 2006). Re
ently, long-term observations of the O-ri
h AGB star W Hya with theInfrared Spatial Interferometer (ISI) have been reported by Wishnow et al. (2010). The data hasbeen �tted with 
urves whi
h are the sum of two uniform disk (UD) fun
tions: one for the starand another for the dust shell. The data showed temporal variations in the visibility whi
h arisefrom the outward expansion of the dust shell. The reported in
rease in the radius of this shell,from 47 to 67 mas over the 
ourse of a year, indi
ates a velo
ity of 9 km/s, given a distan
e to thestar of 104 p
. Lopez et al. (1997) presented long-term observations at 11 µm of o Ceti obtainedwith ISI. The observed visibilities 
hange from one epo
h to another and are not 
onsistent withsimple heating or 
ooling of the dust with 
hange in luminosity as a fun
tion of stellar phase, butrather with large temporal variations in the density of the dust shell. The data were 
ompared toaxially symmetri
 radiative transfer models and suggest inhomogeneities or 
lumps. Tevousjanet al. (2004) studied the spatial distribution of dust around four late-type stars with ISI at 11.15
µm. It was found that the visibility 
urves 
hange with the pulsation phase of the star. Thedust grains were modeled as a mixture of sili
ate and graphite. The results suggest that the dustshells appear to be 
loser to the star at minimum pulsation phase, and farther away at maximumphase, also demonstrated by Wittkowski et al. (2007). Ohnaka et al. (2007) reported on temporalvisibility variations of the 
arbon-ri
h Mira variable V Oph with the instruments VINCI andMIDI at the VLTI. This temporal variation of the N-band angular sizes is largely governed by thevariations of the opa
ity and the geometri
al extension of the mole
ular layers (C2H2 and HCN)and the dust shell (amC + SiC).Figure 1.7 shows the sket
h of an AGB star with regions resolved by interferometri
 instru-ments.1.3.1 Envelope geometryIt has been shown that many AGB stars already show asymmetri
 brightness distribution a
rosstheir stellar disk and 
ir
umstellar envelope (Ragland et al., 2006). The observations of envelopesof AGB stars studied with high angular resolutions (few milliar
se
) using opti
al interferometry
ould help us understand the origin of the breaking point toward the strongly asymmetri
 PN.These asymmetries 
an appear due to the non-isotropi
 
hara
teristi
s of the expulsion of thestar matter (Weigelt et al. 2002), (Monnier et al., 2004). Other data reveal bipolar jets whi
h
ould be related to the presen
e of a 
ompanion whi
h would be able to distort the 
ir
umstellarenvelope of these stars (Huggins, 2007). The other pro
esses leading to the asymmetri
 brightnessdistribution may in
lude the emergen
e of magneti
 �elds or large-s
ale photospheri
 
onve
tion(S
hwarzs
hild, 1975; Freytag & Höfner, 2008; Bali
k & Frank, 2002; Kwok, 2008)We brie�y note, that the extended CSE display one or more of the three most 
ommon masermole
ules: SiO, H2O, and OH based on the abundan
es of the parti
ular maser spe
ies. Theradial maser distribution in the CSE 
an be investigated by radio interferometry. SiO masersappear 
loser to the star in the stellar atmosphere, while the masing mole
ules H2O and OHlie further out at larger distan
es of the stellar wind region. An atlas of AGB stars envelopes,
ompiled from radio interferometry observations at resolution of a few ar
se
, shows that 30%of the AGB stars display envelope geometries strongly departing from spheri
al geometry (Neriet al., 1998). 11



1. INTRODUCTION

H2O Maser3

(20-50 R⭑)

OH Maser3

(200-500 R⭑)

Figure 1.7: A sket
h of the atmosphere and 
ir
umstellar environment of AGB star whi
h illustratesthe di�erent regions that 
an be resolved and investigated using AMBER, MIDI at the VLTI and VLBI.(Image 
ourtesy of ESO)
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Chapter 2Opti
al Interferometri
 Observationsat the VLTIThe following 
hapter summarizes the basi
 prin
iples of interferometry. For a 
omplete introdu
-tion to opti
al interferometry the reader is referred to 
omprehensive reviews by Lawson (2000),Monnier (2003) and Quirrenba
h (2001). Most of the following 
ontent is adapted from thesepubli
ations and from the VLTI Summer S
hool in 2006 and the pro
eedings of the Mi
helsonSummer Workshop in 1992, and the theses of Tristram (2007) and Ratzka (2005).2.1 Basi
s of Opti
al Interferometry2.1.1 Mono
hromati
 point sour
eFigure 2.1 represents a model of two-aperture interferometer with two identi
al apertures A1and A2. The apertures are lo
ated at three-dimensional positions x1 and x2, separated by adispla
ement B = x1 � x2, known as the baseline. A single 
elestial point sour
e is lo
ated atrelative position S from the interferometer. Ea
h aperture is pointing in the dire
tion that is givenby the unit ve
tor �s = S/|S|. After approximation, the sour
e is 
onsidered as mono
hromati
with wavelength λ, and with a su�
ient distan
e from the interferometer that the phase-front ofthe in
ident opti
al radiation �eld is planar. The angular frequen
y of the plane wave is ω = 2πν.The �eld at positions ~xA and ~xB is given by
~EA = ~EA,0 e

i~k~xA−iωt (2.1)
~EB = ~EB,0 e

i~k~xB−iωt (2.2)
= ~EB,0 e

i~k~xA+i~k ~B−iωt (2.3)where ~k = -k~s= 2π/λ · ~s= ω/
 · ~s is the wave ve
tor and λ is the wavelength. Without lossof generality, the 
ommon phase 
an be omitted, hen
e13



2. OPTICAL INTERFEROMETRIC OBSERVATIONS AT THE VLTI
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Figure 2.1: S
hemati
 sket
h of an astronomi
al interferometer. Light from the target is inter
epted bythe two teles
opes, is relayed to the delay lines, and mixed in the beam 
ombiner see Figure 2.2) (adaptedfrom Hani�, 2007)

Figure 2.2: A s
hemati
 sket
h of two possible ways to interfere the light. Mi
helson re
ombiner - thebeam is 
ombined in the pupil plane (left), Fizeau re
ombiner - the beam is 
ombined in the image plane(right). See text for details.
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2.1. Basi
s of Opti
al Interferometry
~EA = ~EA,0 e

−iωt (2.4)
~EB = ~EB,0 e

ik~s ~B e−iωt (2.5)(2.6)This means that the phase shift between the signal and the two apertures is determined bythe di�eren
e in opti
al path, ~s · ~B. The light is then propagated along the path via mirrors anddelay lines, with total lengths dA and dB towards the dete
tor. This introdu
es an additionalrelative phase and the ele
tromagneti
 �elds be
ome:
~EA = ~EA,0 e

ikdA e−iωt (2.7)
~EB = ~EB,0 e

ikdB e−ik~s ~B e−iωt (2.8)In 
ontrast to radio interferometers, opti
al or infrared dete
tors measure only a time-averagedintensity Idet = ∣

∣

∣

~E
∣

∣

∣

2
= ~E · ~E⋆ of the total ele
tri
al �eld ~E= ~EA + ~EB

Idet = (~EA + ~EB) · ( ~E⋆
A + ~E⋆

B) (2.9)
= ~E2

A,0 + ~EA,0
~EB,0 e

ik(dA−dB+~s ~B) ~EA,0
~EB,0 e

−ik(dA−dB+~s ~B) + ~E2
B,0 (2.10)

= Ia + IB +
√

IAIB · 2 cos [k (dA − dB + ~s ~B)] (2.11)
= Isrc(ηA + ηB + 2

√
ηAηB · cos kδ) (2.12)where the identity 2 cosα=eiα +e−iα was used. In order to take into a

ount the di�erentintensities IA = ηAIsrc = ∣

∣

∣

~EA

∣

∣

∣

2 and IB = ηBIsrc = ∣

∣

∣

~EB

∣

∣

∣

2 of the beams from the two teles
opes,e.g. due to a di�erent size of the teles
opes or the di�erent transmission 
hara
teristi
s of theopti
al elements, the fa
tors ηA and ηB were introdu
ed. The opti
al path di�eren
e (OPD) isgiven by δ= dA - dB +~s ~B.Both, 
hanging the external opti
al delay, ~s · ~B (OPDextern), e.g. by 
hanging the pointing ofthe teles
ope or the position of the sour
e, and the internal opti
al delay d = dA − dB (OPDintern),e.g. by shifting the so-
alled opti
al delay lines leads to an os
illation of the intensity Idet. Theos
illations are known as interferometri
 fringes.Resolution of an InterferometerThe angular resolution of an interferometer 
an be estimated by applying the Rayleigh 
riterion.A se
ond sour
e at ~S′ is resolved, when the peak of the fringe pattern for the �rst sour
e fallsinto at least the �rst minimum on the fringe pattern of the se
ond sour
e. This means that thetwo fringe patterns are shifted by half a wavelength with respe
t to ea
h other.
k (d + ~s ~B) = k (d + ~s ′ ~B) + π (2.13)15



2. OPTICAL INTERFEROMETRIC OBSERVATIONS AT THE VLTIThis 
an be simpli�ed to
(~s − ~s ′) ~B =

λ

2
(2.14)where k = 2π/λ was used. The left side of the equation 
an be rewritten with the baselineproje
ting on the separation ve
tor ~ζ = ~s − ~s′, that is (~s − ~s′) ~B= ζBproj, where Bproj is aproje
ted baseline. For the resolution of the interferometer we obtain

ζRayleigh =
λ

2Bproj
(2.15)Alternatively, the resolution 
an be de�ned as the inverse of the spatial frequen
y of the fringepattern, that is,

ζfringe =
λ

Bproj
(2.16)Beam CombinationInterferometri
 
ombination of in
oming beams 
an be divided into two 
lasses a

ording to themethod of the beam 
ombination. Fizeau Interferometers (Image-Plane) 
ombine the beams inthe image plane (Fig. 2.2). The fringes are produ
ed by dire
tly fo
ussing the beams onto thedete
tor. This is very similar to Young's experiment. Mi
helson Interferometers (Pupil-Plane)superimpose the 
oplanar in
oming beams by using a beam 
ombiner (half-
oated mirror).After passing the beam 
ombiner, the two ele
tri
al �elds are given by

~E1 =
√
t ~EA +

√
r ~EB e

i π
2 ~E2 =

√
r ~EA e

i π
2 +

√
t ~EB (2.17)The phase shift ei π

2 is introdu
ed by the re�e
tion on the half-silvered mirror. The fa
tors r and
t are the 
oe�
ients for re�e
tion and for transmission of the intensities IA and IB respe
tively.The intensities measured by the dete
tors are given by:

I1 = tIA + rIB + 2
√

tIArIB · sin kδI2 = rIA + tIB + 2
√

rIAtIB · sin kδ (2.18)Be
ause the two output beams have the opposite phase, they 
an be subtra
ted from one another:
I = I1 − I2 = (r − t) (IA − IB) + 4

√

rtIAIB · sin kδ (2.19)
= Isrc [(r − t) (ηA − ηB) + 4

√
rtηAηB · sin kδ] (2.20)(2.21)For an ideal interferometer, ηA = ηB =1 and for a perfe
t beam splitter, r= t=0.5, so that theba
kground Iback = Isrc (r− t) (ηA − ηB) vanishes and only the interferometri
 
omponent remains:

= 4 Isrc
√
rtηAηB · sin kδ] (2.22)

= 2Isrc sin kδ (2.23)In the following, only this interferometri
 
ontribution to the total intensity I will be 
onsidered.16



2.1. Basi
s of Opti
al Interferometry2.1.2 Poly
hromati
 sour
esSo far it was assumed that the light emitted from an astronomi
al sour
e is mono
hromati
. How-ever, in reality astronomi
al sour
es emit light in a large wavelength range with a spe
tral intensity
Isrc(k) (the opti
al set-up has moreover �nite passbands ηA(k) and ηB(k)). The ele
tromagneti
waves at di�erent wavelengths are mutually un
orrelated. The interferometri
 
omponent of theintensity is then the integral over all wave numbers.

Iint =

∫

4 Isrc(k)
√

r(k)t(k)ηA(k)ηB(k) · sin kδ dk (2.24)Assuming a wavelength-independent intensity, a perfe
t beam splitter, and an ideal interfer-ometer with a bandpass in the form of a top hat fun
tion 
entered at k0 and with a width ∆k,the fa
tors ηA(k) and ηA(k) are then given as
ηA(k) = ηB(k) = η(k) =







η0 for k0 − ∆k/2 < k < k0 + ∆k/2

0 else. (2.25)
Iint then takes form

Iint = 2I0η0

∫ k0+∆k/2

k0−∆k/2
sin kδdk (2.26)The integration gives

Iint = 2I0η0∆k sin k0δ
sin(∆k/2 · δ)

∆k/2 · δ (2.27)
= 2Ibp sin k0δ sin c (∆k/2 · δ) (2.28)where Ibp = I0η0∆k is the total 
olle
ted power in the bandpasses.Fringes are observed only if the opti
al delay δ is smaller then the 
oheren
e length Λcoh

Λcoh =
λ2

0 − ∆λ2/4

∆λ
≈ λ2

0

∆λ
, (2.29)where the approximation is valid for ∆λ≪ λ.If the interferometri
 signal is dispersed with a spe
tral resolution of R=λ0/∆λ, then Λcoh =Rλ0 −

λ0/4R.The sin
 fun
tion is the Fourier transform F [η(k)] of the spe
tral �lter fun
tion η(k). This istrue for all shapes of bandpasses and sour
e intensities, i.e.
Iint = 2Ibp sin k0δF [η(k)](Λcoh, δ) (2.30)2.1.3 Extended sour
esMost of the astronomi
al sour
es emit light at di�erent wavelengths, but additionally they arenot pure point sour
es as well. An extended sour
e 
an be then des
ribed as a superposition ofpoint sour
es whi
h are mutually in
oherent: 17



2. OPTICAL INTERFEROMETRIC OBSERVATIONS AT THE VLTI
Iint =

∫

4I(~s)
√
rtηAηB sin (k(d − ~s ~B)) d~s (2.31)

=
2
√
rtηAηB

i
[eikd

∫

I(~s) e−ik~s ~B d~s − e−kd

∫

I(~s) eik~s ~B d~s] (2.32)The two integrals 
an be interpreted as two-dimensional Fourier transforms of the intensitydistribution I~s:
I( ~Bproj/λ) =

∫

I(~s) eik~s ~B d~s =

∫

I(~s)e2πi~s ~B
λ d~s = F [I(~s)]( ~Bproj/λ) (2.33)

= Ĩ( ~Bproj/λ) eiφ( ~Bproj/λ) (2.34)The 
omplex number of the Fourier transform is expressed as the absolute value Ĩ and thephase φ, both fun
tion of spatial frequen
y ~u = ~Bproj/λ. The Fourier transform of a real fun
tion,like the intensity distribution I~s is Hermitian:
I(−~u) = Ĩ(−~u) eiφ(−~u) = Ĩ(~u) e−iφ(~u) = I⋆(~u) (2.35)This essentially means that, if two teles
opes are ex
hanged, only the phase 
hanges its sign.

V(~u)= I(~u) is 
alled the 
omplex visibility. The normalized visibility is a real number:
V (~u) =

|V(~u)|
|V(~0)|

=
Ĩ(~u)

Ĩ(~0)
(2.36)where Ĩ(~0) =

∫

(~s)e2πi~s~0 d~s = Isrc is the total �ux of the sour
e. V(~0)= 0 is by de�nition 0, and
Iint 
an be then written as

Iint = 2
√
rtηAηB · [

eikd

i
· Ĩ(~u) · e−iφ(~u) − e−ikd

i
· Ĩ(~u) · eiφ(~u)] (2.37)

= 4
√
rtηAηB · Ĩ(~u) · sin (kd − φ(~u)) (2.38)

= 4
√
rtηAηB · Isrc · V ( ~Bproj/λ) · sin (kd − φ( ~Bproj/λ)) (2.39)and it 
an be determined for unknown delay d and phase from the interferometri
 �ux Iint via

V ( ~Bproj/λ) =
|Iint|

4
√
rtηAηB · Isrc

(2.40)2.1.4 Sour
e morphologiesThe normalized visibility V (Bλ) de�ned in the previous se
tion is the normalized Fourier transformof the brightness distribution of the sour
e I(~s). This relation is 
alled the van Cittert-Zerniketheorem. We 
an now 
al
ulate the expe
ted visibility for an arbitrary baseline and an arbitrarymorphology of the sour
e. If (r, q) are orthogonal angular 
oordinates on the sky with r measured18



2.1. Basi
s of Opti
al Interferometryparallel to the proje
ted baseline ~Bproj and q normal to it, then
Iproj(r) =

∫

I(r, q)dq (2.41)and (u, v) are the 
oordinates des
ribing the spatial frequen
ies u and v of the brightness distri-butions. We 
an relate the u an v to the baseline ve
tor ~B : u = Bu/λ, v = Bv/λ where Buand Bv are the proje
tion on the baseline ve
tor on the two axes. We de�ne r = sqrtu2 + v2.In the following the basi
 examples of brightness distribution will be dis
ussed.Point sour
eThe intensity I0 of the point sour
e, lo
ated at a position x0, 
an be mathemati
ally des
ribed bya Dira
 δ-fun
tion:
I(x) = I0δ(x− x0) (2.42)The Fourier transform of the δ fun
tion is a 
onstant. The normalized visibility is given by

V (Bλ) = 1 (2.43)the sour
e remains unity independent on the length of the baseline, that means, independent ofthe spatial frequen
y.Uniform diskOne of the important basi
 morphology is a uniform 
ir
ular disk of angular diameter θ. A uni-form disk is often used as a �rst approximation to model the visibility fun
tion of resolved stars.The integrated intensity distribution I(x) is a semi-ellipse, and it is mathemati
ally des
ribed by:
I(x) =















I0

√

1 −
(

2x
θ

) for − θ
2 < x < θ

2

0 else. (2.44)The Fourier transform gives the 
orresponding visibility
V (Bλ) =

∣

∣

∣

∣

2J1(πθBλ)

πθBλ

∣

∣

∣

∣

, (2.45)where J1(x) = (2π)−1
2π
∫

0

cos(τ − xsinτ)dτ is the Bessel fun
tion of the �rst kind of the order 1.The fun
tion has several roots, where the phase jumps by 2π.Gaussian distributions
I(x) = I0 exp

(

− 4 ln 2

σ2
x2

) (2.46)19



2. OPTICAL INTERFEROMETRIC OBSERVATIONS AT THE VLTIThe Fourier transform of a Gaussian distribution is again a Gaussian distribution, and it is givenby
V (Bλ) = exp

(

− (πθBλ)2

4 ln 2

) (2.47)The fun
tion of the uniform disk will be used in following Se
tion 3.3 for determination of thediameter of the 
alibration star. In the Chapters 5� 9 a uniform disk and a Gaussian distributionwill be used for the �rst estimation of the diameter of s
ien
e obje
ts.2.2 ESO Infrared InterferometersIn the following se
tions, infrared interferometers at Paranal Observatory will be des
ribed inmore detail. Most of the following 
ontent is adapted from the VLT White Book (ESO, 1998).A broader overview of VLTI instruments and subsystems 
an also be found in Wittkowski et al.(2005) and Wittkowski et al. (2007). The following is meant to be a brief summary of basi
information and pro
edures involved in interferometri
 observations with the VLTI instrumentsMIDI and AMBER, whi
h were used for a
quiring data presented in this thesis.

Figure 2.3: A sket
h of the VLTI platform. The sket
h show four unit teles
opes, from the left toright UT1 (Antu), UT2 (Kueyen), UT3 (Melipal), and UT4 (Yepun) and the four auxiliary teles
opes.Operating instruments are listed above ea
h unit teles
ope. The VLT survey teles
ope (VST) is lo
atedbetween UT3 and UT4. The interferometri
 laboratory is lo
ated in the middle of the platform. Therails in the foreground used to move the auxiliary teles
opes are indi
ated in dark gray (Image 
ourtesyof ESO).2.2.1 Paranal ObservatoryThe European Southern Observatory (European Organization for Astronomi
al Resear
h in theSouthern Hemisphere, ESO) is an intergovernmental organization for astronomi
al resear
h in-20



2.2. ESO Infrared Interferometersvolving 16 
ountries that built and operate the La Silla Paranal observatory. The Paranal Obser-vatory 
onsists of four Very Large Teles
opes (VLT), the Antu teles
ope, the Kueyen teles
ope,the Melipal teles
ope, and the Yepun teles
ope organized in an array formation. Ea
h of the UnitTeles
opes (UTs) has a primary mirror of 8.2 m in aperture 
ontrolled by a
tive opti
s (Noetheet al. 2002). Additionally, the four UTs are a

ompanied by four smaller movable AuxiliaryTeles
opes (ATs) with primary mirrors of 1.8 m aperture. All teles
opes are lo
ated on the CerroParanal mountain at 2,635 m altitude mountain in the Ata
ama Desert in the Republi
 of Chile.Paranal Observatory lies at 24◦ 40′ S, 70◦ 25′ W in northern Chile, one of the driest pla
es onEarth. The Observatory is situated 12 km from the sea, with the 
losest 
ity of Antofagasta130 km away. The ex
eptional 
limati
 
onditions without light pollution or dust from industrymakes this pla
e ideal for astronomi
al observations.

Figure 2.4: A sket
h of the lo
ation of the individual teles
opes stations. The labels 1 � 4 indi
ate thelo
ations of the four 8 m unit teles
opes (UTs). The auxiliary teles
opes (ATs) 
an be lo
ated on any ofthe VLTI stations represented by the small 
ir
les. Stations E0, G0, and G1 are indi
ated in the image.(Image adapted from Glindemann et al., 2000).2.2.2 The VLTIThe prin
ipal role of the VLT (UTs) is to operate the teles
opes independently. However, the UTsor ATs 
an work together in an interferometri
 mode as a single, large, 
oherent interferometri
instrument. The VLT Interferometer (or VLTI) 
ombines light from multiple teles
opes, andis 
apable of rea
hing very high angular resolutions by simulating a virtual teles
ope with alarge aperture. The angular resolution is set by the baseline 
on�guration. The interferometri
mode using UTs is about 10% per
ent of the observational time. Interferometry with the UTs is
ondu
ted mostly during bright time (
lose to the Full Moon). AT teles
opes are dedi
ated tofull-time interferometri
 measurements. A large number of stations for the ATs are available ina non-redundant way providing a large number of baseline 
on�gurations. The longest distan
ebetween two ATs is ∼ 200 meters and ∼ 130 meters for the UTs. The position of the teles
ope21



2. OPTICAL INTERFEROMETRIC OBSERVATIONS AT THE VLTIstations is shown in Figure 2.4 The VLTI instruments and their operation are fully integrated,hiding the 
omplexity of the interferometry to the regular users. This makes the interferometri
observations simpler to prepare and exe
ute. Nevertheless, the user has to be aware of the
omplexity of the pro
ess during the analysis and interpretation of the data.2.2.3 Instruments at the VLTIThe opti
al/infrared interferometri
 fa
ilities o�ered by the VLTI have made it worldwide the�rst general user interferometer for the astronomi
al 
ommunity. The VLTI 
onsists of two maininstruments, AMBER and MIDI, performing observations at near- and mid-infrared wavelengths.The VLTI also in
ludes the VINCI instrument, the VLT Interferometer Commissioning Instru-ment operating in the K -band - de
ommissioned (Kervella et al., 2003), the PRIMA fa
ility, theInstrument for Phase-Referen
ed Imaging and Mi
roar
se
ond Astrometry 
overing J, H, K andN -band (van Belle et al., 2008), and the FINITO Fringe-tra
king Instrument of NI
e and TOrinooperating in the H -band. The VLTI is equipped with a set of additional subsystems in
luding atip/tilt system, the System for Tip-tilt Removal with Avalan
he Photodiodes STRAP (Bona

iniet al., 2000), and with the Adaptive Opti
s system MACAO on the UT, the Multi Appli
ationCurvature Adaptive Opti
s (Arsenault et al., 2003). IRIS stands for InfraRed Image Sensor andmeasures the tilt of up to 4 beams following fast guiding. All these subsystems permit to improvethe sensitivity of the observations. The VLTI in
ludes the delay lines in the delay line tunnel,and the interferometri
 laboratory where all the interferometri
 instruments are lo
ated.

Figure 2.5: MIDI in the interferometri
 laboratory (Image 
ourtesy of ESO).First fringes with VINCI were observed in Mar
h 2001. Regular MIDI/UT observations startedat period P73 (Apr 2004 - Sep 2004), and at P76 (O
t 2005 - Mar 2006) the �rst observations withMIDI/ATs and AMBER/UTs were made. They were 
omplemented by FINITO with AMBERfor ATs at P80 (O
t 2007 - Mar 2008), and UTs at P82 (O
t 2008 - Mar 2009). In the sameperiod the �rst fringes with the PRIMA instrument were obtained. Regular observations with22



2.2. ESO Infrared InterferometersPRIMA are planned for 2012. The main instruments are des
ribed in more detail in the followingse
tions. The instrument des
riptions, the user do
umentations, the template manuals, linksto data redu
tion software and 
ookbook for all VLTI instruments 
an be found on the ESOweb-site1.2.2.4 The MIDI Instrument at the VLTIThe MID-infrared Interferometri
 instrument (MIDI) at the VLTI 
ombines two beams in thepupil plane (Mi
helson re
ombiner). The light is 
olle
ted either from two VLT Unit-Teles
opes(UTs), or two VLT Auxiliary-Teles
opes (ATs). The spe
tros
opi
 opti
s provide raw visibilitiesat di�erent wavelengths within the N -band 
overing wavelengths of 7�13 µm. The instrumentprovides spe
tral resolutions of R=30 or R=230. MIDI (Fig. 2.5) bene�ts from the whole VLTIinfrastru
ture in
luding delay-lines, beam-
ompressors, et
. The UTs are equipped with MACAOadaptive opti
s that guarantees 
lose to di�ra
tion-limited image quality for targets brighterthan V=17. The ATs with STRAP tip-tilt 
orre
tors permit a limiting magnitude for guiding ofV=13.5. The MIDI instrument was built through a 
ollaboration of several European institutes.The MIDI 
onsortium 
onsists of 12 institutes mostly from the Netherlands, Germany, and Fran
e.The prin
ipal investigator of the instrument is Christoph Leinert (Leinert et al., 2003). The "�rstfringes" were obtained in De
ember 2002.

Figure 2.6: AMBER in the interferometri
 laboratory (Image 
ourtesy of ESO).2.2.5 The AMBER Instrument at the VLTIThe AMBER instrument (Fig. 2.6) - the Astronomi
al Multi-BEam 
ombineR (Petrov 2007) -at the VLTI is an interferometri
 beam 
ombiner that 
ombines beams from three teles
opes inthe image plane (Fizeau re
ombiner). It operates at near-infrared wavelengths 
overing the J,H, and K bands (1-2.5 µmm). The AMBER proje
t is a 
ollaboration between �ve institutes:Departement Fresnel de l'Observatoire de la C�te d'Azur (Ni
e, OCA, Fran
e), Departement1http://www.eso.org/s
i/software/pipelines/ 23



2. OPTICAL INTERFEROMETRIC OBSERVATIONS AT THE VLTId'Astrophysique de l'Universitaire de Ni
e - Sophia Antipolis (Ni
e, UNSA, Fran
e), Laboratoired'Astrophysique de l'Observatoire de Grenoble (Grenoble, LAOG, Fran
e), Max-Plan
k Institutfur Radioastronomie (Bonn, MPIfR, Germany), Osservatorio Astro�si
o di Ar
etri (Firenze, OAA,Italy) with 
ontributions from other institutes.AMBER o�ers spe
trally dispersed visibilities for three di�erent spatial frequen
ies (3 base-lines) and one 
losure phase. The instrument 
urrently o�ers High Resolution mode HR (R∼12000)in the K -band (HR-K), Medium Resolution MR (R∼1500) in the K - and H -band (MR-K, MR-H)and Low Resolution LR (R∼30) in the K -, H -, and J - band (LR-K and LR-HK). The �eld ofview of AMBER is limited to the Airy disk of ea
h individual aperture, i.e. 250 mas for the ATsand 60 mas for the UTs in the K band. The highest angular resolution for the longest baseline(200 m) using ATs is rea
hing 2 mas in the K -band, and using UTs the limiting angular resolutionis 3 mas. In the J -band the limiting values are approximately halved. Sin
e P80 (O
t 2007 -Mar 2008) VLTI is o�ering for ATs AMBER together with FINITO that extended the limitingmagnitude Kmag=5. At P82 (O
t 2008 - Mar 2009) this 
ombination was also o�ered for UTS,and the 
urrent limiting magnitude in the K -band is Kmag=7.5.

Figure 2.7: Sket
h of the opti
al layout of MIDI. The light 
oming from the VLTI delay lines enters fromthe left. It passes the MIDI internal delay lines and it enters the 
old box. After reimaging, the light is
ombined in the beam 
ombiner and then passes through a �lter or a dispersive element in order to rea
hthe dete
tor. (Image 
ourtesy of ESO).Elements of the MIDI interferometri
 instrumentThe elements of the MIDI instrument are illustrated Figure 2.7. The instrument is 
omposed oftwo main parts, the warm opti
al ben
h and the 
old opti
al ben
h. The light path within MIDI
an be summarized as follows:The 
ollimated beams from the teles
opes are in the warm opti
al ben
h 
ompressed by the VLTIBeam-Compressors. The opti
al path di�eren
e between the beams is introdu
ed by piezo-drivenroof mirrors. Ea
h pass generates one interferogram - a "s
an". The beams then enters the24



2.2. ESO Infrared Interferometers
ryostat (
old opti
al ben
h) where most of the opti
s is 
ooled down to several tenths of K toinsulate from the environmental thermal radiation. After passing through the pupil-stops, wherethermal radiation from the ba
kground and stray-light are redu
ed, the beams are fo
used onto the �eld-stops. The beam-
ombination is done 
lose to the pupil plane. The beams 
an be
ombined either in the HIGH SENS mode or in the SCI PHOT mode. In the HIGH SENS mode,with no simultaneous photometri
 measurement of beams before the 
ombination, the beam split-ters are not inserted into the light path and the photometry is observed after the interferometri
signal. Separated photometri
 measurements of both beams are re
orded by blo
king, �rst thelight from one (beam A), then from the other teles
ope (beam B), and re
ording a few thousandobje
t frames with an exposure time of a few ms. In higher pre
ision the SCI PHOT mode allowsa simultaneous measurements of the photometri
 and interferometri
 
hannels. The beam 
om-biner extra
ts the photometry 
hannels from the two beams (30% extra
tion), and the remainderis interfered to produ
e two 
hannels with the interferometri
 signal. The beams are spe
trally�ltered, dispersed by the GRISM or PRISM dispersive element inserted in the light path. Thedete
tor is 
hara
terized by a fast frame readout, in order to deal with the atmospheri
 
oheren
etime, and also to minimize the instrument/sky ba
kground.

Figure 2.8: Sket
h of the AMBER instrument. The light enters the instrument from the left and ispropagating from left to right until the raw data are re
orded on the dete
tor (left). AMBER re
onstitutedimage from the raw data re
orded during the 3-teles
ope observation. DK 
orresponds to a dark region,Pk are the verti
ally dispersed spe
tra obtained from ea
h teles
ope, and IF is the spe
trally dispersedinterferogram (right). Image 
ourtesy of Tatulli et al. (2007).Elements of the AMBER interferometri
 instrumentThe elements of the AMBER instrument are des
ribed in the following se
tion (Fig. 2.8).In order to produ
e high a

ura
y measurements it is ne
essary to spatially �lter the in
omingbeams. Ea
h of them is for
ed to 
ontain only a single 
oherent mode separated for J, H, K. Spatial�ltering 
hanges the phase �u
tuations of the atmospheri
 turbulent wavefront into intensity�u
tuations. To a
hieve su
h a high �ltering quality, single mode opti
al �bers are used. Atthe output of the �bers, a set of three 
ollimated and parallel beams form a non-redundant setup. The beams are fo
used by a 
ommon opti
al element in an Airy pattern 
ontaining fringes(beam 
ombination in the image plane). The Airy pattern 
ontains Young fringes with spa
ingspe
i�
 to ea
h baseline. This allows the separation of the interferograms in Fourier spa
e. Inorder to minimize dete
tor noise ea
h spe
tral 
hannel is 
on
entrated in a single 
olumn of pixelsby 
ylindri
al opti
s. After being anamorphosed by the 
ylindri
al opti
s, the Airy disk goes25



2. OPTICAL INTERFEROMETRIC OBSERVATIONS AT THE VLTIthrough the spe
trograph slit. This standard long-slit spe
trograph has three di�erent spe
tralresolutions of: Prism, LR mode, 30; MR grism, MR mode, 1500; HR grism, HR mode, 12000. Itmust be 
ooled down to ∼ �60◦C, in
luding an image plane 
old stop and a 
old pupil mask. Thefringes are dispersed by the spe
trograph on a two dimensional Ro
kwell/HAWAI I dete
tor with1024 x 1024 pixels, where only one 512 x 512 pixel quadrant is used. The dete
tor is 
ooled byliquid nitrogen to 78 K. The spe
tral width of the dete
tor is 0.8 µm - 2.5 µm. The photometri
signals 
orresponding to the three in
oming beams and the interferometri
 signal are always takensimultaneously. These signals are taken for ea
h elementary frame and in ea
h AMBER spe
tral
hannel, i.e. in ea
h 
olumn of the dete
tor. A fra
tion of ea
h beam is 
olle
ted before the beam
ombination and sent through the dispersive element to the dete
tor to monitor the photometryvariations.2.3 Observation2.3.1 Preparing observationsAfter de�ning the s
ienti�
 goal, it is ne
essary to 
hoose the best target 
andidates for theobservations. To prepare interferometri
 observations, the following steps are required. Most ofthe following 
ontent is based on Morel (IOT overview), Malbet (2002), Per
heron (2008).First, it is ne
essary to 
larify whi
h region of the obje
t and whi
h 
hara
teristi
s need to be toinvestigated. If baselines are imposed by ESO for a 
ertain period, the angular size of the targetis the next important determining fa
tor, and it has to be suitable for the 
hosen instrument &baseline. After 
hoosing the most appropriate VLTI instrument, AMBER or MIDI, the targetmust satisfy parameters dire
tly related to the instrument. It is ne
essary to verify the feasibilityof the observations in
luding: brightness at K band, brightness at H - band (in 
ase of usingFINITO), brightness in V for the o�-axis guide star (AMBER), and brightness at N band (MIDI).This involve re
ommended 
orrelated magnitudes. On a

ount of requested spe
tral resolution, it
an be 
hosen the observational mode. For an absolute visibility 
alibration 
al-s
i-
al sequen
eis re
ommended, for relative visibility 
al/s
i pairs are su�
ient. All fundamental information forthe preparation of VLTI observations are listed on the ESO web-pages in
luding dedi
ated toolsVisCal
 and CalVin.The uv 
overage and VisCal
The uv plane represents the proje
tion of the distan
e and 
on�guration of the teles
opes - base-lines in the Fourier plane. The 
oordinates of this plane u and v are given by the spatial frequen
iesBλ=Bproj/λ, and their axes are oriented in the same dire
tion as right as
ension R.A.=α andde
lination De
.=δ. The inverse Fourier transform of the visibility and phase measurements at theuv points give an intensity brightness distribution of the obje
t at these positions. The goal is tomeasure visibility and phase at as many di�erent positions as possible (Fig. 2.9). This is a
hievedby adding more points to the uv plane. In
reasing the uv 
overage, so 
alled aperture synthesis,helps to re
onstru
t an image of the obje
t that would be observed with the hypotheti
al teles
opewith a large aperture. Aperture synthesis 
an be a

omplished either by adding measurements atdi�erent baseline 
on�gurations, or by taking advantage of the rotation of the Earth that wouldrelo
ate the proje
ted baseline with respe
t to the obje
t. However, sin
e the teles
ope time islimited, and the number of simultaneously operating teles
opes is restri
ted to 2 for MIDI and26



2.3. Observation

Figure 2.9: Coverage of the uv plane for the VLTI observations using the VisCal
.3 for the AMBER instrument, the uv tra
ks for the s
ien
e 
ase have to be 
arefully sele
ted.The VisCal
 tool is spe
ially dedi
ated to the determination of Visibility amplitude Cal
ulationand the observability of the target. The basi
 input of VisCal
 
onsists of the size, geometry andde
lination of the target and sele
tion of the instrument, observational �lter, and VLTI 
on�gu-ration. The baseline 
on�guration(s), and number of required visibility points are determined bythe s
ien
e 
ase. The 
hoi
e of teles
ope 
on�guration is in�uen
ed by the expe
ted 
omplexity ofthe obje
t. To determine the diameter of a simple spheri
ally symmetri
 obje
t, a single triangle
on�guration (3 teles
opes) is su�
ient. For an asymmetri
 obje
t it is ne
essary to 
hose ide-ally two perpendi
ular baseline 
on�gurations. With in
reasing 
omplexity of the obje
t, variousbaseline in sizes and orientations are required to re
onstru
t an image. Along with estimations ofvisibility amplitude over the night, the output of VisCal
, in
ludes pointing restri
tions o

urringdue to the altitude limit (30 deg.), the limited delay line ranges, and for some of the AT stationsshadowing e�e
ts due to the UTs et
.Choosing 
alibrators: CalVinThe visibility fun
tion on the known astronomi
al 
alibrator star is measured in order to estimatethe e�e
ts introdu
ed by the atmospheri
 turbulen
e and the distortion due to the instrumentspe
i�
ation. The pro
edure of restoring the true visibility measurements of the s
ien
e obje
t isdes
ribed in detail in Se
tion 3.3. The 
alibrator star used to 
alibrate the s
ien
e observationis sele
ted by the Prin
ipal Investigator (PI). Suitable 
alibrator stars 
an be sele
ted using theCalibrator Sele
tor CalVin, a tool designated for the sele
tion of 
alibrators from an underlying�xed list of 
alibrators. These 
alibrators are spe
ially sele
ted for the VLTI instruments (upto P86 - April 2011). The 
alibrators for the MIDI instrument have been 
hosen by the MIDI
onsortium and ESO. This sele
tion is based on Cohen stars (Cohen et al., 1999). The AMBER
alibrators are sele
ted from the Mérand-BordéÌ�Catalog des
ribed in Bordé et al. (2002) and27



2. OPTICAL INTERFEROMETRIC OBSERVATIONS AT THE VLTIMérand et al. (2005). The 
alibrator is 
hosen based on di�erent users 
riteria prede�ned in theCalVin template. The sear
h for the best 
alibrator is usually 
onstri
ted by the two main 
riteria:a distan
e between the s
ien
e obje
t and the 
alibrator, and an estimated angular diameter of the
alibrator. The diameter of the 
alibrator should be mu
h smaller than the diameter of the s
ien
eobje
t (see Ses. 3.3). The 
alibrator-s
ien
e or 
alibrator-s
ien
e-
alibrator pair have to followsome observational 
onstraints. Along with the observing 
onditions su
h as sky transparen
y,seeing or moon 
onditions, the LST range (equivalent RA) of the 
alibrator has to be within halfan hour of the LST of the s
ien
e obje
t.2.3.2 Di�erent quantities observable with the VLTI instruments MIDI and AM-BERDi�erent quantities observable with MIDI:The measured interferometri
 visibility Vlm(λ) is used to derive the following di�erent quantitiesmeasured by MIDI for ea
h baseline l-m in ea
h spe
tral 
hannel.
• Correlated �ux.
• Absolute visibility Vlm(λ) in ea
h spe
tral 
hannel (5-10% a

ura
y).
• Di�erential phase ∆Φlm(λ)

Φlm(λ) and Φlm are the phase in ea
h spe
tral 
hannel and the mean phase determined inthe full N -band region, respe
tively. The measured phase di�eren
e ∆Φlm(λ) is:
∆Φlm(λ)=Φlm(λ)-Φlm

• Spe
tra in the N band with two spe
tral resolution 30 (PRISM) and 230 (GRISM).Di�erent quantities observable with AMBER:The measured visibility Vlm(λ) and the phase Φlm(λ) is used to derive the following di�erentquantities measured by AMBER for ea
h baseline l-m in ea
h spe
tral 
hannel.
• Absolute visibility Vlm(λ) in ea
h spe
tral 
hannel (3% a

ura
y).
• Di�erential visibility Vlm(λ)/ Vlm(λ0) is the ratio of the visibility in ea
h spe
tral 
hannelto the visibility in a referen
e spe
tral 
hannel. It 
an be 
alibrated more pre
isely than theabsolute visibility to remove 
hannel-dependent e�e
ts. (1% a

ura
y).28



2.3. Observation
• Di�erential phase ∆Φlm(λ)

Φlm(λ)-Φlm(λ0) is the phase in ea
h spe
tral 
hannel minus the phase in a referen
e spe
tral
hannel. The measured phase di�eren
e ∆Φlm(λ) is the sum of:
∆Φlm(λ)=∆Φlm∗(λ)+∆Φlma(λ)+∆ΦlmI(λ)where ∆Φlm∗(λ) is introdu
ed by the sour
e, ∆Φlma(λ) is the 
ontribution of the di�er-ential atmospheri
 refra
tion, and ∆ΦlmI(λ) is the instrumental 
hromati
 phase di�eren
ebetween the beams l and m. With a new phase di�eren
e ∆Φlm(λ):
∆Φlm(λ)=∆Φlm∗(λ)-∆Φlma(λ)+∆ΦlmI(λ)The di�eren
e eliminates the instrumental term ∆ΦlmI(λ), the atmospheri
 term ∆Φlma(λ)
an be measured on a referen
e star, and ∆Φlm∗(λ) 
an be negle
ted. The absolute phase
Φ(λ) has no meaning till the phase referen
ing equipment is available.

Figure 2.10: The basi
 prin
iple of 
losure phase measurement as applied to a simple 3-element interfer-ometer. See text for details (adapted from Hani�, 2007).
• Closure phase Φ123(λ)is a measured quantity for whi
h a minimum of three teles
opes are required. It is usedto eliminate the e�e
ts of astronomi
al seeing in opti
al and infrared observations usingastronomi
al interferometers, and it mainly measures the phase of the obje
t. Phase errorsintrodu
ed at any teles
opes in an array 
auses equal but opposite phase shifts. These shiftsare 
an
elled out in the 
losure phase (Fig. 2.10). Ea
h measured visibility phase, Φ0(i-j ),is equal to the unperturbed visibility phase, Φ(i-j ), a

ompanied by phase errors,φ(i) and
φ(j ). These errors are asso
iated with the unknown opti
al disruption above ea
h teles
opei and j. 29



2. OPTICAL INTERFEROMETRIC OBSERVATIONS AT THE VLTIThe 
losure phase is a sum of:
Φ(1-2)= Φ0(1-2)+[φ(2)-φ(1)℄
Φ(2-3)= Φ0(2-3)+[φ(3)-φ(2)℄
Φ(3-1)= Φ0(3-1)+[φ(1)-φ(3)℄When all the measured visibility phases are summed, all the errors introdu
ed by unknownopti
al paths are 
an
eled out.
Φ(1-2)+Φ(2-3)+Φ(3-1)=Φ0(1-2)+Φ0(2-3)+Φ0(3-1)

• Spe
tra in the J, H, and K band with three spe
tral resolutions 30 (LR), 1500 (MR), 12000(HR).2.3.3 Observation sequen
e for the VLTI instruments MIDI and AMBERIn the following Se
tion the observational sequen
e for the VLTI instruments AMBER and MIDIis des
ribed (based on the MIDI User Manual, (Morel et al., 2008)). All observations with theVLTI instruments are undertaken in so-
alled Observational Blo
ks (OBs). The OBs 
onsist of allne
essary information su
h as: the 
oordinates of the s
ien
e target, instrumental setup in
ludingbaseline 
on�guration, the instrumental mode, Dete
tor Integration Time (DIT), �lter, et
. Theobservation sequen
e is exe
uted using the OBs provided by the observer. In order to obtainabsolute 
alibrated values and to a

ount for instrumental losses, the same observational settingsare applied to both the s
ien
e target and the 
alibrator star.In the following the observational sequen
e is brie�y des
ribed:1. Pointing:teles
ope pointing toward the s
ien
e target using a near by guide star, and delay linepointing to the expe
ted position of 0 OPD (Opti
al Path Di�eren
es). Coudé guidingdiverts the light to the Adaptive Opti
s (AO) system MACAO (UT) or STRAP (AT). TheAO system uses a Coudé guide star for wavefront sensing. The desired spe
tral resolutionis 
hosen, as well as the wavelength range, and DIT. Internal instrument 
alibration of the
hosen instrument 
on�guration is 
ondu
ted (P2VM for the AMBER instrument)2. Image optimization:For the interferen
e of the beams the images from the teles
opes are aligned to overlap.The ba
kground images are obtained by the standard 
hopping te
hnique (MIDI). During
hopping, alternating images of the target and sky are observed. This is done by tiltingthe se
ondary mirror. After subtra
ting the frames, ideally, only the �ux from the targetremains. Sin
e 2006 image optimization uses IRIS in the interferometri
 laboratory tostabilize the beam position.3. Fringe sear
h:On
e the beams are overlapping, the light is 
ombined in the beam 
ombiner, and spe
trallydispersed by the PRISM or GRISM (MIDI). Two interferograms of opposite phase arere
orded by the dete
tor. Chopping is not needed for the interferometri
 measurements as30



2.4. MIDI data redu
tion MIA+EWSthe ba
kground is un
orrelated and 
an
els out during the data redu
tion. The fringe signalis sear
hed by s
anning the OPD over a few mms by moving the tra
king delay lines. Theexpe
ted position of the 0 OPD is determined by using a model. If FINITO (external fringetra
king) is used, the fringe tra
king is done by FINITO.4. Re
ording data:When the path di�eren
e is stabilized, 
lose to the 0 OPD, where a strong signal appears,dete
tor frames are re
orded. For a better signal, the measurements 
lose to the 0 OPDare repeated many times. Dark exposures, fringe exposures, and sky exposures are alsore
orded (for AMBER).

Figure 2.11: Graphi
al User Interfa
e (GUI) of MIA in
luding: histogram of mean opti
al path di�er-en
es, mean opti
al path di�eren
e in the OPD panel, signal and noise s
ans (spe
tral power vs. spatialfrequen
y), histogram of fourier amplitudes, fringe amplitudes vs. s
an number in the fourier fringeamplitude.2.4 MIDI data redu
tion MIA+EWSData redu
tion of the VLTI/MIDI data is provided by two main data redu
tion pa
kages: theExpert Work Station (EWS) and the MIDI Intera
tive Analysis (MIA). Both pa
kages arepubli
ly available2 and are distributed as a single program pa
kage �MIA+EWS �. The pa
kage
onsists of C-routines that 
arry out most of the 
omputation, and IDL front-ends. The IDLroutines 
he
k the input (sele
t the data), and then 
all shell s
ripts that 
all a whole set ofC-routines. Finally, the IDL routines visualize the data. The MIA power spe
trum analysis is anin
oherent method to determine the fringe amplitude. MIA is developed by Rainer Köhler. EWSuses a 
oherent method, and was written by Walter Ja�e.2http://www.strw.leidenuniv.nl/ neve
/MIDI/ (Köhler, 2005)31



2. OPTICAL INTERFEROMETRIC OBSERVATIONS AT THE VLTIThe following outline the steps of data redu
tion pro
es (based on Ratzka (2005); Tristram(2007):
• CompressionA mask is applied to ea
h frame. The masks are spe
i�ed for data taken in the HIGH_SENSmode and PRISM or in the SCI_PHOT mode and GRISM. The program adds up the pixelsin the y-dire
tion (spatial). This 
onverts ea
h two-dimensional frame into a one-dimensionalspe
trum.
• Formation of fringes and high-pass �lterThe interferometri
 
hannels are initially out of phase 
ompared to ea
h other. The 
om-pressed data �le of the two interferometri
 
hannels are subtra
ted from ea
h other, in orderto get the fringe signal. This removes the ba
kground by almost 90%. Then the high-pass�lter is applied, redu
ing the sky and instrumental ba
kgrounds.
• Fourier transform (F.T.) to 
ompute 
omplex visibilitiesThe known instrumental OPD is removed, and F.T. applied. The data then be
omes 
om-plex
• Coherent redu
tion (EWS )Group delay analysisThe FFT of the output from the previous step sear
hes for the group delay. Several framesare averaged together in order to suppress the image peak and in
rease the S/N.
• Form aligned framesThe Group Delay and the instrumental delay are removed simultaneously from the originalframe.
• EditingIn this step, unreliable frames are dropped out. Two 
riteria should be a

omplished.There is a maximum allowable distan
e between tra
king OPD and the Group delay OPDdepending on the used spe
tral resolution. A large OPD jump in the estimate of the GroupDelay signi�es substantial OPD variation during that integration.
• Coherent averageTo estimate the 
omplex dispersed visibility, all reliable frames are averaged together.
• In
oherent redu
tion (MIA)The total power methodEa
h fringe s
an is transformed from delay spa
e to frequen
y spa
e by Fourier transform.The power spe
trum has two peaks. Their position and form is de�ned by the wavelengthpresent in the band and the rate of the OPD 
hanges. The raw 
orrelated �ux 
orrespondsto the integrated power inside the 
orre
t frequen
y interval. However, the �u
tuations (sky,ampli�er gain, photon noise et
.) still need to be 
orre
ted. To estimate these �u
tuations,at the start of the observations a few frames are taken o�-fringe.32



2.5. AMBER data redu
tion yori


Figure 2.12: Masked photometry signal.
• Photometry (EWS+MIA)The photometry is done in the same manner forMIA and EWS analysis. O�- and on- sour
eframes measured by standard 
hopping are averaged separately. The target frames and thesky frames are afterwards subtra
ted from ea
h other. This leads to four spe
tra IA,1, IB,1,IA,2, IB,2, - where sub-s
ript A and B represent ea
h teles
ope and 1 and 2 represents ea
hside of the beam splitter. The 
reated mask is identi
al to that used for 
omputing thevisibilities.
• NormalizationThe averaged visibility is at this point divided by the masked geometri
 mean photome-try. This is 
alled the raw visibility. This result is still un
alibrated for the instrumen-tal/atmospheri
 e�e
ts. The instrumental e�e
ts are zeroed by 
alibrating the s
ien
e visi-bilities with the 
alibrator visibilities.
• CalibrationThe whole 
alibration pro
ess is done in the same way for the s
ien
e target and for the
alibrator. The EWS analysis o�ers internal 
alibration. The output gives: 
alibrated visi-bility and phase, and 
alibrated photometry with and without mask (in Jy). The programalso produ
es posts
ripts �les with plots of those parameters.2.5 AMBER data redu
tion yori
The latest version of the amdlib pa
kage (version 2.0 beta 2b) and the yori
k interfa
e providedby the AMBER 
onsortium and the Jean-Marie Mariotti Center3 is available for data redu
tionof the AMBER data. The amdlib pa
kage 
onsists of C routines (basi
 routines used for allAMBER data redu
tion pa
kages in
luding the ESO AMBER pipeline). A yori
k pa
kage 
alls3http://www.mariotti.fr/data_pro
essing_amber.html33



2. OPTICAL INTERFEROMETRIC OBSERVATIONS AT THE VLTIthe routines to visualize the data and the results.Raw visibility and 
losure phase values 
an be 
omputed using the following data redu
tionpro
edures (based on Tatulli et al. (2007)):1. Cosmeti
 
orre
tions in the raw data
• Loading of the Bad Pixel Map (BPM)
• Loading of the Flat Field Map (FFM)
• Spatial distortions, Wavelength 
alibration
• Computation of the Pixel-to-Visibility Matrix (P2VM)
• Calibration of the '
arrying waves'2. Computing visibility values
• Dete
ting fringes
• Fitting of amplitude and phase of the 
omplex 
oherent �uxes
• Corre
tion for biases
• Cal
ulation of piston values using 
ross spe
tra
• Computation of unbiased V2 values
• Computation of phase 
losures3. Frame sele
tion
• De�nition of 
riteria to sele
t the 'best' frames (piston, fringe S/N, �ux ratio)
• Visibility 
alibration

34



2.5. AMBER data redu
tion yori

 
AMBER.2006−01−24T02:22:03.141_OIDATA_AVG
Target : GXMon
Exposure time (s): 0.0500
Observing date: 2006−01−24T02:22:03.1402
Observations category: SCIENCE
Observation type: OBJECT
Air mass: 1.237
Seeing ("): 1.00
Coherence time (s): 0.002907
Central wavelength ( µm): 2.100
Grating order: 1
Instrumental mode: 3Tstd_Medium_K_1_2.1
Spectral shift 1: 1.700000
Spectral shift 2: 2.100000
Spectral shift 3: 0.000000
BCD: OUT
Telescope 1: U1
Telescope 2: U2
Telescope 3: U3
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Figure 2.13: Output from the yori
 interfa
e.
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Chapter 3Data Calibration
The following Chapter outlines the pra
ti
al pro
essing of the a
quired data. The data 
onsist ofmulti epo
h interferometri
 observations of four oxygen-ri
h Mira variables RR Aql (April 2004� July 2007), S Ori (February 2006 � Mar
h 2009), GX Mon (February 2006 � April 2008), andR Cn
 (De
ember 2008 � Mar
h 2009). Se
tion 3.3 brie�y summarizes the data 
alibration theory,and Se
tions 3.4 and 3.5 des
ribe in detail the data 
alibration pro
edures applied to the largesample of data redu
ed within this thesis. This in
ludes the monitoring of ambient 
onditionsduring the observations and the sele
tion of suitable 
alibrators. The se
tions also 
ontain a
omparison of di�erent data redu
tion methods as well as a 
omparison of di�erent 
alibrationapproa
hes and their impa
t to the quality of the a
quired data. The presented pro
edures wereused for all observing runs used in this thesis.3.1 Introdu
tionLong Baseline Interferometry is a powerful method allowing an ex
eptionally high angular res-olution from the ground. However, as all opti
al te
hniques based on ground based teles
opes,infrared interferometry is also strongly a�e
ted by atmospheri
 turbulen
e. The sites for buildingthe interferometers are 
arefully sele
ted to minimize possible limitations 
aused by the atmo-spheri
 e�e
ts. Along with 
hoosing a site with ex
ellent quality for interferometri
 observations,the a

ura
y of the measurements 
an be improved by using various te
hniques su
h as adaptiveopti
s (AO), fringe tra
king, and data 
alibration.Adaptive opti
s (AO) is a te
hnology that redu
es the e�e
t of wavefront distortions by im-proving the performan
e of opti
al systems. The distortion of the �at wavefront of the light
oming from the obje
t is 
ompensated after measurement from several wavefront sensors. Be-
ause s
ien
e targets are often too faint, a nearby brighter guide star (or as an alternative a laserbeam) 
an be used instead. The wavefront perturbation in ea
h pixel is 
al
ulated on a times
aleof a few millise
onds. To 
orre
t the wavefront errors introdu
ed by the atmosphere, the pixe-lated map of the wavefronts is fed into the deformable mirror, and the shape of the surfa
e ofthe mirror is reshaped a

ordingly to 
orre
t the distortions. The system keeps the image of the37



3. DATA CALIBRATIONguide star or any other obje
t always at the maximum image sharpness a
hievable by the mirror.The VLT Interferometer (VLTI) uses a 60 elements 
urvature adaptive opti
s system MACAO,(Multi-Appli
ation Curvature Adaptive Opti
s). MACAO is operating at the Coudé fo
us of ea
h8.2 m VLT Unit Teles
ope. This system 
orre
ts the distortions of the light beams before theyare dire
ted towards the 
ommon fo
us at the VLTI, and thus in
rease enormously the sensitivityresulting in the higher e�
ien
y of the VLTI.The FINITO (Fringe-tra
king Instrument of NI
e and TOrino) is signi�
antly improving thelimiting magnitude of the VLTI instruments. FINITO measures the opti
al path di�eren
e (OPD)variation between the light beams. An error signal of the piston disturban
es introdu
ed by at-mospheri
 turbulen
e is sent over short periods of time to the OPD Controller whi
h in returnsends a 
orre
tion signal to the delay lines. The output beams have nearly ideal �at wavefronts.Residual errors from AO are translated into beam intensity �u
tuations by the spatial �lteringpro
ess. FINITO operates in the H -band (λ = 1.65 µm, ∆λ = 300 nm) as a three beam fringetra
ker. FINITO supports the 
losure phase measurement 
apability. It signi�
antly improvessensitivity and a

ura
y of ea
h VLTI instrument (AMBER, MIDI) by in
reasing their 
oher-ent exposure time from few millise
onds to several minutes. The system 
ompensates for thetransversal and longitudinal atmospheri
 dispersion by 
ombining the 
ollimated beams from twoor three teles
opes at a time. The full potential of FINITO is a
hieved when observing at thehighest spe
tral resolution. The 
urrent limiting magnitude for the faintest obje
t observed usingthe large teles
opes (UTs) at the VLTI is 7.5 in the near infrared (Kcorr = Kmag - 2.5log10(V),where V is the Visibility of the obje
t). At mid-infrared wavelengths, the limiting magnitude ofthe VLTI is 4 (1 Jy at 12µm), signi�
antly fainter than at the near-infrared.One of the most 
ru
ial steps in the data pro
essing is the data 
alibration. Good data
alibration is important and 
an signi�
antly improve the quality and a

ura
y of s
ienti�
 results.The 
alibration partly redu
es the in�uen
e of atmospheri
 turbulen
e as well as e�e
ts 
aused bythe te
hni
al spe
i�
ations of the instrument. These sour
e of perturbations in
lude: wavefronterrors introdu
ed by ea
h of the apertures, the �u
tuations of OPD between two apertures,me
hani
al vibration, and the polarization e�e
ts in the instrument. These perturbations 
ausefringe variations and smears the fringes. This leads to underestimated measured visibility. Inorder to a

ount for visibility losses and to determine the absolute �ux values for ea
h s
ien
etarget, astronomi
al 
alibrator stars with known �ux and diameter values are observed. A moredetailed des
ription of the data 
alibration is des
ribed in Se
tion 3.4.3.2 Monitoring of Ambient ConditionsFor the data 
alibration, all 
alibrator data sets observed with the same instrumental setup asour s
ien
e target were redu
ed in this work. The data were 
olle
ted during the same nightusing the same stations. The 
alibrator data sets in
lude publi
ly available data taken by otherprograms observed over the night. The number of available 
alibrator stars per night depends onthe number of 
alibrator stars observed with the same instrumental setup as our s
ien
e target.During ea
h night the ambient 
onditions for all the observations were 
arefully monitored.Figure 3.1 shows examples of the ambient 
onditions for two nights of our observations of the Miravariable RR Aql (Se
tion 5). The observations were 
ondu
ted on 10/04/2004 and 01/04/2008.The Figures show the DIMM (Di�erential Image Motion Monitor) seeing (�) (top left), airmass(bottom left), relative humidity (%) (top right), and 
oheren
e time (bottom right) as a fun
tion38



3.2. Monitoring of Ambient Conditions

Figure 3.1: Ambient 
onditions for two nights with di�erent number of available 
alibrators observed inthe same mode as our s
ien
e target RR Aql. The panels in
lude the DIMM (Di�erential Image MotionMonitor) seeing (�) (top left), airmass (bottom left), relative humidity (%) (top right), and 
oheren
e time(bottom right) as a fun
tion of the time of observation. The 
alibrator stars are indi
ated by numbersfrom 1 to the number of 
alibrators observed during the spe
i�
 night. The s
ien
e target is indi
ated by0. 39



3. DATA CALIBRATION

Figure 3.2: Transfer fun
tion (TF) as a fun
tion of ambient 
onditions for two nights with di�erentnumber of available 
alibrators observed in the same mode as our s
ien
e target RR Aql. The panelsin
lude the TF as a fun
tion of DIMM (Di�erential Image Motion Monitor) seeing (�) (top left), airmass(bottom left), relative humidity (%) (top right), and 
oheren
e time (bottom right). The 
alibrator starsare as well as in the previous panels indi
ated by numbers from 1 to the number of 
alibrators observedduring the spe
i�
 night. The s
ien
e target is indi
ated by 0.40



3.3. Visibility and Photometry Calibration - theoryof the time of observation. The 
alibrator stars are indi
ated by numbers from 1 to the number of
alibrators observed during the spe
i�
 night. The s
ien
e target is indi
ated by 0. The numbersassigned to the 
alibrator stars are not organized in any spe
ial order. However, the �rst twonumbers are reserved for the main 
alibrators (de�ned by the Prin
ipal Investigator (PI)). These
alibrators are 
lose on sky and observed immediately before or after our s
ien
e target. Thenumbers are assigned to remaining 
alibrator stars as they were observed during the night. Thevalues of the ambient 
onditions are mostly used to indi
ate the quality of the atmosphere duringthe observations. If the measured seeing, humidity, airmass, and 
oheren
e time were signi�
antlydi�erent for a 
alibrator star 
ompared to our s
ien
e target, or/and 
onstraints due to the windor 
louds o

ur, the 
alibrator star was either omitted from further analysis or the 
alibratedvisibility values and photometries were pro
essed with more attention. Vi
e versa, for dates withunexpe
ted (lower/higher) visibility or photometry values, the ambient 
onditions were 
he
kedin more detail. The observations presented here were 
ondu
ted in Servi
e Mode (SM) or VisitorMode (VM).3.3 Visibility and Photometry Calibration - theoryIn the following Se
tion we will fo
us in more detail on the theoreti
al pro
ess of the data 
alibra-tion. The observed visibility and �ux di�er from the real values due to perturbations introdu
edeither by the atmospheri
 
onditions or by the instrument itself. In order to re
onstru
t the truevalues we 
alibrate the data by using astronomi
al 
alibrators. The 
alibrator stars are ideallybright obje
ts in the used wavelengths without showing any pe
uliar spe
tral features, with adiameter giving an instrumental response like a point sour
e. This is a theoreti
al idealization.For real observations we have to make some 
ompromises, and to relax some of the 
onstrains.Calibrated s
ien
e target visibility were 
al
ulated using the instrumental transfer fun
tion(TF). The theoreti
al 
alibrator is a point sour
e. The instrumental response to this 
alibratorstar in terms of visibility should be unity. The theoreti
al Transfer Fun
tion of the instrument is:
TF2 =

V 2
meas

1
(3.1)where V 2

meas is the squared visibility observed on the 
alibrator star and 1 is unity, the theo-reti
al visibility of a point sour
e.The visibility fun
tion of the point sour
e is not 
hanging in any observed wavelength. Toful�ll the 
ondition to �nd a bright point sour
e brings us to one of the 
ompromises. The point-like sour
es are far from the observer, and on the other side available bright stars do not behaveas point sour
es. One has to 
hose a 
alibrator star, whi
h is at least brighter than the s
ien
etarget, and/or to 
hoose a 
alibrator star whi
h is rather bright, but slightly larger than a pointlike sour
e. This obje
t is assumed to be unresolved by the interferometer. The typi
al size ofthe 
alibrator is less than a few milli-ar
se
ond. The Transfer Fun
tion in that 
ase is:
TF2 =

V 2
meas

V 2
theor

(3.2)41



3. DATA CALIBRATIONwhere V 2
meas is the squared visibility observed on the 
alibrator star and V 2

theor is the theoreti
alvisibility expe
ted for the observation of the 
alibrator star in the absen
e of turbulen
e andinstrumental e�e
ts. It is de�ned as a Uniform Disk with a known diameter:
V 2

theor = 2J1
πΘBλ

πΘBλ
(3.3)where J1 is 1st order Bessel fun
tion, Bλ is a radial spatial frequen
y (Se
tion 2.1.4), and Θis the known diameter.In order to re
eive the same response from the dete
tor and opti
s of the instrument, a main
alibrator is sele
ted from 
alibrator stars with a spe
tral type similar to the s
ien
e target.However, the requirement for a similar spe
tral type as the s
ienti�
 target will not allow us to
hoose a 
alibrator brighter than the obje
t. Also the requirement of the same spe
tral type 
anintrodu
e some unwanted spe
tral features. To avoid a variation of the system, in
luding boththe atmospheri
 turbulen
e and variation introdu
ed by the instrument, the 
alibrator star isobserved either immediately before and/or after the s
ien
e target. The 
alibrators 
hosen forindividual s
ien
e targets are observed not only 
lose in time, but also 
lose on sky to re
eivethe wavefront from both obje
ts passing through the same atmosphere. This 
onstraint 
annotas well be always ful�lled as the sky 
overage of su
h bright, non-multiple, non-variable obje
tswith a known diameter is rather limited. The instrumental settings (proje
ted baseline, positionangle) are as well the same for both obje
ts.For the determination of the 
alibrated s
ien
e target visibility spe
tra, two intensities areused Igeo (after applying the same mask for both s
ien
e and 
alibrator data), and Iarit. Igeo isthe total �ux 
omputed as a geometri
 mean of the intensities, in order to a

ount for a possibleinequality of the two beams from the two teles
opes (see Se
t. 2.1.1).

Igeo =
√

IA1IB1

√

IA2IB2 (3.4)
= 2

√
rtηAηBIsrc (3.5)

= f Isrc (3.6)where for ea
h teles
ope A and B, and for ea
h side of the beam spliter 1 and 2 is:
IA1 = tηAIsrc (3.7)
IA2 = rηAIsrc (3.8)
IB1 = rηBIsrc (3.9)
IB2 = tηBIsrc (3.10)where r and t are the 
oe�
ients for re�e
tion and for transmition of the intensities IA and

IB. The fa
tors ηA and ηB are taking into a

ount the di�erent intensities of the beams from thetwo teles
opes. Isrc is the intensity of the sour
e.The raw 
orrelated �ux is determine a

ording to:42



3.3. Visibility and Photometry Calibration - theory

Figure 3.3: Instrumental visibility as a fun
tion of the wavelength 8�13µm. The panels show transferfun
tions for di�erent 
alibrators and the un
alibrated visibility of the s
ien
e target. The observed
alibrators are listed in the bottom of the panels with 
orresponding 
olors. The s
ien
e target is indi
atedin red. The top panel shows all available 
alibrators per spe
i�
 night. The bottom panel shows 
alibratorswithout the omitted ones overplotted by the average of transfer fun
tions of all sele
ted 
alibrators withthe error bars 
omputed as the standard deviation of the sele
ted transfer fun
tions.
Icor = fIsrcV (3.11)where f = 2

√
rtηAηB is a fa
tor 
orre
ting for the inequalities of the beams.The total �ux Iarit is determined (without applying the mask) as arithmeti
 mean of the �uxesfrom ea
h of the beams from the two teles
opes

Iarit =
1

2
(IA1 + IA2 + IB1 + IB2) (3.12)

=
1

2
(r + t)(ηA + ηB)Isrc (3.13)

≈ Isrc (3.14)The raw visibility as a fun
tion of wavelength is determined a

ording to:43



3. DATA CALIBRATION
Vraw(λ) =

Icor
Igeo

(3.15)Calibrated s
ien
e target visibility spe
tra were 
al
ulated:
Vcalibr(λ) =

Vraw,sci(λ)

VTF(λ)
(3.16)

=
Vraw,sci(λ)

Vraw,cal(λ)
Vtheor,cal(λ) (3.17)where VTF(λ) is the transfer fun
tion (eq: 3.2).

3.4 Visibility CalibrationIn this thesis, all the interferometri
 data was pro
essed as des
ribed in the following se
tion. Themeasured instrumental transfer fun
tions are trended using ambient 
ondition data. Figure 3.2shows examples of the transfer fun
tion as a fun
tion of ambient 
onditions for two nights ofour observations of the Mira variable RR Aql (Se
tion 5). The observations were 
ondu
tedon 19/04/2005 and 10/04/2004. The Figures show the Transfer Fun
tion (TF) as a fun
tionof DIMM Seeing (�) (top left), Airmass (bottom left), Relative Humidity (%) (top right), andCoheren
e Time (bottom right). The 
alibrator stars are again indi
ated by numbers from 1 tonumber of 
alibrators, and the s
ien
e target is indi
ated by 0 as previously for the plots of theambient 
onditions versus time of observations.The Transfer Fun
tion for ea
h 
alibrator star was 
omputed a

ording to Equation 3.2.The TFs were plotted versus the visibility amplitude of the s
ien
e target. The top panel ofFigure 3.3 shows an example of the instrumental visibility amplitude as a fun
tion of wavelength(10/04/2004). Ea
h 
alibrator is indi
ated by a 
ertain 
olor 
orresponding to the 
olor anda
ronym of the 
alibrator as well as the number of the 
alibrator written on the bottom of ea
hplot. The numbers are again 
orresponding to the numbers introdu
ed in the plots of the ambient
onditions. The error bars are given by the measured un
ertainties. Calibrators with values ofinstrumental visibility larger than unity, 
alibrators with very noisy values and large error bars, oron the other hand 
alibrators with very low unexpe
ted values 
ompare to the other 
alibratorsare reje
ted from our further analysis. The bottom panel of Figure 3.3 shows the same plotwithout the omitted 
alibrators.In this thesis, visibility spe
tra were 
al
ulated by using two approa
hes. In the �rst 
ase theinstrumental transfer fun
tion was derived as an average of transfer fun
tions from all available
alibrators (after elimination of out of range instrumental fun
tions). This means that all 
alibra-tors were observed during the same night with the same teles
ope 
on�guration and instrumentalmode as our s
ien
e target. The errors of these transfer fun
tions are given by the standarddeviation of all transfer fun
tion measurements per night.44



3.4. Visibility Calibration

Figure 3.4: Instrumental visibility as a fun
tion of the wavelength 8�13µm. The panel shows transferfun
tions for di�erent 
alibrators and the un
alibrated visibility of the s
ien
e target. The observed
alibrators are listed in the bottom of the panels with 
orresponding 
olors. The s
ien
e target is indi
atedin red. The panel shows 
alibrators without the omitted ones overplotted by the transfer fun
tion of main
alibrator(s)(while Figure 3.3 shows the average of transfer fun
tions of all sele
ted 
alibrators), with theerror bars 
omputed as the standard deviation of all sele
ted transfer fun
tions.

Figure 3.5: Instrumental visibility as a fun
tion of the wavelength 8�13µm. The panel shows the
omparison of transfer fun
tions and un
alibrated visibilities of the s
ien
e target derived by the MIA(green) and EWS (red) data redu
tion pro
edures. The error bars are available only for the EWS analysis.Figure 3.3 shows the average transfer fun
tion (indi
ated by the thi
k bla
k line) and the
orresponding error bars. To estimate the un
ertainty of the transfer fun
tions for nights whenonly one 
alibrator was available, we used typi
al values based on nights when many 
alibratorstars were observed.In the se
ond 
ase the instrumental transfer fun
tion is given by the main 
alibrator deter-mined by the PI. In the 
ase where two 
alibrators were observed immediately before and afterthe s
ien
e target, the instrumental transfer fun
tion is given by the average of these two main
alibrators. In both 
ases the errors of su
h transfer fun
tion are given by the standard deviation45



3. DATA CALIBRATION

Figure 3.6: Visibility amplitude as a fun
tion of the wavelength 8�13µm. The panel shows the 
omparisonof 
alibrated visibilities derived by 
alibrating the data using all 
alibrators or only the main 
alibrator(s).The basi
 observational setup is also listed in the panel.

Figure 3.7: Visibility amplitude as a fun
tion of the wavelength 8�13µm. The panel shows the 
omparisonof 
alibrated visibilities derived by MIA (green), EWS (red), and our data redu
tion (blue) pro
edureswith the 
orresponding error bars. The basi
 observational setup as well as main and omitted 
alibratorsare also listed in the panel.of all transfer fun
tion measurements per night. This transfer fun
tion is again indi
ated by thethi
k bla
k line plotted over the transfer fun
tions (Fig. 3.3).Both methods, MIA and EWS, for the data redu
tion were applied to independently verifythe data redu
tion results. Figure 3.5 shows an example of the instrumental visibility for thes
ien
e target and an average transfer fun
tion of the 
alibrator derived from both data redu
tionmethods (10/04/2004). The green line without indi
ation of error bars 
orrespond to the MIAanalysis. The red line indi
ates the EWS analysis with 
orresponding error estimates.Figure 3.6 shows an example of the resulting visibility amplitudes as a fun
tion of wavelengthderived from the two approa
hes des
ribed above. The red line represents the 
alibrated s
ien
e46



3.5. Flux Calibrationtarget visibility spe
tra 
omputed with a transfer fun
tion obtained as an average from all transferfun
tions, and the green line represents the 
alibrated spe
tra 
omputed using the main 
alibra-tor (or using an average from two main 
alibrators). In the plot, the teles
ope 
on�guration, theground distan
e between the teles
opes, the visual pulsation phase of observations, the positionangle, and the proje
ted baseline length are spe
i�ed. Results from all observations were 
arefully
he
ked and analyzed. Apart from a few ex
eptions the obtained 
alibrated visibilities 
orrespondto ea
h other, and in the following we 
hose to use the results from all transfer fun
tions. Su
hex
eptions in
lude days when the main 
alibrator and the s
ien
e target was observed in 
learlydi�erent ambient 
onditions.The visibility spe
tra were also 
ompared in terms of the in�uen
e of the two di�erent dataredu
tion approa
hes. Figure 3.7 shows an example of the resulting visibility amplitude as afun
tion of wavelength derived from MIA (green line), EWS (red), and the results produ
ed byintegrated EWS 
alibration pro
edure (blue). Details of the observations, in
luding the a
ronymof the main 
alibrator and omitted 
alibrators from the average of all the transfer fun
tions, areagain spe
i�ed in the plot. The obtained data redu
tion values 
orrespond to ea
h other for allthe observations. We 
hose to use in the following the results derived from the EWS analysis,whi
h o�er error estimations.The �nal errors on the observed visibilities are mostly systemati
, and in
lude the error of the
oheren
e fa
tor of the s
ien
e target and the 
alibrators, the adopted diameter errors, and thestandard deviation of the transfer fun
tion over the night. The error estimate is 
omputed as:
ewsvis err =

√

(
fcal

ctscal
ctssci err)2 + (

ctsscifcal

cts2cal
ctscal err)2 + (

ctssci
ctscal

fcal err)2 (3.18)3.5 Flux CalibrationThe 
alibrated 
orrelated �ux is 
omputed as:
Fcor(λ) =

Icor,sci
Icor,cal

Fcal (3.19)where Ftot is the 
orrelated �ux in Jansky, Icor,sci is de�ned a

ording to Equation 3.11. Fcalis the spe
trum of the 
alibrator in Jy.The 
alibrated total �ux is 
omputed as:
Ftot(λ) =

Iarit,sci
Iarit,cal

Fcal (3.20)where Ftot is the total �ux in Jy, Iarit,sci is previously (eq: 3.14) de�ned as an arithmeti
 meanof a one-dimensional photometry, one for ea
h teles
ope A, B and side of a beam spliter 1 and 2.
Ical,arit is the same for 
alibrator. Fcal is the spe
trum. The Iarit,sci, Iarit,cal are 
ounted in ADU47



3. DATA CALIBRATION(Analog-to-Digital 
onverter Unit), and Fcal in Jy.

Figure 3.8: The �ux in Jy as a fun
tion of wavelength. This shows an example of the absolutely
alibrated spe
trum for 
alibrator HD 165135, and the new s
aled spe
trum for 
alibrator HD 4128 wherethe absolutely 
alibrated spe
trum was not dire
tly available.Absolutely 
alibrated spe
tra are available in Cohen et al. (1999) for most 
alibrator stars. Ifthe absolutely 
alibrated spe
trum was not dire
tly available in Cohen, IRAS, or other sour
e, weused instead a spe
trum of a 
alibrator with similar spe
tral type and similar e�e
tive temperature(see the instrument 
onsortium's 
atalog1). The spe
tra of su
h 
alibrators were s
aled with theIRAS �ux at 12 µm to the level of our 
alibrator.
Fnew =

FCohen

FCohen(12µm)
Fnew(12µm) (3.21)where Fnew is the s
aled spe
trum of our 
alibrator, FCohen is the Cohen spe
trum, FCohen(12

µm) is the IRAS �ux of the Cohen's 
alibrator with known spe
trum, and Fnew(12 µm) is theIRAS �ux of our 
alibrator. Figure 3.8 shows the �ux in Jy as a fun
tion of wavelength. Itshows an example of the absolutely 
alibrated spe
trum for 
alibrator HD 165135, and the news
aled spe
trum for 
alibrator HD 4128 where the absolutely 
alibrated spe
trum was not dire
tlyavailable. In addition, we veri�ed that our syntheti
 spe
tra obtained by this pro
edure are validby s
aling known spe
tra of two Cohen 
alibrators.Figure 3.9 shows the Photometry in ADU/s as a fun
tion of wavelength. It shows an exampleof observations (23/06/2006) where two s
ien
e targets were observed during the same night (the1http://www.ster.kuleuven.a
.be/∼tijl/MIDI_
alibration/m

.txt48



3.5. Flux Calibration

Figure 3.9: Photometry in ADU/s as a fun
tion of wavelength 8�13µm for two observations of the sames
ien
e target observed during the same night (thi
k lines). The re
eived �ux is similar for both teles
opesA and B (thin dotted lines, the 
olors 
orresponds to the individual s
ien
e targets).

Figure 3.10: Photometry in ADU/s as a fun
tion of wavelength 8�13µm for two observations of thesame s
ien
e target observed during the same night (thi
k lines). The re
eived �ux is di�erent for bothteles
opes A and B (thin dotted lines, the 
olors 
orresponds to the individual s
ien
e targets).green and red line for ea
h s
ien
e target). The beams from teles
ope A and B are indi
ated bydotted lines with 
orresponding 
olors. The thi
k line represents the average of observations fromea
h teles
ope. Figure 3.10 shows an example of observations (20/07/2005) where as well twos
ien
e targets were observed. During this night, the �ux in 
ounts re
eived by ea
h teles
opedi�ers by up to 42%. However, the �nal averaged values 
orrespond to ea
h other for both s
ien
etargets. Figure 3.11 shows an example of observations (29/07/2004) where the ambient 
onditionswere very unstable. There have been also restri
tions due to the ex
eeding limits for the speed ofthe wind. Five s
ien
e targets were observed during the same night. Ea
h of the s
ien
e targetsis indi
ated by a di�erent 
olor. The observations show very in
onsistent values. Results basedon su
h nights had to be 
arefully pro
essed.Generally, the �ux of the observed photometri
 standard stars ranges from a few Jansky tomore than 100 Jy (see Fig. 3.12). The Figure shows total photometry in Jy as a fun
tion of49



3. DATA CALIBRATION

Figure 3.11: Photometry in ADU/s as a fun
tion of wavelength 8�13µm for �ve observations of the sames
ien
e target observed during the same night (thi
k lines). The re
eived �ux is di�erent for all observationsand also for both teles
opes A and B (thin dotted lines, the 
olors 
orresponds to the individual s
ien
etargets).

Figure 3.12: Total photometry in Jy as a fun
tion of wavelength 8�13µm for 14 
alibrator stars.wavelength. It shows an example of observations (23/06/2006) where 14 
alibrator stars wereobserved. As well as for the s
ien
e target re
eived 
ounts for ea
h 
alibrator 
an be as wellin�uen
ed by the ambient 
ondition or other instrumental variation.Analogous to visibilities, photometri
 data were 
ompared using two di�erent approa
hes forthe 
omputation of the total photometry: an average 
ounts from all 
alibrators versus results us-ing the main 
alibrator. Figure 3.13 shows an example of the total photometry in Jy as a fun
tionof wavelength (20/07/2005). The red line represents results derived using all available 
alibratorsobserved during the same night. The green line represents the total photometry derived using themain 
alibrator, and the blue line shows in 
omparison the result from EWS integrated 
alibra-tion. The errors are 
omputed as: 50



3.5. Flux Calibration

Figure 3.13: Total photometry in Jy as a fun
tion of wavelength 8�13µm for the s
ien
e target. Thepanel shows the 
omparison of total photometry derived by the MIA (green) and EWS (red) data redu
tion(blue) pro
edures with the 
orresponding error bars. The basi
 observational setup as well as the mainand omitted 
alibrators are also listed in the panel.

Figure 3.14: Total photometry in Jy as a fun
tion of wavelength 8�13µm for the s
ien
e target. Thepanel shows the 
omparison of total photometry re
eived from teles
ope A and B with the 
orrespondingerror bars. The basi
 observational setup as well as the main and omitted 
alibrators are also listed in thepanel.
Ferr =

√

(
fcal

ctscal
ctssci err)2 + (

ctsscifcal

cts2cal
ctscal err)2 + (

ctssci

ctscal
fcal err)2 (3.22)The proje
ted baseline length, the position angle, the visual pulsation phase of observations,the teles
ope 
on�guration, and the ground distan
e between the teles
opes are again spe
i�ed inthe plot. In the following, the photometry results are derived using one or two main 
alibratorsobserved 
lose on sky and in time 
ompared to the s
ien
e target. In a few 
ases, when theatmospheri
 absorption was strongly a�e
ting the spe
tra around 9.5µm, we used another similar
alibrator instead of the main 
alibrator observed in the same night with the same �ux level.51



3. DATA CALIBRATIONThe previous �gures show the total photometry derived as a 
alibrated arithmeti
 mean fromtwo teles
opes A and B ea
h of them split by the beam spliter to the beam 1 and 2. Figure 3.14shows an example of the total photometry in Jy as a fun
tion of wavelength where the red linein the plot represents the 
alibrated arithmeti
 mean from the beam spliter of teles
ope A andthe green line represents the 
alibrated arithmeti
 mean from the beam spliter of teles
ope B(20/07/2005). The bla
k line indi
ate the average of these two results after the 
alibration. Bothapproa
hes lead to the same results.All di�erent approa
hes were done for all individual observations.The visibility and photometry beyond 12 µm of the 
alibrators often exhibit a random behaviordue to the low signal to noise ratio in this range. Some of the values are out of realisti
 range.The resulting 
alibrated visibility and photometry show therefore in several 
ases a�e
ted valuesin the wavelength range between 12 to 13 µm. This e�e
t should be taken into a

ount.
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Chapter 4
Modeling
This 
hapter des
ribes in detail the modeling approa
h applied to the data within this thesis.Se
tions 4.1�4.2 are theoreti
al introdu
tions, and Se
tion 4.4 is a pra
ti
al appli
ation introdu
ingthe modeling of our data. We modeled the stellar atmosphere and 
ir
umstellar envelope usingbasi
 models of a Uniform Disk (UD) and a Gaussian pro�le, as introdu
ed in Se
tion 2.1.4.These models were applied to both AMBER and MIDI observations. Se
tion 4.1 introdu
es thedynami
 model atmospheres developed by Hofmann et al. (1998); Bessell et al. (1996); Irelandet al. (2004a,b), and the 
ontent of the Se
tion is based on these referen
es. We used thesemodels for modeling the AMBER data (Se
. 6.3). Se
tion 4.2 outlines the radiative transfermodeling of the 
ir
umstellar dust shell. Dynami
 model atmospheres representing the 
entralsour
e and the dust shell in a self-
onsistent way are still very rare. This is parti
ularly truefor oxygen-ri
h stars. Nevertheless, some advan
es in this domain have already been su

essfullya
hieved (Ireland & S
holz, 2006; Höfner & Andersen, 2007; Ireland et al., 2008; Höfner, 2008).In this work we used for the MIDI data (
hapters 5�9) the best possible modeling approa
h ofa 
ombination of an ad-ho
 radiative transfer model des
ribing the dust shell where the 
entralsour
e is represented by available and established dust-free dynami
 model atmosphere series,as introdu
ed by (Wittkowski et al., 2007) (Se
. 4.3). In Se
tion 4.4 we perform simulationsusing this modeling approa
h in order to investigate the theoreti
al photometry and visibilityvariations. These tests are divided into three se
tions. In the �rst se
tion the atmosphere of thestar is modeled with the sili
ate being the main 
omponent of the dust shell. In the se
ond se
tionthe atmosphere with Al2O3 as the main 
omponent is modeled, while the last se
tion is devotedto the atmosphere of the star with a 
ombination of these two dust spe
ies. The simulationsinvestigate various dust shell parameters in
luding the opti
al depth of the investigated dustspe
ies, inner boundary radii of the dust shell, density distribution and proje
ted baselines lengthas well as theoreti
al intra-
y
le and 
y
le-to-
y
le photometry and visibility variations. Thesetests are dire
tly related to the following 
hapters (Se
tion 5 - 9) that are investigating the oxygen-ri
h Mira variables RR Aql (with sili
ate as a major 
omponent of the dust shell), S Ori (Al2O3),GX Mon (Al2O3 + sili
ate), and R Cn
 (Al2O3).53



4. MODELINGTable 4.1: Mira model series - HofmannSeries Mode P(days) M/M⊙ L/L⊙ Rp/R⊙ l/Hp Teff ∆Mbol ∆vZ f 334 1.0 6310 236 2.82 3370 1.0 36D f 330 1.0 3470 236 1.76 2900 1.0 31E o 328 1.0 6310 366 1.26 2700 0.7 15P f 332 1.0 3470 241 2.06 2860 1.3 40M f 332 1.2 3470 260 1.73 2750 1.2 42O o 320 2.0 5830 503 0.93 2250 0.5 224.1 Dust free dynami
 model atmospheresFor the interpretation of interferometri
 and spe
tros
opi
 observations of Mira variables, it is
ru
ial to 
ompare the observed data with atmosphere models based on pulsation models. Wemodeled the dust-free stellar atmosphere, in
luding the 
ontinuum-forming photosphere and over-lying mole
ular layers, using the 
omplete, self-ex
ited dynami
 model atmospheres of Mira stars.The models have been developed Hofmann et al. (1998); Bessell et al. (1996); Ireland et al.(2004a,b). The following se
tion is based on these referen
es. These models have already su

ess-fully explained observations (e.g. Hofmann et al., 2000, 2001), (Hofmann et al. 2002), (Woodru�et al., 2004), (Fedele et al., 2005). We have used the P and M series by Ireland et al. (2004a,b)and referen
es therein. The P and M series are based on nonlinear pulsation models designedto represent the prototypi
al Mira variable o Ceti presented by Bessell et al. (1996). Bessellet al. (1996) introdu
ed three series Z, D, and E. The detailed pulsating envelope stru
tures wereobtained by a three-stage pro
ess in
luding: 1-A time sequen
e of self-ex
ited pulsation modelsof the whole envelope (down to T 107 K). However, with a relatively 
oarse zoning of the outerlayers. 2- From the self-ex
ited models series the time dependen
e of radius R and luminosity Lfor a mass zone with T 4000-5000K was obtained. Afterward, these values were used as the innerboundary 
onditions for the se
ond series of pulsation model 
al
ulations with �ne mass zoningof the outer layers. 3- Sele
ted models were taken from these pulsation series and their densitystru
ture was used as input to a model atmosphere 
al
ulation. From these 
al
ulations Miraspe
tra were 
omputed.The models represent the prototype Mira variable o Ceti, and therefore have pulsation periodsvery 
lose to the 332 day period of this star. For all models, a mass of 1 M⊙ and solar abundan
eswere assumed. Two values of stellar luminosity were used. The �rst one (L = 6310L/L⊙) based onthe (Mbol, log P) relation for long period variables (LPVs) in the LMC (Feast et al., 1989; Hughes& Wood, 1990). The se
ond was 
hosen in order to give Teff = 2900 K, whi
h earlier 
al
ulation(Bessell et al., 1989; Bessell & S
holz, 1989; Wood, 1990) indi
ate as a good approximation tothe mean Teff of o Ceti. The linear pulsation 
ode of Fox & Wood (1982) was applied to 
omputethe required pulsation period of 332 days based on a range of adopted Teff values. The Teff valueswere obtained by varying the ratio l/Hp of mixing length to pressure s
ale height. The parametersof the �rst three 'parent' models are summarized in Table 4.1 In the study, both fundamentalmode and �rst-overtone models were examined. However, only the fundamental models wereable to produ
e the observed light and velo
ity amplitudes, suggesting that Mira variables arefundamental mode pulsators (Bessell et al., 1996).The �rst model series Z, D, and E were extended by Hofmann et al. (1998) by three moremodel series P, M and O, whi
h were again 
reated by series of nonlinear pulsation models. The54



4.1. Dust free dynami
 model atmospheresindividual model density stru
tures were then used as an input to a model atmosphere 
ode withwhi
h non-grey temperature stru
tures and CLV 
urves were 
onstru
ted. The pulsation of theatmospheri
 outer layers of the models used by Bessel was produ
ed by applying a piston to thesub-atmospheri
 layers. The time variation of radius and luminosity at the piston was obtainedfrom sequen
es of 
omplete self-ex
ited pulsation models that in
luded all mass from the 
ore (r
∼ 0.3 R) to the upper photosphere (τRoss ∼ 0.001). The Rosseland radius ,RRoss, is given by thedistan
e from the star's 
enter to the layer at whi
h the Rosseland opti
al depth equals unity. Thepiston 
on
ept of the Hofmann models that only 
onsiders the behavior of the outer layers, wasabandoned in the new models and the atmospheri
 stru
tures were taken dire
tly from 
ompleteself-ex
ited pulsation models. The pulsation 
ode was updated to in
lude the opa
ities produ
edby the OPAL group (Iglesias & Rogers, 1993).Table 4.2: Mira model series - Ireland - P seriesModel P + Θvis L R R1.04 Teff T1.04

(L⊙) (Rp) (Rp) (K) (K)P05 0+0.50 1650 1.20 0.90 2160 250P08 0+0.80 4260 0.74 .74 3500 3500P10 1+0.00 5300 1.03 1.04 3130 3120P11n 1+0.10 5650 1.17 1.19 2990 2970P12 1+0.23 4540 1.38 1.30 2610 2680P13n 1+0.30 3450 1.53 1.26 2310 2530P14n 1+0.40 2920 1.73 1.19 2080 2510P15n 1+0.50 1910 1.88 0.84 1800 2690P15 1+0.60 1600 1.49 0.85 1930 2560P17n 1+0.71 2100 0.76 0.75 2900 2910P18 1+0.87 4770 0.77 0.77 3520 3520P19n 1+0.90 5260 0.86 0.86 3410 3410P20 1+0.99 4960 1.04 1.04 3060 3060P21n 2+0.11 4750 1.23 1.21 2790 2810P22 2+0.18 4400 1.32 1.26 2640 2700P23n 2+0.30 3570 1.36 1.24 2470 2590P24n 2+0.40 2380 1.38 1.16 2210 2420P25 2+0.53 1680 1.17 0.91 2200 2500P27n 2+0.70 2190 0.71 0.72 3020 3010P28 2+0.83 5200 0.79 0.79 3550 3500P29n 2+0.89 4990 0.97 0.97 3180 3170P30 2+0.98 5840 1.13 1.14 3060 3050P35 3+0.50 1760 1.13 0.81 2270 2680P38 3+0.80 5110 0.78 0.78 3570 3570P40 4+0.00 4820 1.17 1.16 2870 2880The series were 
onstru
ted to reprodu
e the M-type Mira prototypes o Cet and R Leo. Thehypotheti
al non-pulsating �parent� stars have masses M/M⊙ = 1.0 (P series), 1.2 (M series),and 2.0 (O series) (The 20% in
rease in mass does imply an in
rease of ∼ 1.5 in envelope mass).Furthermore, the models have Rosseland radius Rp/R⊙ = 241 (P), 260 (M), 503 (O) and e�e
tivetemperatures Teff = 2860 K (P), 2750 K (M), and 2250 K (O). The models have again solar55



4. MODELINGTable 4.3: Mira model series - Ireland - M seriesModel Θvis L R R1.04 Teff T1.04

(L⊙) (Rp) (Rp) (K) (K)M05 0+0.49 1470 0.93 0.84 2310 2420M06n 0+0.60 2430 0.78 0.78 2860 2860M08 0+0.77 4780 0.81 0.81 3320 3320M09n 0+0.89 5060 1.30 1.03 2970 2970M10 1+0.02 4910 1.19 1.18 2750 2760M11n 1+0.11 4360 1.26 1.21 2590 2640M12n 1+0.21 3470 1.30 1.18 2410 2540M12 1+0.27 2990 1.33 1.12 2300 2500M14n 1+0.40 1670 1.17 0.91 2110 2400M15 1+0.48 1720 0.88 0.83 2460 2530M16n 1+0.60 2460 0.77 0.77 2860 2860M18 1+0.75 4840 0.81 0.81 3310 3310M18n 1+0.84 4980 0.99 1.00 3020 3010M19n 1+0.90 5070 1.08 1.09 2900 2900M20 2+0.05 4550 1.23 1.20 2650 2680M21n 2+0.10 4120 1.26 1.21 2550 2610M22 2+0.25 2850 1.27 1.40 2330 2490M23n 2+0.30 2350 1.25 1.03 2230 2460M24n 2+0.40 1540 1.09 0.87 2160 2410M25n 2+0.50 2250 0.80 0.79 2770 2780abundan
es, luminosity L/L⊙ = 3470, and a pulsation period of 332 days, 
lose to the periods ofo Cet (332 days) and R Leo (310 days). As in the Bessell study, two luminosities were 
onsidered:a value of L ∼ 6000L/L⊙ based on the (Mbol, log P) period-luminosity-relation for the LMC anda se
ond: L ∼ 3500L/L⊙ 
orre
ted to solar metalli
ity. The luminosity and mass were adoptedand the mixing length was adjusted the give the 
orre
t period in the non-adiabati
 pulsation
ode. Non-grey temperatures were 
omputed in the approximations of lo
al thermodynami
 andradiative equilibrium, i.e. instantaneous relaxation of sho
k-heated material behind the sho
kfront was assumed. The density strati�
ations were determined from sho
k driven out�ows andsubsequent infall of matter (Tej et al., 2003). The non-linear pulsation models of Mira variablesgenerally produ
e mu
h larger amplitudes than observed. In order to stabilize the limiting ampli-tude, Bessel had to introdu
e a non-physi
al damping via the α parameter. Hofmann over
omesthis problem by allowing the models to relax over a large number of 
y
les (Wood, 1995; Yaari &Tu
hman, 1995). Hofmann models, in 
omparison to the Bessel models, show substantially moreextended atmospheres and display stronger 
y
le-to-
y
le variations.In addition to the models presented by Bessel (Z, D, and E ), Hofmann (P, M and O), andTej (who extended the phase 
overage of the models), Ireland et al. (2004b,a) introdu
ed newphases of the P and M model series. The models were 
onstru
ted in the same way as in theprevious studies. The P model series of Hofmann 
overs four su

essive pulsation 
y
les. Irelandet al. (2004a,b) sele
ted two 
y
les that show a very low and a very high 
ontamination of near-
ontinuum bandpasses a

ording to Ja
ob & S
holz (2002). These models are available for 20phases in 3 
y
les for the M series, and 25 phases in 4 
y
les for the P series. Tables 4.2 and 4.356



4.2. Radiative transfer modelalso list R1.04 and T1.04 (T1.04 ∼ (L/R2
1.04)1/4). Sin
e the 1.04 µm bandpass shows very little
ontamination, R1.04 is the mono
hromati
 τ1.04 = 1 opti
al-depth radius (S
holz & Takeda, 1987;Ja
ob & S
holz, 2002). This quantity is non-observable, but it tends to be 
lose to an observableinterferometri
 �t radius. The absolute zero-point of any phase assignment is un
ertain by atleast 0.1. Ireland et al. (2004b,a) reassigned more a

urate phases to the full set of Hofmann/Tejmodels and a new set of supplementary models. This was done in order to study detailed phasee�e
ts. In the M series, the 
y
le-to-
y
le variations are mu
h less pronoun
ed 
ompared to theP series. After redu
ing mass, red giant pulsation models show in
reases in the irregularity ofthe pulsation. The model series do not in
lude dust formation. The transition region betweenthe dust-free stellar atmosphere and the dust-driven stellar wind region is a signi�
ant 
ause ofmodeling un
ertainty. There is a radius 
uto� of 5 Rp and a minimum temperature of 740 K.The temperature of about 1200 K where sili
ate grains may formed, in the 
ase of dust-free Mmodels, rea
hed at around 2 
ontinuum radii. This is true for most phases. At pre-maximumphases of the se
ond 
y
le it is about 3 
ontinuum radii. For the P series, the region rea
hing1200 K is more phase and 
y
le-dependent and ranges from around 2 to more than 4 
ontinuumradii. Corundum 
ondensation o

urs in 
omparison to sili
ate at about 1400 K. However, dusttemperatures in a dusty atmosphere tend to be higher at a given distan
e from the star 
enterthan gas temperatures in a dust-free atmosphere.

4.2 Radiative transfer modelDust shells around AGB stars have often been modeled using ad-ho
 radiative transfer 
al
ulation(see Dan
hi et al. (1994); Lorenz-Martins & Pompeia (2000); Ohnaka et al. (2005, 2006)). Forour MIDI data the dust shell surrounding the 
entral star was modeled using the Monte Carloradiative transfer 
ode m
sim_mpi (Ohnaka et al. (2006)). This se
tion brie�y des
ribes themodeling of the dust shell based on Ohnaka et al. (2006). The m
sim_mpi 
ode 
an deal withdi�erent density distributions su
h as spheri
ally symmetri
, axisymmetri
, and general three-dimensional 
ases. The m
sim_mpi 
ode 
an also model multiple grain spe
ies whi
h may havedi�erent density distributions. Dust with multiple grain sizes is treated as di�erent grain spe
ies.The 
ode also in
ludes 
al
ulation of polarization. The basi
s of the Monte Carlo te
hnique isexplained in Wolf et al. (e.g. 1999); Ni

olini et al. (e.g. 2003); Wolf (e.g. 2003). In simulation, anumber of photon pa
kets are emitted from the surfa
e of the 
entral radiation sour
e and travelthrough the 
ir
umstellar dust envelope while intera
ting with dust grains.The model spa
e is divided into many 
ells and the density and the temperature is assumed tobe 
onstant in ea
h 
ell. The initial position of a photon pa
ket on the stellar surfa
e, its dire
tion,and the frequen
y of ea
h initial photon pa
kets are randomly determined. The spe
tral shape ofthe emitted photon pa
kets should follow bla
kbody radiation of the given e�e
tive temperatureTeff . The energy of ea
h photon pa
ket is given by L⋆∆t/N, where L⋆ is the stellar luminosity, ∆tis the time interval of the simulation, and N is the total number of photon pa
kets. The photonpa
ket moves along its path, until the a

umulated opti
al depth rea
hes τν, the value 
hosen atthe beginning. Every photon pa
ket 
an pro
eed τν before the next intera
tion with dust grains(absorption or s
attering). τν is 
hosen as τν = − ln(1 - p), where p is a random number uniformlydistributed between 0 and 1. The integration of τν is performed along the path of the photon57



4. MODELINGpa
ket.
∫ Nsp

∑

i=1

ρi(r)(κv,i + σv,i)dl, (4.1)where ρi (r) is the number density of the i-th grain spe
ies at the position r, κν,i and ρ,i arethe absorption and s
attering 
ross se
tions of the i-th grain spe
ies, respe
tively, and Nsp is thenumber of di�erent grain spe
ies. If multiple grain spe
ies exist, the probability for absorption(Pabs) or s
attering (Psca) with the i-th grain spe
ies is given by
Pabs =

ρi(r)(κv,i)
∑Nsp

i=1 ρi(r)(κv,i + σv,i)
, Psca =

ρi(r)(σv,i)
∑Nsp

i=1 ρi(r)(κv,i + σv,i)
, (4.2)respe
tively. After s
attering, the new dire
tion of the photon pa
ket is determined by a randomnumber. For simpli
ity isotropi
 s
attering is assumed. After absorption, the new dire
tionis isotropi
ally 
hosen, and the new frequen
y is 
hosen based on the temperature. The �nalfrequen
y of the photon pa
ket es
aping the 
ir
umstellar envelope toward a given viewing angle,is registered within Nν frequen
y bins whi
h are distributed equidistantly in the logarithmi
 s
alebetween νmin (set to 256.3 x 1011 Hz (1000 µm)) and νmax (3 x 1015 Hz (0.1 µm)). When allphotons es
ape from the envelope, images at a given wavelength viewed from an arbitrary angle
an be 
reated by ray tra
ing. The mono
hromati
 mean intensity (Jν) and the temperature in aparti
ular 
ell is available. Jν is given by (Lu
y 1999)

Jvdv =
1

4π

1

V

L⋆

N

∑

dv

l (4.3)where V is the volume of the 
ell, for all photon pa
kets with frequen
ies in (ν, ν + dν). The
al
ulation of the intensity expe
ted for any line of sight by ray tra
ing is expressed as
Iv = I⋆

v +

∫

Sve
−τvdτv, I

⋆
v = Bv(Teff )e−τ⋆

v , (4.4)where τ⋆
ν is the opti
al depth from the observer to the stellar surfa
e along the line of sight de�nedby the viewing angle of the observer. The integration is performed along the line of sight. The I⋆

νrepresents the intensity 
oming from the 
entral star. If the line of sight does not interse
t withthe 
entral star, it is set to zero. S⋆
ν is the sour
e fun
tion. Isotropi
 s
attering is given by

Sv =

∑Nsp

i=1 ρi(r)(κv,iBv(Ti(r)) + σv,iJv(r ))
∑Nsp

i=1 ρi(r)(κv,i + σv,i)
(4.5)where Ti (r) is the temperature of the i-th grain spe
ies at the position r, and Bν (Ti (r)) is thePlan
k fun
tion of that temperature.The reliability of the m
sim_mpi 
ode was tested for spheri
ally symmetri
 
ases by 
om-parison of the results with those obtained with the DUSTY 
ode. The DUSTY 
ode is a publi
lyavailable radiative transfer 
ode (Ivezi
 & Elitzur, 1997). The spe
trum of the 
entral star isrepresented by bla
kbody radiation with an e�e
tive temperature of 3000 K. For axisymmetri

ases the m
sim_mpi 
ode was 
ompared to 
al
ulations using �ve di�erent multi-dimensional58



4.3. Modeling of the mid-infrared interferometri
 dataradiative transfer 
odes for a �attened, torus-like density distribution (Pas
u

i et al. 2004). Allthe results for both spheri
ally symmetri
 and axisymmetri
 
ases show very good agreement.4.3 Modeling of the mid-infrared interferometri
 dataThis se
tion outlines a 
ombination of an ad-ho
 radiative transfer modeling of the dust shell witha self ex
ited dust-free dynami
 model atmospheres (referred to as a �global� model) that wasused for the modeling of the mid-infrared MIDI data. From the 
omparison of the observationswith the models, fundamental stellar parameters 
an be derived. The 
omparison of measuredvisibility and photometry spe
tra with theoreti
al predi
tions also indi
ates whether any of themodels is a fair representation of observed oxygen-ri
h Mira variable stars. In the following thetheoreti
al approa
h is des
ribed, based on Wittkowski et al. (2007).The total �ux and visibility values of the �global� model are 
omputed as a simple addition ofthe 
enter-to-limb intensity variations (CLVs) of the dust-free model atmosphere of the M seriesand of the pure dust-shell. The pure dust-shell is obtained by subtra
ting the 
ontribution ofthe attenuated input radiation. The model 
overs the wavelength range 0.32 - 23 µm, and forwavelengths beyond 23 µm the sour
e is extended by a bla
kbody approximation. The total�ux values of the 
ombined atmosphere and dust shell model (�global�) were 
omputed for ea
hspe
tral 
hannel as:
ftotal = fatt

star + fdust (4.6)and the total visibility as:
Vtotal =

fatt
star

ftotal
Vstar +

fdust

ftotal
Vdust (4.7)where fatt

star represents the attenuated �ux from the dust-free model atmosphere, fdust representsthe �ux from the dust shell alone, and ftotal is the addition of these two terms. Vstar and Vdustare the syntheti
 visibilities 
omputed for the dust-free model atmosphere and for the dust shell,respe
tively (see below).This simple addition is possible, sin
e it was 
on�rmed that the inner boundary radius of thedust shell is 
learly larger than that of the layer at whi
h the atmosphere be
omes opti
ally thi
kat mid-infrared wavelengths Wittkowski et al. (2007). The extended low-intensity atmospheri
mole
ular layers of the dust-free atmosphere model and the dust shell in the 'global' models 
ouldin some 
ases be overlapping. However, in this 
ase the stellar atmosphere and dust shell arespatially separated.4.3.1 De�ning syntheti
 values from the stellar 
ontributionThe 
entral star is in our 
ase substituted by the spe
tral energy distribution (SED) of therespe
tive model atmosphere. For 
omparison with observations, we have 
hosen the M modelsseries. Mono
hromati
 CLVs were 
al
ulated at 3000 equally-spa
ed frequen
ies. The wavelengthrange 
overs 8µm ≤ λ ≤ 13µm with radii r between Rstar
out = 5 x Rp (Ohnaka et al., 2006). TheCLVs were 
al
ulated in
luding H2O and SiO lines. The line opa
ities were 
omputed assuminglo
al thermodynami
 equilibrium (LTE). 59



4. MODELINGThe visibility values based on the stellar 
ontribution are 
al
ulated for ea
h spe
tral 
hannel
 of MIDI as (Wittkowski et al. 2007, David et all. 2000)
Vtotal

c =

∫ vmax(c)

vmin(c)

∫ Rstar
out

0
Istar
v (r) e−τ(v) J0 (π Θstar

out (B/λ)) r dr dv

∫ vmax(c)

vmin(c)

∫ Rstar
out

0
Istar
v (r) e−τ(v) r dr dv

(4.8)
where B is the proje
ted baseline length, and the e−τ(v) des
ribes the extin
tion by the dustshell. It should be mentioned, that this 
omputation is valid for EWS analysis as it dire
tlyobtains the visibility modulus. In the 
ase of MIA analysis, whi
h is integrating the squaredvisibility modulus, the integration over frequen
y performed over the squared mono
hromati
visibility values would be needed (
f. Wittkowski et al., 2006).The expe
ted stellar �ux 
ontribution f star

c is 
omputed for ea
h spe
tral 
hannel 
 of MIDIas fstarc = 2π
Θstar

out [′′]/2

206265

∫ vmax(c)

vmin(c)

∫ Rstar
out

0
Istar
v (r) e−τ(v) r dr dv (4.9)The opti
al depth τ(v) is 
al
ulated based on tabulated absorption and s
attering 
oe�
ients

Qabs and Qsca of the two dust spe
ies i as
τ(v) =

∑

i

τ i(v0)
Qi

abs(v) + Qi
sca(v)

Qi
abs(v0) + Qi

sca(v0)
(4.10)where v0 
orresponds to λ0 = 0.55 µm.4.3.2 De�ning syntheti
 values from the dust 
ontributionMono
hromati
 CLVs of the dust shell, after ex
luding the 
ontribution of the 
entral star, are
omputed with the ray-tra
ing method. This approa
h is des
ribed in detail in Ohnaka et al.(2006, 2007). The outermost model radius, where the intensity is set to 0, is de�ned by Rdust =25 x RPhot. The MIDI interferometri
 �eld of view is ∼250 mas. This 
orresponds to ∼ 25 timesthe expe
ted photospheri
 angular diameter of S Ori ∼10 mas (Wittkowski et al., 2007), RR Aql

∼10 mas (Karovi
ova et al., 2009). However, it was veri�ed that 
hanging the outer model radiusfrom 25 RPhot to 50 RPhot does not 
hange the diameter results (<0.3%), and therefore 
an beomitted.The expe
ted dust visibility and �ux 
ontribution V dust
c fdust

c is 
omputed in the same wayas for the dust-free model atmosphere, but without the extin
tion term e−τ(v). The 
omputationis again derived for ea
h ea
h spe
tral 
hannel 
 of MIDI as60



4.4. Theoreti
al simulations
Vtotal

c =

∫ vmax(c)

vmin(c)

∫ Rdust
out

0
Idust
v (r) J0 (π Θstar

out (B/λ)) r dr dv

∫ vmax(c)

vmin(c)

∫ Rdust
out

0
Idust
v (r) e−τ(v) r dr dv

(4.11)
fdust
c = 2π

Θdust
out [′′]/2

206265

∫ vmax(c)

vmin(c)

∫ Rdust
out

0
Idust
v (r) r dr dv (4.12)The grain size was set to 0.1 µm. The modeled dust spe
ies 
onsists of Al2O3 grains for λ <8 µm (Koike et al., 1995), for λ > 8 µm (Begemann et al., 1997), and sili
ates (Ossenkopf et al.,1992). The density distribution ρ(r) is des
ribed by a single power law with index p (ρ(r) ∝ rp). All radiative transfer models of the dust shell are 
al
ulated with an outer radius, so that theshell thi
kness is Rout /Rin = 1000.4.4 Theoreti
al simulationsIn this thesis, we performed a number of model simulations in order to investigate the visibilityand photometry variations that are theoreti
ally expe
ted in the 8�13µm wavelength range. Ourtheoreti
al investigation is divided into three parts. The �rst group of simulations models anatmosphere of the star mainly 
omposed of sili
ate. The simulations in the se
ond group des
ribethe Al2O3 atmosphere, and the last group of simulation models an atmosphere 
omposed of bothdust spe
ies.We based our simulations on a global model with several sets of parameters. The global model
onsists of radiative transfer models of the Al2O3 and sili
ate dust shells where the 
entral sour
eis des
ribed by a dust-free dynami
 model atmosphere. The stellar atmospheri
 stru
ture in
lud-ing the e�e
ts from atmospheri
 mole
ular layers is fully des
ribed by the 
hoi
e of the spe
i�
model of the M series. We sele
ted a grid of the ten M models in
luding the 1st and 2nd 
y
le.The grid 
onsists of M16n (model visual phase 0.60), M18 (0.75), M18n (0.84), M19n (0.90), M20(0.05), M21n (0.10), M22 (0.25), M23n (0.30), M24n (0.40), M25n (0.50). For ea
h of these 10 at-mosphere models, whose SEDs are used as the 
entral sour
e, we 
al
ulated a 
omputational gridof radiative transfer models of the dust shell. We investigated the e�e
ts of expe
ted variations ofthe atmosphere model and the dust shell parameters during a pulsation 
y
le in order to interpretthe observed photometry and visibility spe
tra of our three obje
ts RR Aql, S Ori, and GX Mon.Lorenz-Martins & Pompeia (2000) have investigated the envelopes of 31 oxygen-ri
h AGB starsusing the IRAS LRS spe
tra. Their sample also in
ludes the Mira variables RR Aql, S Ori, andGX Mon. They 
lassify the obje
ts into three groups. The �rst group 
onsist of stars whose IRASLRS spe
tra 
an be modeled using sili
ate grains (RR Aql), the se
ond group 
an be modeled us-ing Al2O3 grains (S Ori), and the third group using the mix of sili
ate and Al2O3 grains (GXMon).The simulations 1-5 
orresponds to typi
al parameters for stellar atmospheres with mainly61



4. MODELINGsili
ates in the dust shell. The parameters for these simulations are similar to those derivedfor RR Aql determined below in Se
t. 5.3.5. The simulations 6-7 des
ribe a stellar atmospherewith Al2O3 grains as a major 
omponent of the dust shell. The parameters are adopted fromWittkowski et al. (2007) (for the example of S Ori). The simulations 8-10 investigate atmospherewith a mix of sili
ate and Al2O3 grains. Tables 4.4, 4.5, 4.6 list the performed simulationsin
luding the phase of the model, the opti
al depth τV (Al2O3) and τV (sili
ate). The amountof dust of ea
h spe
ies was 
hara
terized by the opti
al depths at a wavelength of 0.55 µm. Thetable lists also the inner boundary radii of the dust shell, Rin/RPhot (Al4O3) and Rin/RPhot(sili
ate). We used the inner boundary radii in units of the stellar photospheri
 radius RPhot thatis set to RPhot = R1.04, the power-law indexes of the density distributions p (Al2O3), p (sili
ate),and the 
ontinuum photospheri
 angular diameter ΘPhot. We assume a phase dependen
e of theangular photospheri
 diameter of about 20% (Thompson et al., 2002a; Ireland et al., 2004b).Figs. 4.3 - 4.17 show the results from the simulations. Ea
h simulation 
ompared two or moremodels, where one or more of the model parameters have been varied. The solid lines in the plotsrepresent the global model, whi
h is the sum of the attenuated stellar and dust 
ontribution,represented respe
tively as dotted and dashed lines (Eq. 4.6 ans 4.7). The dashed-dotted lines inthe visibility plot indi
ate the visibility based solely on the dust-free atmosphere model, i.e. Vstarin Eq. 4.7.4.4.1 Sili
ate-ri
h dust shell(Example of the oxygen-ri
h Mira variable RR Aql)

Figure 4.1: Flux (left) and visibility amplitude (right) in the wavelength range 8�13µm for one of ourMIDI observations of Mira variable RR Aql (see Chapter 5)The visibility spe
tra 
ontain information about the radial stru
ture of the atmospheri
 mole
-ular layers and the surrounding dust shells. The oxygen-ri
h Mira variable RR Aql, whi
h is anexample with sili
ate-ri
h dust shell from our sample of stars, is modeled in the following sim-ulations. The visibility 
urves show a signi�
ant wavelength dependen
e with a steep de
reasefrom 8 µm to ∼ 9.5 µm and a slow in
rease in the 9.5 µm to 13 µm range (Fig. 4.1). RR Aql is
hara
terized by a typi
al drop in the visibility fun
tion ∼ 10 µm. Beyond ∼ 10 µm, the visibilityin
reases again. The shape of the 8�13µm �ux spe
trum with a maximum near 9.8µm is knownto be a 
hara
teristi
 sili
ate emission feature (e.g., Little-Marenin & Little, 1990; Lorenz-Martins& Pompeia, 2000). The 
orresponding drop in the visibility fun
tion between 8µm and 9.5 µm is62



4.4. Theoreti
al simulationsa typi
al signature of a 
ir
umstellar dust shell that is dominated by sili
ate dust (Driebe et al.(
.f., e.g., 2008); Ohnaka et al. (
.f., e.g., 2008)).

Figure 4.2: Simulation 0. Syntheti
 �ux (left) and visibility amplitude (right) in the wavelength range8�13µm. The solid lines represent the global models, the dashed-dotted lines denote the unattenuatedstellar 
ontribution, the dotted lines denote the attenuated stellar 
ontribution, and the dashed linesdenote the dust shell 
ontributions. This simulation 
ompares �ve models 
onsisting of the same dustshell parameters but di�erent model atmospheres. The model atmosphere M16n (Φmodel = 0.60) (red),the model M18n (Φmodel = 0.84) (green) , the model M21n (Φmodel = 0.10) (dark blue), the model M23n(Φmodel = 0.30) (light blue), and the model M25n (Φmodel = 0.50) (violet). The photospheri
 angulardiameter is assumed to be larger at post-maximum phase than at minimum phase (9.6 mas 
ompared to7.8 mas). The proje
ted baseline length is 45m. For the exa
t model parameters, see Tab. 4.4. Theydes
ribe variations around our best-�tting model for RR Aql.Simulation 0Simulation 0 introdu
es the sele
ted models M16n (Φmodel = 1 + 0.60), M18n (Φmodel = 1 +0.84), M21n (Φmodel = 2 + 0.10), M23n (Φmodel = 2 + 0.30), and M25n (Φmodel = 2 + 0.50).In simulation 0, we investigate the e�e
t of model atmospheres at di�erent pulsation phaseswhi
h is shown in Fig. 4.2. We 
ompared sele
ted models 
overing 5 di�erent pulsation phasesover one full pulsation 
y
le. For all the models we applied the same dust shell parameters. Thedust parameters were based on the average parameters (see Se
tion 5.3.4 Tab. 5.3) of RR Aqlderived in se
tion 5.3.5. For the photometry the largest di�eren
e of ∼ 37% is seen around 10
µm, between model M18n and model M23n with less �ux for the model after the maximumpulsation phase. All the models whi
h used dust shell parameters show a 
lear di�eren
e betweenindividual models. For the visibility however, the di�eren
es are less pronoun
ed with a maximumdi�eren
e of ∼10%. However, for the MIDI observations, the visibility measurements are morepre
ise than the photometry, and therefore, in the following we fo
us mainly on the 
omparison ofvisibility fun
tions. We mostly simulate model M21n at post-maximum pulsation phase (Φmodel= 0.10) and model M23n or M24n at pre-minimum pulsation phase (Φmodel = 0.30, and Φmodel= 0.40). Model M21n proved to be the best �t to our RR Aql data (see Se
tion 5.3.5 Table 5.3).The e�e
tive temperature of model M21n (Teff = 2550 K) 
orresponds to the estimated e�e
tivetemperature of RR Aql (Teff = 2420 K) at the phase of our observation.The following simulations 1 � 12 model the impa
t of a 
hoi
e of a dynami
 model atmosphereand various dust and shell parameters on the photometry and visibility spe
tra. Most of thesimulations model spe
tra at minimum and maximum pulsation phase. Model M21n des
ribing63



4. MODELINGthe post-maximum phase is 
omplemented with model M23n des
ribing the pre-minimum phasewith lower e�e
tive temperature (Teff = 2230 K) and model M24n (Teff = 2160 K).Simulation 1(Fig. 4.3) In simulation 1, we investigate the e�e
t of model atmospheres at di�erent pulsationphases and e�e
tive temperatures. We 
ompared model M21n at a post-maximum pulsation phase(Φmodel = 0.10) and model M23n at a pre-minimum pulsation phase (Φmodel = 0.30), applying thesame dust shell parameters for both models. The dust parameters are the same as in simulation0, based on the results from the se
tion 5.3.4. The proje
ted baseline length was set to Bp = 60m, whi
h is the typi
al mean value of our MIDI observations. The overall shapes of the visibilityspe
tra Vtotal (M21n) and Vtotal (M23n) are similar. The di�eren
es between the models arewavelength-dependent in the range of 4�10%. The shape of the photometry spe
tra are similarfor both tested models ftotal (M21n) and ftotal (M23n). The largest di�eren
e of ∼ 0.7 is seenaround 10 µm, with less �ux at minimum pulsation phase. Compared to the un
ertainties ofour MIDI measurements of ∼ 5�20% in the visibility spe
tra and of on average ∼ 20% in thephotometri
 spe
tra (see Se
t. 5.3), simulation 1 is 
onsistent with our non-dete
tion of visibilityvariations and a marginal dete
tion of photometry variations.

Figure 4.3: Simulation 1. This simulation 
ompares two models 
onsisting of the same dust shell pa-rameters but di�erent model atmospheres, the post-maximum model atmosphere M21n (Φmodel = 0.10)(red) and the pre-minimum model atmosphere M23n (Φmodel = 0.30) (green). The photospheri
 angulardiameter is assumed to be 8.5 mas at the post-maximum phase 
ompared to 7.7 mas at the minimumphase. The proje
ted baseline length is 60m.Simulation 2(Fig. 4.4) Compared to simulation 1, we adjusted the parameters a

ording to the assumptionthat the outer layers of the atmosphere are 
ooler near minimum visual pulsation phase, andtherefore more dust grains 
an form, and a higher mole
ular opa
ity 
an be expe
ted. Thistheoreti
al assumption is 
onsistent with mid-infrared interferometri
 observations (Wittkowskiet al., 2007), where the observed data indi
ated more dust formation near minimum pulsationphase, with inner boundary radii of the dust shell lo
ated 
loser to the star. We in
reased theopti
al depth for model M23n. We also set a more extended dust shell after visual maximum formodel M21n in 
omparison to the model M23n. This setting results in spe
tra with di�eren
es64



4.4. Theoreti
al simulationsTable 4.4: Model simulations. Ea
h simulation 
ompares two models that di�er in one or moreparameters. The di�ering parameters are marked by bold fa
e.Sim. Model Φvis τV τV Rin/RPhot Rin/RPhot p p ΘPhot proj.Al(2O3) (sil.) (Al2O3) (sil.) (Al2O3) (sil.) [mas℄ bas.[m℄tva tvb ra rb pa pb diam. Bp0 M25n 0.5 0.0 2.8 2.2 4.1 2.5 2.6 7.8 45M23n 0.3 0.0 2.8 2.2 4.1 2.5 2.6 8.7 45M21n 0.1 0.0 2.8 2.2 4.1 2.5 2.6 9.6 45M18n 0.8 0.0 2.8 2.2 4.1 2.5 2.6 8.7 45M16n 0.6 0.0 2.8 2.2 4.1 2.5 2.6 7.8 451 M21n 0.1 0.0 3.0 2.2 4.5 2.5 2.5 8.5 60M23n 0.3 0.0 3.0 2.2 4.5 2.5 2.5 7.7 602 M21n 0.1 0.0 3.0 2.2 4.5 2.5 2.5 8.5 60M23n 0.3 0.0 4.0 2.2 3.8 2.5 2.5 7.7 603a M21n 0.1 0.0 3.0 2.2 4.5 2.5 2.5 8.5 60M21n 0.1 0.0 5.0 2.2 3.0 2.5 2.5 8.5 603b M21n 0.1 0.0 3.0 2.2 4.5 2.5 2.5 8.5 40M21n 0.1 0.0 5.0 2.2 3.0 2.5 2.5 8.5 403
 M21n 0.1 0.0 3.0 2.2 4.5 2.5 2.5 8.5 25M21n 0.1 0.0 5.0 2.2 3.0 2.5 2.5 8.5 253d M21n 0.1 0.0 3.0 2.2 4.5 2.5 2.5 8.5 15M21n 0.1 0.0 5.0 2.2 3.0 2.5 2.5 8.5 154 M21n 0.1 0.0 3.0 2.2 4.5 2.5 2.5 8.5 60M21n 0.1 0.6 3.0 2.2 4.5 2.5 2.5 8.5 605 M21n 0.1 0.0 3.0 2.2 4.5 2.5 2.5 8.5 60M21n 0.1 3.0 0.0 2.2 4.5 2.5 2.5 8.5 60in the range of 2-19% for the visibility values. The photometry di�ers again mostly around 10
µm with a maximum di�eren
e of 20%. Compared to simulation 1, the results are very similar,but with less di�eren
es in the photometry spe
tra. As in simulation 1, the results are 
onsistentwith our non-dete
tion of visibility variations and a marginal dete
tion of photometry variationswithin our measurement un
ertainties (see Se
t. 5.3).Simulation 3(Figs. 4.5 and 4.6) Here, we investigate the e�e
t of di�erent dust shell parameters (as in simulation2), but keeping the M model 
onstant. We used model M21n (phase 0.1), whi
h is the best-�tting model to our RR Aql epo
hs (see Se
t. 5.3.5) and also used a 
onstant photospheri
angular diameter. We 
ompared two (sili
ate) dust models as in simulation 2, where in onemodel the opti
al depth is lower and the inner radius of the dust shell larger 
ompared to theother model. These sets of model parameters lead to very similar results with visibility spe
traalmost overlapping, with a maximum di�eren
e of 4% for a proje
ted baseline length of 60m65
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Figure 4.4: Simulation 2. As simulation 1 in Fig. 4.3, but for the parameters of simulation 2 
omparinga post-maximum atmosphere model and a minimum model as in simulation 1, but where also the dust isassumed to be 
loser to the star with larger opti
al depth at the pre-minimum phase and farther from thestar with lower opti
al depth at the post-maximum phase.

Figure 4.5: Simulation 3. As simulation 2 in Fig. 4.4, but where the atmosphere model is not varied.
(Fig. 4.5). The photometry spe
tra are also very similar with a maximum di�eren
e of 7%.Fig. 4.6 shows the visibility results for di�erent proje
ted baseline lengths of 40m, 25m, and15m. With proje
ted baseline lengths of less than 60m, the di�eren
e between the visibilityvalues be
ome more pronoun
ed (10% di�eren
e beyond 10µm with proje
ted baseline lengthsof 40m and 25m). This 
an be understood as the dust shell is over-resolved with a proje
tedbaseline length of 60m, so that the visibility 
an not be sensitive to variations of the geometry ofthe dust shell. With a lower proje
ted baseline length, the visibility values are lo
ated in the �rstlobe of the visibility fun
tion, and thus more sensitive to variations of the dust shell geometry.However, even with the lower proje
ted baseline lengths of 15m, the di�eren
e between individualmodels starts to be again less pronoun
ed (<7%). In the wavelength range from 8 µm to ∼ 9 µmthe dust is fully resolved with only baselines larger than ∼ 20 m and the visibility 
ontribution ofthe dust rea
hes into the 2nd lobe of the visibility fun
tion.This indi
ates an optimum proje
tedbaseline length of ∼ 25�40m to 
hara
terize the dust shell geometry for sizes as found for RR Aql.66
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al simulations

Figure 4.6: Simulation 3. As Fig. 4.5, but showing the visibility spe
tra for di�erent proje
ted baselinelengths of 40m (top left), 25m (top right), and 15m (bottom).

Figure 4.7: Simulation 4. Comparison of a model with a sili
ate shell only and a model that also in
ludesan Al2O3 dust shell with lower opti
al depth. For the model parameters, see Tab. 4.4; For the des
riptionof the �gure, see the 
aption of Fig. 4.3.Simulation 4(Fig. 4.7) Furthermore, we investigate the e�e
t of adding small amounts of Al2O3 grains to aso far pure sili
ate dust shell. We examined 10% and 20% of Al2O3 grains. Fig. 4.7 shows thesimulation with 20% of Al2O3 grains, showing that the addition of small amounts of Al2O3 grainsleads to almost identi
al photometry and visibility spe
tra (di�eren
es <2%).67
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Figure 4.8: Simulation 5. Comparison of a model with a sili
ate dust shell only and a model with anAl2O3 dust shell only. For the model parameters, see Tab. 4.4; For the des
ription of the �gure, see the
aption of Fig. 4.3.Simulation 5(Fig. 4.8) Here, we present the di�eren
e between a pure Al2O3 dust shell and a pure sili
ate dustshell. We used model M21n with dust shells of opti
al depth τV (Al2O3)=3 and τV (sili
ate)=0versus τV (Al2O3)=0 and τV (sili
ate)=3. This simulation illustrates that sili
ate and Al2O3 dustshells lead to 
hara
teristi
ally di�erent shapes of the photometry and visibility spe
tra in the 8�13µm wavelength range. In parti
ular, it 
on�rms that the feature near 10 µm is a 
hara
teristi
signature for a sili
ate dust shell.4.4.2 Al2O3-ri
h dust shell(Example of the oxygen-ri
h Mira variable S Ori)

Figure 4.9: Flux (left) and visibility amplitude (right) in the wavelength range 8�13µm for one of ourMIDI observations of Mira variable S Ori (see Chapter 7).The general shape of the visibility fun
tion of S Ori is 
hara
terized by a partially resolvedstellar dis
, in
luding atmospheri
 mole
ular layers that are opti
ally thi
k at mid-infrared wave-lengths, surrounded by a spatially resolved, opti
ally thin dust shell (Wittkowski et al., 2007).The visibility in
reases between ∼8 - 9 µm and beyond ∼ 9 - 10 µm the visibility �attens. Thisis be
ause beyond ∼9.5µm radiation from the dust shell starts to represent a 
onsiderable part68
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al simulationsof the total intensity, and the extin
tion of the stellar light by the dust shell be
omes impor-tant. Compared to Mira variable RR Aql, S Ori does not exhibit any prominent sili
ate feature(Fig. 4.9). This broad spe
trum and visibility fun
tion in the wavelength range 8�13µm was in-terpreted as a dust shell 
onsisting of Al2O3 dust (Wittkowski et al., 2007) or sili
ate and Al2O3dust (Ohnaka et al., 2005). This indi
ates that sili
ate grains are not a main 
omponent of thedust shell.

Figure 4.10: Simulation 6. This simulation 
ompares two di�erent model atmospheres, the post-maximum model atmosphere M21n (Φmodel = 0.10) (red) and the pre-minimum model atmosphere M24n(Φmodel = 0.40) (green), applying the dust shell parameters 
orresponding to the dust formation 
loser tothe star during the minimum pulsation phase. The photospheri
 angular diameter is assumed to be 9.4mas at post-maximum phase and 7.8 mas at minimum phase. The proje
ted baseline length is 15m.Simulation 6In simulation 6 (Fig. 4.10), we investigate the e�e
t of model atmospheres at di�erent pulsationphases simulating the atmosphere of Mira variable S Ori. We 
ompared model M21n (Φmodel =0.10) and model M24n (Φmodel = 0.40), applying the dust shell parameters based on the resultsin Wittkowski et al. (2007), showing more dust formation near minimum pulsation phase withthe inner boundary radii of the dust shell lo
ated 
loser to the star. The angular diameter basedon the work of Wittkowski et al. (2007) was set to 9.4 mas near minimum pulsation phase and7.8 mas 
lose the maximum pulsation phase. The proje
ted baseline length was set for the �rstsimulation to Bp = 15 m, whi
h is a typi
al value of our MIDI observations. The overall shapesof the visibility spe
tra Vtotal (M21n) and Vtotal (M24n) are similar. The di�eren
es between themodels are wavelength-dependent, and more pronoun
ed beyond 10 µm. In 
omparison to theun
ertainties of our MIDI measurements of ∼ 5�20% in the visibility spe
tra, the di�eren
es are
∼6% beyond 11µm. The shape of the photometry spe
tra is almost the same for both testedmodels ftotal (M21n) and ftotal (M24n). The di�eren
es at 10 µm are ∼20%.Simulation 7(Fig. 4.11, 4.12, 4.13) Here, we keep the M models and dust shell parameters as in simulation 6,and we investigate the e�e
t of di�erent proje
ted baseline lengths. Fig. 4.6 shows the visibilityresults for di�erent proje
ted baseline lengths of 30m, 45m, 60m, 75m, 90m, and 105m. Withproje
ted baseline lengths of less than 20m, the di�eren
e between the visibility values be
ome less69



4. MODELINGTable 4.5: Model simulations. Ea
h simulation 
ompares two models that di�er in one or moreparameters. The di�ering parameters are marked by bold fa
e.Sim. Model Φvis τV τV Rin/RPhot Rin/RPhot p p ΘPhot proj.Al(2O3) (sil.) (Al2O3) (sil.) (Al2O3) (sil.) [mas℄ bas.[m℄tva tvb ra rb pa pb diam. Bp6a M21n 0.1 1.5 0.0 2.4 4.0 3.0 2.5 9.4 15M24n 0.4 2.5 0.0 2.0 4.0 3.5 2.5 7.8 157a M21n 0.1 1.5 0.0 2.4 4.0 3.0 2.5 9.4 30M24n 0.4 2.5 0.0 2.0 4.0 3.5 2.5 7.8 307b M21n 0.1 1.5 0.0 2.4 4.0 3.0 2.5 9.4 45M24n 0.4 2.5 0.0 2.0 4.0 3.5 2.5 7.8 457
 M21n 0.1 1.5 0.0 2.4 4.0 3.0 2.5 9.4 60M24n 0.4 2.5 0.0 2.0 4.0 3.5 2.5 7.8 607d M21n 0.1 1.5 0.0 2.4 4.0 3.0 2.5 9.4 75M24n 0.4 2.5 0.0 2.0 4.0 3.5 2.5 7.8 757e M21n 0.1 1.5 0.0 2.4 4.0 3.0 2.5 9.4 90M24n 0.4 2.5 0.0 2.0 4.0 3.5 2.5 7.8 907f M21n 0.1 1.5 0.0 2.4 4.0 3.0 2.5 9.4 105M24n 0.4 2.5 0.0 2.0 4.0 3.5 2.5 7.8 105

Figure 4.11: Simulation 7a,b. As Simulation 6 (Fig. 4.10), but showing the visibility spe
tra for di�erentproje
ted baseline lengths of 30m (left), and 45m (right).pronoun
ed (10% di�eren
e beyond 11µm with proje
ted baseline lengths of 15m and 25m). This
an be understood as the star 
omponent is almost unresolved with a proje
ted baseline lengthof 15m, and therefore, the visibility is less sensitive to the variations. With larger proje
tedbaseline lengths, the star are more resolved, and thus more sensitive to variations of the dustshell geometry. Around 11µm the di�eren
e is ∼ 15% (Bp=30m), ∼ 0.7 (for Bp=45m), ∼ 33%(for Bp=60m), and ∼ 40% (for Bp=75m). However, with proje
ted baseline lengths greaterthan 90m, the di�eren
e between individual models again starts to be less pronoun
ed (with amaximum di�eren
e at 13µm of ∼ 40%). This indi
ates the optimum proje
ted baseline lengthin order to 
hara
terize the dust shell geometry for the adopted angular diameters is ∼ 45�80m70
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al simulations

Figure 4.12: Simulation 7
,d. As Simulation 6 (Fig. 4.10), but showing the visibility spe
tra for di�erentproje
ted baseline lengths of 60m (left), and 75m (right).

Figure 4.13: Simulation 7e,f. As Simulation 6 (Fig. 4.10), but showing the visibility spe
tra for di�erentproje
ted baseline lengths of 90m (left), and 105m (right).4.4.3 Al2O3 + sili
ate -ri
h dust shell(Example of the oxygen-ri
h Mira variable GX Mon)

Figure 4.14: Flux (left) and visibility amplitude (right) in the wavelength range 8�13µm for one of ourMIDI observations of Mira variable GX Mon (see Chapter 8).Fig . 4.14 shows that the general shape of the visibility and photometry fun
tion of GX Mon71



4. MODELINGis qualitatively similar to the Mira variable RR Aql, with typi
al sili
ate features present inboth spe
tra, however, less pronoun
ed. The visibility fun
tions show a signi�
ant wavelengthdependen
e with a steep de
rease from 8µm to ∼9.5µm, with a drop, and a slow in
rease in the9.5µm to 13µm range. The photometry spe
tra show also the sili
ate feature, indi
ating presen
eof the sili
ate grains in the dust shell.

Figure 4.15: Simulation 8 The simulation 
ompares two di�erent model atmospheres, the post-maximummodel atmosphere M21n (Φmodel = 0.10) (red) and the minimum model atmosphere M23n (Φmodel = 0.30)(green), using 1.5 of Al2O3 grains and τV (sili
ate)= 3.0 grains. The photospheri
 angular diameter isassumed to be 9.4 mas at post-maximum phase and 7.8 mas at minimum phase. The proje
ted baselinelength is 35m.Simulation 8(Fig. 4.15) Here, we investigate an atmosphere with a mix of sili
ate and Al2O3 grains, typi
al forthe atmosphere of the Mira variable GX Mon. The �rst simulation in this se
tion shows modelM21n and M24n with 1.5 of Al2O3 grains and 3.0 of sili
ate grains. The inner boundary radii andthe power law index are set as for the simulation of the atmosphere of RR Aql. As mentionedbefore the angular photospheri
 diameter is assumed to be phase dependent. We adopt the valuesof the S Ori simulations. The proje
ted baseline is set to 35m.Simulation 9(Fig. 4.16) In simulation 9 we show the e�e
t of the ratio of the two dust 
ompounds, Al2O3and sili
ate grains, for model M24n at pre-minimum pulsation phase (0.4). The inner boundaryradii, the power law index, the angular photospheri
 diameter, and the proje
ted baseline lengthare set to the same values as in simulation 8. We investigate a model with τV (Al2O3)= 3.0and τV (sili
ate)= 0.7 grains, model with τV (Al2O3)= 3.0 and τV (sili
ate)= 1.5 grains, modelwith τV (Al2O3)= 3.0 and τV (sili
ate)= 3.0 grains, and model with τV (Al2O3)= 1.5 and τV(sili
ate)= 1.5 grains. Models with 3.0 of sili
ate grains do not vary signi�
antly with an amountof Al2O3 grains (1.5 or 3.0). This is by 
ontrast to the models with 3.0 of Al2O3 grains anddi�erent ratio of sili
ate grains. The di�erent amount of sili
ate grains 
hange signi�
antly both,the visibility and photometry fun
tion, respe
tively. The largest di�eren
e is around 10µm.The Table 4.7 lists the di�eren
e at ∼ 10µm between models with a di�erent ratio of the dustspe
ies (in %). The main di�eren
e is in the shape of the spe
tra as a fun
tions the amount of72
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al simulations
Table 4.6: Model simulations. Ea
h simulation 
ompares two models that di�er in one or moreparameters. The di�ering parameters are marked by bold fa
e.Sim. Model Φvis τV τV Rin/RPhot Rin/RPhot p p ΘPhot proj.Al(2O3) (sil.) (Al2O3) (sil.) (Al2O3) (sil.) [mas℄ bas.[m℄tva tvb ra rb pa pb diam. Bp8 M21n 0.1 1.5 3.0 2.4 4.0 3.0 2.5 9.4 35M24n 0.4 1.5 3.0 2.4 4.0 3.0 2.5 7.8 359 M24n 0.4 3.0 0.7 2.4 4.0 3.0 2.5 7.8 35M24n 0.4 3.0 1.5 2.4 4.0 3.0 2.5 7.8 35M24n 0.4 3.0 3.0 2.4 4.0 3.0 2.5 7.8 35M24n 0.4 1.5 3.0 2.4 4.0 3.0 2.5 7.8 3510 M21n 0.1 3.0 0.7 2.4 4.0 3.0 2.5 9.4 35M21n 0.1 3.0 1.5 2.4 4.0 3.0 2.5 9.4 35M21n 0.1 3.0 3.0 2.4 4.0 3.0 2.5 9.4 35M21n 0.1 1.5 3.0 2.4 4.0 3.0 2.5 9.4 35
Table 4.7: Model simulations. Ea
h simulation 
ompares two models that di�er in the ration ofthe dust spe
ies. The last 
olumn lists the % di�eren
e between individual models.model dust ratio model dust ratio %di�eren
e

∼ 10µmvisibility τV (Al2O3)= 3.0 + τV (Al2O3)= 3.0 + 47%photometry τV (sili
ate)= 3.0 τV (sili
ate)= 0.7 44%visibility τV (Al2O3)= 3.0 + τV (Al2O3)= 3.0 + 30%photometry τV (sili
ate)= 3.0 τV (sili
ate)= 1.5 28%visibility τV (Al2O3)= 3.0 + τV (Al2O3)= 1.5 + ∼ overlapphotometry τV (sili
ate)= 3.0 τV (sili
ate)= 3.0 4%
73
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Figure 4.16: Simulation 9 The simulation 
ompares four di�erent sets of dust shell parameters usingthe minimum model atmosphere M24n (Φmodel = 0.40). The simulation shows τV (Al2O3)= 3.0 + τV(sili
ate)= 0.7 (light blue), τV (Al2O3)= 3.0 + τV (sili
ate)= 1.5 (violet), τV (Al2O3)= 3.0 + τV (sili-
ate)= 3.0 (green), and τV (Al2O3)= 1.5 + τV (sili
ate)= 3.0 (red). The photospheri
 angular diameter isassumed to be 7.8 mas. The proje
ted baseline length is 35m. This ratio of the dust spe
ies 
orrespondsto the observational photometry and visibility spe
tra of GX Mon quite well.sili
ate.

Figure 4.17: Simulation 10 The simulation 
ompares four di�erent sets of dust shell parameters usingthe pre-minimum model atmosphere M24n (Φmodel = 0.40). The simulation shows τV (Al2O3)= 3.0 +
τV (sili
ate)= 0.7 (light blue), τV (Al2O3)= 3.0 + τV (sili
ate)= 1.5 (violet), τV (Al2O3)= 3.0 + τV (sil-i
ate)= 3.0 (green), and τV (Al2O3)= 1.5 + τV (sili
ate)= 3.0 (red). The photospheri
 angular diameteris assumed to be 9.6 mas. The proje
ted baseline length is 35m.Simulation 10(Fig. 4.17) Simulation 10 is the same as simulation 9 ex
ept that in this 
ase we investigate modelM21n at the post-maximum pulsation phase (0.1). The results are very similar to the results inSimulation 9, with the only di�eren
e being in the photometry fun
tion. The sili
ate feature forsimulations with τV (Al2O3)= 3.0 + τV (sili
ate)= 3.0 is more pronoun
ed than in the previousSimulation (maximum di�eren
e at 10µm of 48%). We 
on
lude that the addition of a sili
atedust shell with low opti
al depth 
ompared to the Al2O3 dust shell a�e
ts strongly the featuresand shape of the photometry and visibility spe
tra.74



4.4. Theoreti
al simulationsSummarizing,our model simulations based on the 
ombination of a radiative transfer model of the dust shellwith dynami
 model atmospheres representing the 
entral sour
e predi
t rather small variationswith phase at mid-infrared wavelengths. Our simulations indi
ate that dete
tions of pulsatione�e
ts at mid-infrared wavelengths would in parti
ular bene�t from high a

ura
y additionalphotometri
 measurements, and from a well planned range of proje
ted baseline lengths. Themost suitable baseline lengths for RR Aql are ∼ 20�30 m, and for S Ori ∼ 45�80m. Thesemeasurements would help us to distinguish models of di�erent pulsation phases. We showed thatfor stars with a sili
ate dust 
hemistry, the addition of an Al2O3 dust shell with low opti
al depth
ompared to the sili
ate dust shell 
ould not be dete
ted. We also showed that for stars with anAl2O3 dust 
hemistry, the addition of a sili
ate dust shell with low opti
al depth, 
ompared tothe Al2O3 dust shell, a�e
ts the features and shape of the photometry and visibility spe
tra.
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Chapter 5
MIDI Observations of RR AQL(sili
ate-ri
h dust shell)
5.1 Chara
teristi
s of RR AqlRR Aql is an oxygen-ri
h Mira variable with spe
tral type M6e-M9 (Samus et al., 2004). RR Aqlshows a strong sili
ate emission feature in its mid-infrared spe
trum (Lorenz-Martins & Pompeia,2000). In addition, it has relatively strong SiO, H2O, and OH maser emission (Benson et al.,1990). Vlemmings & van Langevelde (2007) observed OH masers toward RR Aql at 5 epo
hswith the VLBA. Based on these observations, the distan
e to RR Aql is estimated to D = 633+214

−128p
 (HIPPARCOS distan
e D = 540 p
). van Belle et al. (2002) obtained with the Infrared Opti
alTeles
ope Array (IOTA) a K-band (λ=2.2 µm, ∆λ=0.4 µm) angular size of ΘUD = 10.73 ± 0.66mas at phase Φ = 0.48, an e�e
tive temperature Teff = 2127 ± 111 K, and a bolometri
 �uxfbol = 78.4 ± 11.8 10−8 ergs 
m−2s−1. Miyata et al. (2000) studied spe
tros
opi
ally the dustaround the star and obtained Fdust/Fstar at 10 µm of 1.49 ± 0.02. The mass loss rate of 9.1 10−7M⊙/year was estimated by Loup (1993). Ragland et al. (2006) measured the 
losure phase withIOTA in the H -band, and 
lassi�ed RR Aql as a target with no dete
table asymmetries. TheIRAS �ux at 12 µm is 332 Jy. The light-
urve in the V band varies from ∼8 at maximum light to
∼14 at minimum light. Whitelo
k et al. (2000) showed that the K magnitude of RR Aql variesfrom ∼0.0 at maximum light to ∼1.0 at minimum light. RR Aql is pulsating with a period of P= 394.78 days (Samus et al., 2004) and the Julian Date of the last maximum brightness is T0 =245 2875.4 (Pojmanski et al., 2005). The period of pulsation visually 
orresponds to re
ent valuesfrom the AAVSO1 and AFOEV2 databases. Figure 5.1 shows the visual light-
urve of RR Aqlbased on values from the AAVSO and AFOEV databases as a fun
tion of Julian day and stellarphase.1http://www.aavso.org2http://
dsweb.u-strasbg.fr/afoev 77



5. MIDI OBSERVATIONS OF RR AQL(SILICATE-RICH DUST SHELL)

Figure 5.1: Visual light-
urve of RR Aql based on data from the AAVSO and AFOEV databases as afun
tion of Julian Date and stellar 
y
le/phase. The green arrows indi
ate the dates of our VLTI/MIDIobservations. The blue arrows indi
ate the dates of our VLBA observations. Here, the full arrows denoteobservations of SiO maser emission and simple arrows observations of H2O maser emission.5.2 VLTI/MIDI Observations and data redu
tionWe obtained 57 spe
trally-dispersed mid-infrared interferometri
 observations of RR Aql withthe VLTI/MIDI instrument between Apr 9, 2004 and Jul 28, 2007. MIDI - the mid-infraredinterferometri
 instrument (Leinert et al., 2004) 
ombines the beams from two teles
opes of theVLTI (Glindemann et al., 2003) and provides spe
trally resolved visibilities in the 10 µm window(N -band, 8-13 µm). To obtain dispersed photometri
 and interferometri
 signals, we used thePRISM as a dispersive element with a spe
tral resolution R = ∆λ/λ ∼ 30. The beams were
ombined in High_Sens mode (HS). In this mode the photometri
 signal is observed after theinterferometri
 signal.The details of the observations and the instrumental settings are summarized in Table 5.1.The Table lists the epo
h, the date, the time, the Julian Date (JD), the visual pulsation phase
Φvis, the baseline 
on�guration, the ground length of the 
on�guration, the dispersive element,the beam 
ombiner BC, the proje
ted baseline length Bp, the position angle on the sky P.A.(deg. east of north), the DIMM seeing (at 500 nm), and the 
oheren
e time τ0 (at 500 nm).All observations were exe
uted in servi
e mode using either the Unit Teles
opes (UTs, 8.2m), orthe Auxiliary Teles
opes (ATs, 1.8m). The Figure 5.2 represents the uv 
overage of our MIDIobservations of RR Aql.We merged the MIDI data into 15 epo
hs, with a maximum time-lag between individualobservations of 5 days for ea
h epo
h (1.3% of the pulsation period). For te
hni
al problems we hadto eliminate 2 epo
hs. The �nal 13 epo
hs are indi
ated by green arrows in Fig. 5.1 in 
omparisonto the light-
urve. The un
ertainty in the allo
ation of the visual phase to our observations wasestimated to ∼0.1. The blue arrows in Fig. 5.1 indi
ate our long-term VLBA monitoring of SiO78



5.2. VLTI/MIDI Observations and data redu
tion

Figure 5.2: Coverage of the uv plane for the MIDI observations of RR Aql. Ea
h point represents theUTs or ATs observations respe
tively over the wavelenght 8 to 13 µm.and H2O maser emission toward RR Aql, whi
h will be presented in a forth
oming paper.We used the MIA+EWS software pa
kage, version 1.6 (Ja�e, Koehler, et al3) for the MIDI dataredu
tion. This pa
kage in
ludes two di�erent methods, an in
oherent method (MPIA softwarepa
kage MIA) that analyzes the power-spe
trum of the observed fringe signal, and a 
oherentintegration method (EWS), whi
h �rst 
ompensates for opti
al path di�eren
es in
luding bothinstrumental and atmospheri
 delays in ea
h s
an, and then 
oherently adds the fringes. Weapplied both methods to independently verify the data redu
tion results. The dete
tor maskswere 
al
ulated by the pro
edure of MIA, and were used for both the MIA and the EWS analysis.The obtained data redu
tion values 
orrespond to ea
h other, and we 
hose to use in the followingthe results derived from the EWS analysis, whi
h o�er error estimations.To a

ount for instrumental visibility losses and to determine the absolute �ux values, 
ali-brator stars with known �ux and diameter values were observed immediately before or after thes
ien
e target. Our main 
alibrators were HD 169916 (period P73, P75), HD 146051 (P77), andHD 177716 (P79). Calibrated s
ien
e target visibility spe
tra were 
al
ulated using the instru-mental transfer fun
tion derived from all 
alibrator data sets taken during the same night withthe same baseline and instrumental mode as our s
ienti�
 target. The number of available trans-fer fun
tion measurements depends on the number of 
alibrator stars observed per spe
i�
 nightin
luding those 
alibrators observed by other programs (Tab. B.1). The errors of the transferfun
tions are given by the standard deviation of all transfer fun
tion measurements per night. To3http://www.strw.leidenuniv.nl/∼neve
/MIDI 79



5. MIDI OBSERVATIONS OF RR AQL(SILICATE-RICH DUST SHELL)Table 5.1: VLTI/MIDI observation of RR Aql.Epo
h DDMMYYYY Time JD Φvis Con�g. B Disp. BC Bp PA Seeing τ0[UTC℄ Elem. [m℄ [deg℄ [′′℄ [mse
℄A 09042004 07:26 2453105 0.58 U2-U3 47m Prism HS 33.57 3.21 0.45 7.4A 10042004 09:05 2453106 0.58 U2-U3 47m Prism HS 37.17 26.09 -1.00 7.8A 09:52 2453106 0.58 U2-U3 47m Prism HS 39.86 33.48 0.64 8.2B 09072004 08:25 2453196 0.81 U2-U3 47m Prism HS 45.23 44.83 0.47 4.8C 28072004 08:09 2453215 0.86 U2-U3 47m Prism HS 42.54 41.57 1.36 1.0C 29072004 02:05 2453216 0.86 U2-U3 47m Prism HS 37.83 28.16 1.66 1.0C 03:33 2453216 0.86 U2-U3 47m Prism HS 42.84 39.49 0.75 2.3C 04:55 2453216 0.86 U2-U3 47m Prism HS 45.99 44.67 1.04 1.6C 06:33 2453216 0.86 U2-U3 47m Prism HS 46.16 45.71 3.38 0.5C 07:04 2453216 0.86 U2-U3 47m Prism HS 45.32 44.92 2.68 0.7C 01082004 00:12 2453219 0.87 U2-U3 47m Prism HS 33.76 6.86 0.73 3.1D 18042005 10:30 2453479 1.53 U2-U4 89m Prism HS 88.37 81.72 0.76 3.5D 19042005 07:53 2453480 1.53 U2-U4 89m Prism HS 61.36 76.41 0.83 2.3E 20072005 03:51 2453572 1.76 U1-U4 130m Prism HS 119.63 59.78 0.71 1.9E 06:16 2453572 1.76 U1-U4 130m Prism HS 128.64 63.28 0.81 1.6E 22072005 05:10 2453574 1.77 U2-U3 47m Prism HS 45.65 44.12 1.00 1.4E 07:56 2453574 1.77 U2-U3 47m Prism HS 44.44 43.96 1.11 1.2F 18042006 09:38 2453844 2.45 D0-G0 32m Prism HS 28.99 70.01 1.08 2.1F 19042006 08:32 2453845 2.46 D0-G0 32m Prism HS 24.74 65.81 0.80 6.0F 09:21 2453845 2.46 D0-G0 32m Prism HS 28.21 69.32 0.78 6.3G 21052006 05:53 2453877 2.54 E0-G0 16m Prism HS 10.94 62.10 0.56 4.0G 25052006 06:35 2453881 2.55 A0-G0 64m Prism HS 53.17 67.77 0.55 5.1G 08:46 2453881 2.55 A0-G0 64m Prism HS 63.93 72.67 0.44 6.7H 18062006 03:58 2453905 2.61 D0-G0 32m Prism HS 21.37 61.34 1.29 1.5H 04:41 2453905 2.61 D0-G0 32m Prism HS 25.09 66.21 1.27 1.6H 18062006 05:39 2453905 2.61 D0-G0 32m Prism HS 29.05 70.06 1.00 2.1H 20062006 05:49 2453907 2.61 A0-G0 64m Prism HS 59.89 70.81 1.05 3.9H 06:33 2453907 2.61 A0-G0 64m Prism HS 63.00 72.15 0.88 4.5H 21062006 07:08 2453908 2.62 E0-G0 16m Prism HS 16.00 72.76 1.01 2.2H 09:36 2453908 2.62 E0-G0 16m Prism HS 13.21 70.37 0.77 2.9H 23062006 03:20 2453910 2.62 E0-G0 16m Prism HS 9.84 58.42 0.76 3.9H 04:07 2453910 2.62 E0-G0 16m Prism HS 11.97 64.86 0.67 4.4I 08082006 05:12 2453956 2.74 A0-G0 64m Prism HS 61.41 72.62 1.02 2.3I 05:57 2453956 2.74 A0-G0 64m Prism HS 56.88 71.58 1.10 2.2I 09082006 06:39 2453957 2.74 A0-G0 64m Prism HS 50.33 69.49 1.47 1.5I 10082006 03:07 2453958 2.74 D0-G0 32m Prism HS 31.37 72.03 1.43 2.6I 04:31 2453958 2.74 D0-G0 32m Prism HS 31.65 72.90 1.67 2.5I 05:45 2453958 2.74 D0-G0 32m Prism HS 28.72 71.74 1.43 3.2I 11082006 02:44 2453959 2.74 D0-G0 32m Prism HS 30.76 71.51 1.43 2.3I 13082006 04:05 2453961 2.75 E0-G0 16m Prism HS 15.94 72.90 0.91 1.9I 04:56 2453961 2.75 E0-G0 16m Prism HS 15.26 72.56 0.63 2.7I 05:52 2453961 2.75 E0-G0 16m Prism HS 13.76 71.07 0.60 2.8J 14092006 01:01 2453993 2.83 E0-G0 16m Prism HS 15.82 72.29 0.85 2.3J 16092006 02:15 2453995 2.84 A0-G0 64m Prism HS 62.86 72.85 0.95 1.6J 03:13 2453995 2.84 A0-G0 64m Prism HS 58.12 71.90 1.68 0.9K 09052007 08:53 2454230 3.43 D0-H0 64m Prism HS 61.43 71.46 1.12 1.3L 22062007 03:50 2454274 3.54 G0-H0 32m Prism HS 21.96 62.20 1.17 1.0L 05:29 2454274 3.54 G0-H0 32m Prism HS 29.30 70.26 1.21 0.9M 03072007 07:25 2454285 3.57 E0-G0 16m Prism HS 15.51 72.73 1.07 2.8M 07:37 2454285 3.57 E0-G0 16m Prism HS 15.31 72.59 0.75 3.9M 04072007 04:42 2454286 3.57 G0-H0 32m Prism HS 29.28 70.24 1.59 1.0M 06:30 2454286 3.57 G0-H0 32m Prism HS 31.98 72.83 1.51 1.180



5.2. VLTI/MIDI Observations and data redu
tion

Figure 5.3: Calibrated RR Aql MIDI �ux spe
tra as a fun
tion of wavelength. For 
larity, the error barsare omitted in the plot.estimate the un
ertainty of the transfer fun
tion for nights when only one 
alibrator was available,we used typi
al values based on nights when many 
alibrator stars were observed. The �nal errorson the observed visibilities are mostly systemati
, and in
lude the error of the 
oheren
e fa
tor ofthe s
ien
e target and the 
alibrators, the adopted diameter errors, and the standard deviationof the transfer fun
tion over the night.The photometri
 spe
trum was 
alibrated with one or two 
alibrators, whi
h were observed
lose on sky and in time 
ompared to our s
ien
e target. For most 
alibrator stars, absolutely
alibrated spe
tra are available in Cohen et al. (1999). For those 
alibrators where the absolutely
alibrated spe
trum was not dire
tly available, we used instead a spe
trum of a 
alibrator withsimilar spe
tral type and similar e�e
tive temperature (see the instrument 
onsortium's 
atalog4).The spe
tra of su
h 
alibrators were s
aled with the IRAS �ux at 12 µm to the level of our
alibrator. In addition, we veri�ed that our syntheti
 spe
tra obtained by this pro
edure arevalid by s
aling known spe
tra of two Cohen 
alibrators. In a few 
ases, when the atmospheri
absorption was strongly a�e
ting the spe
tra around 9.5µm, we used another similar 
alibratorinstead of the main 
alibrator observed in the same night with the same level of �ux. The ambient
onditions for all the observations were 
arefully 
he
ked. If we were fa
ing problems with 
louds,
onstraints due to wind, signi�
ant di�eren
es in seeing, humidity, 
oheren
e time, and airmassbetween the s
ien
e target and the 
orresponding 
alibrator, the photometry was omitted fromthe analysis. The detailed data 
alibration pro
edure 
an be found in Chapter 3, Se
tions 3.2, 3.4,and 3.5.4http://www.ster.kuleuven.a
.be/∼tijl/MIDI_
alibration/m

.txt81



5. MIDI OBSERVATIONS OF RR AQL(SILICATE-RICH DUST SHELL)

Figure 5.4: RR Aql �ux spe
trum as a fun
tion of wavelength from 2.4µm to 40 µm (top). The linesrepresents the �ux spe
tra from ISO-SWS observations 
overing wavelengths from 2.5µm to ∼240µm(solid red thi
k line), IRAS-LRS observations 
overing ∼ 7.7µm to ∼ 23µm (dotted thin bla
k like), andthe mean of our N -band MIDI measurements (solid thin green line). Here, the verti
al bars span themaximum and minimum values measured. The diamond symbols denote 2MASS measurements at 1.25
µm, 1.65 µm, and 2.2 µm. The solid blue line indi
ates our atmosphere and dust shell model as explainedin Se
t. 5.3.5. The bottom plot shows an enlarged segment of the plot in the MIDI wavelength range of8�13µm. 82



5.2. VLTI/MIDI Observations and data redu
tion

Figure 5.5: Calibrated RR Aql MIDI visibility amplitudes as a fun
tion of wavelength. (from top tobottom) Observations exe
uted at proje
ted baselines (pb) < 20 m, 20 m < pb < 35 m, 35 m < pb < 50m, and pb > 50 m. 83



5. MIDI OBSERVATIONS OF RR AQL(SILICATE-RICH DUST SHELL)5.3 MIDI resultsWe observed RR Aql at di�erent phases over 4 pulsation 
y
les in order to monitor the mid-infrared photometry and visibility spe
tra. Here, we present and dis
uss the general propertiesof the data, followed by an analysis of their variability as a fun
tion of phase and 
y
le in Se
ts.5.3.1 and 5.3.2.Figure 5.3 shows all obtained 
alibrated photometry spe
tra as a fun
tion of wavelength.The MIDI �ux measurements show a 
onsistent shape exhibiting an in
rease of the �ux from
∼ 100�200 Jy at 8µm to a maximum near 9.8µm of ∼200�400 Jy, and a de
rease towards 13µm,where the �ux values rea
h values of again ∼ 100�200 Jy. The level of the �ux spe
trum di�ersfor individual measurements with a spread of ∼ 100�200 Jy. Figure 5.4 shows a 
omparison ofthe mean of our MIDI �ux measurements to measurements obtained with the ISO and IRASinstruments. The shape of the �ux 
urve is well 
onsistent among the MIDI, ISO, and IRASmeasurements. The level of the IRAS �ux is within the range of our MIDI measurements. Thelevel of the ISO �ux is higher, whi
h most likely 
an be explained by the post-maximum phase of0.16 of the ISO observations (1997-05-03) 
ompared to our minimum to pre-maximum phases. Thedi�eren
e between the MIDI and ISO �ux level may also indi
ate a �ux variation over di�erent
y
les. Figure 5.4 also in
ludes a model des
ription of our MIDI data, whi
h will be explainedbelow in Se
t. 5.3.5.Figure 5.5 shows all obtained 
alibrated visibility spe
tra, whi
h are 
ombined into four groupsof di�erent proje
ted baseline lengths (Bp) of Bp < 20 m, 20 m < Bp < 35 m, 35 m < Bp < 50m, and Bp > 50 m. The visibility 
urves show a signi�
ant wavelength dependen
e with a steepde
rease from 8 µm to ∼ 9.5 µm and a slow in
rease in the 9.5 µm to 13 µm range. The shapeand absolute s
ale of the visibility fun
tion depends on the length of the proje
ted baseline wherea longer baseline results in a lower and �atter 
urve.As a �rst basi
 interpretation of the interferometri
 data, we 
omputed for ea
h data setand spe
tral 
hannel the 
orresponding UD diameter and the Gaussian FWHM. This leads toa rough estimate of the 
hara
teristi
 size of the target at ea
h wavelength. However, it shouldbe mentioned that the true intensity distribution a
ross the stellar disk is expe
ted to be more
omplex than 
an be des
ribed by these elementary models. Fig. 5.3 shows for the example ofepo
h A the �ux, the visibility amplitude, the 
orresponding UD diameter, and the 
orrespondingGaussian FWHM diameter as a fun
tion of wavelength. The shape of the UD diameter andGaussian FWHM fun
tions show a steep in
rease from 8 µm to ∼ 9.5 µm by a fa
tor of 2. Aplateau appears between ∼ 9.5 µm and 11.5 µm, and the values are nearly 
onstant from ∼ 11.5
µm to 13 µm.The shape of the 8�13µm �ux spe
trum with a maximum near 9.8µm is known to be a 
har-a
teristi
 sili
ate emission feature (e.g. Little-Marenin & Little, 1990; Lorenz-Martins & Pompeia,2000). The 
orresponding drop in the visibility fun
tion between 8µm and 9.5 µm, and in
reaseof the UD diameter and Gaussian FWHM has also been shown to be a typi
al signature of a
ir
umstellar dust shell that is dominated by sili
ate dust (
f., e.g. Driebe et al., 2008; Ohnakaet al., 2008). The opposite trend, a brad spe
trum and visibility fun
tion in the wavelength range8�13µm was interpreted as a dust shell 
onsisting of Al2O3 dust (Wittkowski et al., 2007) orsili
ate and Al2O3 dust (Ohnaka et al., 2005). 84
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5. MIDI OBSERVATIONS OF RR AQL(SILICATE-RICH DUST SHELL)

Figure 5.6: VLTI/MIDI interferometry at 8-13µm of RR Aql for the example of epo
h A (stellar phase0.58). The panels show (a) the �ux, (b) the visibility amplitude, (
) the 
orresponding UD diameter, (d)the 
orresponding Gaussian FWHM diameter as a fun
tion of wavelength. The gray shade indi
ates thewavelength region around 9.5µm that is a�e
ted by atmospheri
 absorption. Panel (e) shows the visibilityamplitude as a fun
tion of spatial frequen
y for three averaged bandpasses of 8-9 µm, 10-11 µm, and 12-13
µm. The 
rosses with error bars denote the measured values. The solid lines indi
ate our best-�ttingmodel, as des
ribed in Se
t. 5.3.5. It 
onsists of a 
ombination of a dust-free dynami
 model atmosphererepresenting the 
entral star and a radiative transfer model representing the surrounding dust shell. The
ontributions of the stellar and dust 
omponents alone are indi
ated by the dotted and the dashed line,respe
tively.

86



5.3. MIDI results

Figure 5.7: Calibrated MIDI visibility amplitudes for di�erent pulsation phases within the same 
y
leto investigate intra-
y
le visibility variations. Ea
h line represents a di�erent pulsation phase within thesame 
y
le and is 
omputed as an average of data obtained at the respe
tive phase (± 0.15) and observedat similar proje
ted baseline length (pb ± 10%) and position angle (PA ± 10%). The top panel shows theexample of pulsation phases 0.45, 0.61, and 0.74 of 
y
le 2 observed with a proje
ted baseline length of ∼29m and a position angle of ∼70 deg. The middle panel shows the example of pulsation phases 0.62, 0.75,and 0.83 of 
y
le 2 observed with a proje
ted baseline length of ∼ 16m and a position angle of ∼72 deg.The bottom panel shows the example of pulsation phases 0.55, 0.61, 0.74 and 0.84 of 
y
le 2 observedwith a proje
ted baseline length of ∼ 61m and a position angle of ∼72 deg. The error bars are 
omputedas the standard deviation of the averaged visibilities.87



5. MIDI OBSERVATIONS OF RR AQL(SILICATE-RICH DUST SHELL)

Figure 5.8: As Fig. 5.7, but for the same pulsation phase in 
onse
utive pulsation 
y
les to investigate
y
le-to-
y
le visibility variations. The top panel shows the example of pulsation phase ∼ 0.5 in three
onse
utive 
y
les observed with a proje
ted baseline length of ∼ 61m and a position angle ∼75 deg. Themiddle panel shows the example of pulsation phase 0.5 in 2 
onse
utive 
y
les observed with a proje
tedbaseline length of ∼ 29m and a position angle ∼70 deg. The bottom panel shows the example of pulsationphase 0.6 in 2 
onse
utive 
y
les observed with a proje
ted baseline length of ∼ 16m and a position angle
∼72 deg. 88



5.3. MIDI results5.3.1 Visibility monitoringWe obtained a ri
h sample of MIDI data on RR Aql that 
over a total of 4 pulsation 
y
les andpulsation phases between 0.45 and 0.85, i.e. minimum to pre-maximum phases (see Tab. 5.1and Fig. 5.1). For many di�erent pulsation 
y
les and phases we have obtained data at similarproje
ted baseline lengths and position angles. This gives us a unique opportunity to meaningfully
ompare interferometri
 data obtained at di�erent pulsation phases and 
y
les. Sin
e the visibilitydepends on the probed point in the uv plane, and thus on the proje
ted baseline length andposition angle, visibility data at di�erent pulsation phases 
an be dire
tly 
ompared only if theywere obtained at the same, or very similar, point in the uv plane. For this reason, we have
ombined individual observations into groups of similar pulsation phases (Φvis ± 0.15), proje
tedbaseline lengths (Bp ± 10 %), and position angles (P.A. ± 10 %). The data within ea
h groupwere averaged. The un
ertainty of the averaged visibility 
urves was estimated as the standarddeviation of the averaged visibilities.Intra-
y
le visibility monitoringIn order to investigate intra-
y
le visibility variations we 
ompared data observed at di�erentpulsation phases within the same 
y
le. Fig. 5.7 shows three examples of 
alibrated visibility
urves, where ea
h line in the plots represents an average of a group of visibility data, as des
ribedabove, (i.e. with similar Bp, P.A., and Φvis). The top panel shows an example of observationswithin the se
ond pulsation 
y
le at phases 2.45, 2.61, and 2.74 obtained with Bp ∼ 30 m andP.A. ∼ 70◦. The middle panel shows an example of observations at phases 2.62, 2.75, and 2.83obtained with Bp ∼ 16 m and P.A. ∼ 72◦. The bottom panel shows an example of observationsat phases 2.55, 2.61, 2.74 and 2.84 obtained with Bp ∼ 61 m and P.A. ∼ 72◦. The data do notshow any eviden
e for intra-
y
le visibility variations within the probed range of pulsation phases(∼ 0.45 � 0.85) and within our visibility a

ura
ies of about 5�20%.Cy
le-to-
y
le visibility monitoringWe 
ompared data observed at similar pulsation phases of di�erent, 
onse
utive, 
y
les to investi-gate 
y
le-to-
y
le visibility variations. Figure 5.8 shows three of these examples 
omputed in thesame way as shown in Fig. 5.7 of Se
t. 5.3.1, but (top panel) for minimum phases of 1.53, 2.59,and 3.43 in three 
onse
utive 
y
les obtained with a proje
ted baseline length of ∼ 62 m and P.A.
∼ 73◦, (middle panel) for minimum phases 2.43, and 3.55 of two 
onse
utive 
y
les obtained witha proje
ted baseline length of ∼ 29 m, and P.A. ∼ 70◦, and (bottom panel) for post-minimumphases 2.62, 2.75, and 3.57 of two 
onse
utive 
y
les obtained with a proje
ted baseline length of
∼ 16 m, and P.A. ∼ 72◦. Here, the phases of the di�erent 
y
les di�er by up to ∼ 20%. However,we showed in Se
t. 5.3.1 that there is no eviden
e for intra-
y
le visibility variations, so that the
hosen phases 
an well be 
ompared for di�erent 
y
les. As a result, Fig. 5.8 shows that ourdata do not exhibit any signi�
ant 
y
le-to-
y
le visibility variation for minimum phases over 2�3
y
les within our visibility a

ura
ies of ∼ 5�20%.Deviations from 
ir
ular symmetryMost position angles varied around 40◦ or 70◦. Only in two 
ases the P.A. is signi�
antly dif-ferent with values of 3◦ and 7◦. However, in both 
ases the visibility data quality is poor. The89



5. MIDI OBSERVATIONS OF RR AQL(SILICATE-RICH DUST SHELL)di�erential phases are 
lose to zero within ∼ 10-20 deg, whi
h is of the order of the 
alibration un-
ertainties that 
an be rea
hed for MIDI di�erential phases (e.g. Ohnaka et al., 2008). Thereforethese observations do not allow us to make any reliable 
on
lusion regarding the possible presen
eor absen
e of an asymmetri
 intensity distribution.Summarizing, our RR Aql MIDI data do not show an eviden
e of signi�
ant intra-
y
le or
y
le-to-
y
le visibility variations within the examined phase 
overage of ∼ 0.45�0.85 in 4 
onse
-utive 
y
les (see Tab. 5.1 for details of the phase 
overage) and within our visibility a

ura
ies of ∼5�20%. The obtained mid-infrared interferometri
 observations imply either that the mid-infraredsizes of mole
ular and dusty layers of RR Aql do not signi�
antly vary within our phase 
overage,or that the 
ondu
ted observations are not su�
iently sensitive to dete
t su
h variations. Inaddition, the good agreement of visibility data obtained at the same proje
ted baseline lengthsand position angles during several years also 
on�rms the good data quality and 
redibility of thedata redu
tion pro
edure.5.3.2 N-band �ux monitoringIn order to investigate the intra-
y
le and 
y
le-to-
y
le variability of our 8�13µm �ux spe
tra,we 
ombined the data into groups of data obtained at similar pulsation phases (Φvis ± 0.15). Thedata within ea
h group were averaged. The un
ertainty of the averaged photometry 
urves wasestimated as the standard deviation of the averaged values.Intra-
y
le photometry monitoringFig. 5.9 shows three examples of a 
omparison of the MIDI 
alibrated �ux spe
trum at di�erentpulsation phases of the same 
y
le. The top panel shows a 
omparison between phases 0.58 and0.85 of 
y
le 0, the middle panel shows a 
omparison between phases 1.53 and 1.76 of 
y
le 1,and the bottom panel shows a 
omparison between phases 2.46 and 2.84 of 
y
le 2. The examples
ompare data taken at post-minimum and pre-maximum phases, i.e. with the largest separationin phase that is available in our dataset. The RR Aql �ux values within the N -band are largerat the pre-maximum phases than at the post-minimum phases, 
orresponding to the light
urveof the V -magnitude. The di�eren
e is most pronoun
ed toward the sili
ate emission featurearound 9.8µm and smaller towards the edges of the MIDI bandpass at 8.0µm and 13.0µm. Thedi�eren
es 
orrespond to up to 20%�35%, or about 1�2 standard deviations.Cy
le-to-
y
le photometry monitoringFig. 5.10 shows a 
omparison of data observed at the same phase of 
onse
utive pulsation 
y
les.The top panel shows a 
omparison between phases 1.76 and 2.74, i.e. phase 0.75 of 
y
les 1 and2. The middle panel shows a 
omparison between phases 0.85 and 2.84, i.e phase 0.85 of 
y
le0 and 2. The bottom panel shows a 
omparison between phases 2.55 and 3.56, i.e phase 0.55 of
y
le 2 and 3. In the �rst two examples, the N -band �uxes are lower in 
y
le 2 
ompared tothe same phase of (a) 
y
le 1 and (b) 
y
le 0 by up to ∼ 100 Jy, 
orresponding to about 30% or1�2 standard deviations. As for the intra-
y
le photometry variations dis
ussed in the previousparagraph, the di�eren
es are most pronoun
ed toward the sili
ate emission feature at 9.8µm.This might indi
ate an irregularity of the variability 
y
le in the N -band. In the opti
al band the90



5.3. MIDI results

Figure 5.9: Calibrated MIDI �ux spe
trum for di�erent pulsation phases within the same 
y
le toinvestigate intra-
y
le photometry variations. Ea
h line represents a di�erent pulsation phase within thesame 
y
le and is 
omputed as an average of data obtained at the respe
tive phase (± 0.15). The top panelshows the example of pulsation phases 0.58 and 0.85 of 
y
le 0. The middle panel shows the examples ofphases 0.53 and 0.76 of 
y
le 1. The bottom panel shows the examples of phases 2.46 and 2.84 of 
y
le2. The error bars are 
omputed as the standard deviation of the averaged photometry 
urves. The grayshades denote zones that are a�e
ted by atmospheri
 absorption.91
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Figure 5.10: As Fig. 5.9, but for the same pulsation phase in 
onse
utive pulsation 
y
les to investigate
y
le-to-
y
le photometry variations. The top panel shows the example of phase ∼ 0.75 in 
y
les 1 and2. The middle panel shows the example of phase ∼ 0.85 of 
y
les 0 and 2. The bottom panel shows theexample of phase ∼ 0.55 of 
y
les 2 and 3. 92



5.3. MIDI resultsTable 5.2: Best-�tting model parameters for ea
h epo
h of RR Aql observationsEpo
h Φvis τV Rin/RPhot p ΘPhot(sil.) (sil.) (sil.) [mas℄A 0.58 3.0 ± 0.9 4.5 ± 1.1 2.5 ± 0.4 6.6 ± 2.4B 0.81 3.0 ± 0.7 4.5 ± 1.6 2.5 ± 0.5 7.1 ± 2.9C 0.86 2.5 ± 0.8 5.0 ± 1.3 2.5 ± 0.5 8.0 ± 2.8D 1.53 3.7 ± 0.6 3.2 ± 1.1 2.5 ± 0.5 6.7 ± 2.6E 1.77 2.0 ± 0.8 4.5 ± 1.4 3.0 ± 0.4 8.0 ± 2.9F 2.46 2.7 ± 0.8 4.6 ± 1.1 3.0 ± 0.5 7.7 ± 2.4G 2.55 3.0 ± 0.6 3.4 ± 1.7 2.1 ± 0.6 7.2 ± 2.5H 2.62 2.0 ± 0.8 4.5 ± 1.1 2.4 ± 0.5 8.5 ± 2.7I 2.74 2.0 ± 0.9 4.0 ± 1.5 2.6 ± 0.5 8.5 ± 2.8J 2.84 3.2 ± 0.7 3.0 ± 1.5 2.0 ± 0.6 7.2 ± 2.6K 3.43 5.0 ± 0.8 3.0 ± 1.3 3.0 ± 0.5 7.3 ± 2.2L 3.54 2.3 ± 0.9 5.0 ± 1.5 2.5 ± 0.4 8.2 ± 2.4M 3.57 2.5 ± 0.7 4.5 ± 1.1 2.5 ± 0.4 7.5 ± 2.4Table 5.3: Average model parameters for all epo
hs of RR Aql observationsModel τV τV Rin/RPhot p ΘPhot(Al2O3) (sili
ate) (sili
ate) (sili
ate) [mas℄M21n 0.0 2.8 ± 0.8 4.1 ± 0.7 2.6 ± 0.3 7.6 ± 0.6visual light
urve 
learly shows that the pulsation 
y
les are not perfe
tly symmetri
 (see Fig. 5.1).Summarizing, our data exhibit a 1�2σ signature of intra-
y
le as well as 
y
le-to-
y
le �uxvariations at wavelengths of 8�13µm, whi
h are most pronoun
ed toward the sili
ate emissionfeature at 9.8µm. This indi
ation is 
onsistent with observations by Monnier et al. (1998), whoreported on temporal variations in the mid-infrared spe
tra of late type stars. In parti
ular,stars with a strong emission feature around 9.8µm showed evident 
hanges of the spe
tral pro�le.Considerable phase variation of the N -band spe
tra 
an as well be found in Alvarez & Plez (1998).5.3.3 MIDI modelingHere, we use an approa
h of an ad-ho
 radiative transfer modeling of the dust shell where the
entral stellar sour
e is des
ribed by readily available and established dust-free dynami
 modelatmosphere series, as introdu
ed by Wittkowski et al. (2007) (Se
tion 4.3). The dust shell sur-rounding the 
entral star is modeled by the Monte Carlo radiative transfer 
ode m
sim_mpi(Ohnaka et al., 2006) (Se
tion 4.2). The radiative transfer model requires an assumption on thespe
tral energy distribution (SED) of the 
entral stellar sour
e. Sin
e we expe
t the photosphereand mole
ular layers of RR Aql to be partly resolved with our MIDI baselines (V 2 ∼ 0.4 for Θ =10mas, B = 120m, λ = 10µm), we also need to model the intensity distribution a
ross the at-mospheri
 layers. For these purposes, we use the dust-free dynami
 model atmospheres, based onself-ex
ited pulsation models (P and M series), by Ireland et al. (2004b,a) and referen
es thereinas the 
urrently best available option (Se
tion 4.1).93



5. MIDI OBSERVATIONS OF RR AQL(SILICATE-RICH DUST SHELL)The dust-free models des
ribing the dynami
 atmosphere of the 
entral sour
e were 
onstru
tedto reprodu
e the M-type Mira prototypes o Cet and R Leo. In 
omparison to these Mira variables,RR Aql pulsates with a larger period of 394 days. The main sequen
e pre
ursor mass of RR Aqlis 1.16 M/M⊙ (Wyatt & Cahn, 1983), and its spe
tral type is M6e-M9 (Samus et al., 2004),versus M5-M9 (P series) and M6-M9.5 (M series). However, Tej et al. (2003) indi
ated that thespe
tral shape 
an be reprodu
ed reasonably well even for stars with di�erent pulsation periods.We assume that di�eren
es between the stellar parameters of the models designed to representthe prototypes o Cet and R Leo and the parameters of our s
ien
e target RR Aql should notsigni�
antly in�uen
e the resulting model �t. Based on the stellar parameters we 
hose to use ofthe M series, the best avaiable models des
ribing RR Aql's atmosphere.
5.3.4 MIDI model parametersA 
lear sili
ate feature is identi�ed in the spe
tra of RR Aql (see Fig. 5.4 and Se
t. 5.3). RR Aqlis one of 31 oxygen-ri
h stars studied by Lorenz-Martins & Pompeia (2000). The authors modeledthe stars using Al2O3 and sili
ate grains and suggest that the dust 
hemistry of RR Aql 
ontainssili
ate grains only. In this study we examined both of these two dust spe
ies, Al2O3 grains(Begemann et al., 1997; Koike et al., 1995) and sili
ates grains (Ossenkopf et al., 1992). Theamount of dust is des
ribed by the opti
al depths at λ0 = 0.55 µm. The grain size was set to0.1 µm for all grains. We set the photospheri
 radius to the well-de�ned 
ontinuum photospheri
radius at λ = 1.04 µm (RPhot = R1.04). The density gradient was de�ned by a single power law
ρ(r) ∝ r−p with index p. The shell thi
kness was set to Rout/Rin = 1000.The global model in
ludes seven parameters. The radiative transfer model des
ribing the
ir
umstellar dust shell in
ludes six parameters: the opti
al depths τV (Al2O3) and τV (sili
ate),the inner boundary radii Rin/RPhot (Al2O3) and Rin/RPhot (sili
ate), and the density gradients
pA (Al2O3) and pB (sili
ate). The model of the P/M atmosphere series is a further parameter.Here, we used ten models 
overing one 
omplete 
y
le of the M series: M16n (model visual phase
Φmodel=0.60), M18 (0.75), M18n (0.84), M19n (0.90), M20 (0.05), M21n (0.10), M22 (0.25), M23n(0.30), M24n (0.40), and M25n (0.50).We 
omputed a grid of dust shell models for ea
h of these M models in
luding all 
ombinationsof opti
al depths τV (Al2O3) = 0.0, 0.1, 0.2, 0.5, 0.8; τV (sili
ate) = 2.0, 2.5, 3.0, 3.5, 4.0, 4.5,5.0; Rin/RPhot (Al2O3) = 2.0, 2.5, 3.0; Rin/RPhot (sili
ate) = 2.5, 3.5, 4.5, 5.5, 6.5; pA (Al2O3)= 2.0, 2.5, 3.0, 3.5; and pB (sili
ate) = 2.0, 2.5, 3.0, 3.5.In a �rst sele
tion of suitable models, we 
ompared the MIDI data of ea
h epo
h to our entiregrid of models. The angular diameter ΘPhot was the only free parameter. We weighted down thepart of the photometri
 spe
tra around 9.5 µm, whi
h is strongly a�e
ted by telluri
 absorption.Otherwise, the weight of ea
h data point was given by the 
orresponding un
ertainty. For ea
hepo
h we kept the best ∼30 models with lowest χ2 values (Eq. 5.1). In a next step, a grid with�ner steps around these parameters was 
omputed. This pro
edure was repeated several times.The results of the automati
 sele
tion were visually inspe
ted. We 
ompleted the sele
tion with10 models for ea
h epo
h whi
h are in best agreement with the data.The modeled visibilities V mod

i (λ) were 
ompared to the observed ones V obs
i (λ). The dis
rep-94



5.3. MIDI results

Figure 5.11: Model with average dust shell parameters for di�erent epo
hs of our RR Aql observations(Table 5.3).an
y was weighted with the mesurements errors σV obs
i

(λ) to obtain χ2(λ).
χ2(λ) =

N
∑

i=1

(V obs
i (λ) − V mod

i (λ)

σV obs
i

(λ)

)2 (5.1)The χ2(λ) was minimised using the Levenberg-Marquardt least-squares minimalisation algorithm.5.3.5 MIDI model resultsFor ea
h of the 13 epo
hs we found the best-�tting model parameters in
luding the best-�ttingset of dust parameters of the radiative transfer model together with the best-�tting model of theP/M series. We used the pro
edure outlined in Se
t. 5.3.4.Following Lorenz-Martins & Pompeia (2000), we have investigated dust shells in
luding Al2O3and/or sili
ate shells with di�erent inner radii and density gradients. We obtained best �t resultswith a sili
ate shell alone, and the addition of an Al2O3 shell did not result in an improvementof the model �ts. This result is 
onsistent with Lorenz-Martins & Pompeia (2000) who 
lassi�edRR Aql as a sour
e that 
an be des
ribed with a sili
ate dust shell alone.The best �tting parameters for ea
h epo
h are listed in Tab. 5.2. The table lists the epo
h,the phase at the epo
h, the opti
al depth τV , the inner boundary radius Rin/RPhot, the densitydistribution p, and the 
ontinuum photospheri
 angular diameter ΘPhot. Here, the dust shellparameters are those of the sili
ate dust shell. The errors of the dust shell parameters are derivedas the standard deviation based on the �nd 10 best-�tting models (Tab 5.2). Table 5.3 lists theaverage model parameters of our di�erent epo
hs. Figure 5.11 shows the models simulating theaverage parameters for our average pulsation phase of ΦV = 0.64 ± 0.15. The average phase ofour observations is ΦV = 0.64 ± 0.15.The best �tting model atmosphere was M21n (Tmodel = 2550K, ΦModel=0.1) for all epo
hs.The di�eren
e between the average phase of our observation and the phase of the best �ttingmodel atmosphere 
an most likely be explained by the di�erent stellar parameters of RRAql
ompared to those of the M series. It means that Teff of RR Aql at the time of observation issimilar to Teff of model M21n, whi
h has a di�erent phase but whose basi
 parameters are alsonot exa
tly those of RR Aql. 95



5. MIDI OBSERVATIONS OF RR AQL(SILICATE-RICH DUST SHELL)Figure 5.3 in
ludes, for the example of epo
h A, the model �ux and model visibility 
omparedto the observed values. All the observational epo
hs 
an be �nd in appendix (Figs. C.1� C.7).For most epo
hs, the agreement between the models and the observed data is very good, inparti
ular for the visibility spe
tra. The visibility spe
tra 
ontain information about the radialstru
ture of the atmospheri
 mole
ular layers and the surrounding dust shells. In the wavelengthrange from 8 µm to ∼ 9 µm the dust is fully resolved with baselines larger than ∼ 20m and thevisibility 
ontribution of the dust rea
hes into the 2nd lobe of the visibility fun
tion. RR Aqlis 
hara
terized by a partially resolved stellar disk in
luding atmospheri
 layers, with a typi
aldrop in the visibility fun
tion ∼ 10 µm, where the �ux 
ontribution of the sili
ate emission ishighest and the �ux 
ontribution of the star relative to the total �ux de
reases. Beyond ∼ 10 µm,the spatially resolved radiation from the opti
ally thin dust shell starts to be a notable part ofthe observed total �ux. From ∼ 10 µm to 13 µm the dust 
ontribution be
omes nearly 
onstantwhile the stellar 
ontribution in
reases, and this results in a rebound of the visibility fun
tion.Photometry spe
tra also �t well. For some epo
hs, the models predi
t higher �uxes than observednear the sili
ate emission feature at ∼9.8 µm. Generally, our attempt of a radiative transfer modelof the 
ir
umstellar dust shell that uses dynami
al model atmosphere series to des
ribe the 
entralstellar sour
e 
an very well reprodu
e the shape of both the visibility and the photometry spe
tra.Our model also resembles the shape of the full SED in the range of 1�40µm (Fig. 5.4).The obtained model parameters for the di�erent epo
hs do not indi
ate any signi�
ant de-penden
e on phase or 
y
le. This is 
onsistent with the result from Se
t. 5.3.1 that a dire
t
omparison of visibility values of di�erent phases or 
y
les did not show any variability withinour un
ertainties, and that the photometri
 values indi
ated only small variations of up to ∼ 2σ.However, we 
annot 
on�rm or deny an eventual phase-dependen
e of the dust formation pro
essthat e�e
ts the 8�13µm visibility and photometry values by less than our un
ertainties of about5�20% and 10�50%, respe
tively.A sili
ate dust shell alone, i.e. without the addition of a Al2O3 dust shell, provides the bestagreement with our data. The average opti
al depth of the sili
ate dust is τV (sili
ate)=2.8±0.8at λ = 0.55µm (
orresponding to 0.03 at λ = 8µm, 0.06 at λ = 12µm, and a maximum within8�12µm of 0.22 at λ = 9.8µm). The inner radius of the dust shell is Rin=4.1±0.7RPhot, and thepower-law index of the density distribution is p=2.6±0.3. Wind models predi
t a power-law indexof the density distribution of 2 at radii outward the dust formation zone. However, for radii 
loseto the dust formation zone (r<∼10 R⋆) a larger index is expe
ted (
f, e.g., Fig. 6 in Wittkowskiet al., 2007), whi
h is 
onsistent with our result.The average photospheri
 angular diameter results in ΘPhot=7.6±0.6mas. This value issmaller than the K-band (λ = 2.2µm, ∆λ = 0.4µm) UD diameter of ΘUD=10.73±0.66 masderived by van Belle et al. (2002) at a minimum phase of 0.48. This 
an most likely be explainedby the di�erent radius de�nitions. Our diameter is a photospheri
 angular diameter that hasalready been 
orre
ted for e�e
ts of mole
ular layers lying above the 
ontinuum photosphere us-ing the predi
tion by the best-�tting model atmosphere, while the diameter by van Belle et al.(2002) is a broad-band uniform disk diameter that still 
ontains 
ontamination by mole
ular lay-ers. It is known that broad-band UD diameters may widely overestimate the photospheri
 radiusdue to 
ontamination by mole
ular layers lying above the photosphere (
f., e.g., Ireland et al.,2004b; Fedele et al., 2005; Wittkowski et al., 2007). With the parallax of π = 1.58 ± 0.40 mas(Vlemmings & van Langevelde, 2007), our value for ΘPhot 
orresponds to a photospheri
 radiusof Rphot = 520+230
−140 R⊙. Together with the bolometri
 magnitude of RR Aql of mbol = 3.71 and

∆mbol = 1.17 from Whitelo
k et al. (2000), our value for ΘPhot at ΦV ∼ 0.64 
orresponds to an96



5.4. Dis
ussione�e
tive temperature of Teff ∼ 2420±200K. This value is 
onsistent with the e�e
tive temperatureof the best �tting model atmosphere M21n, whi
h is Teff=2550K.Figure 5.12 shows the full model SED in the range of 0.3�100µm (top panel), 1�2.4µm (middlepanel0, and 8�13µmm (bottom panel) in
luding the model with the average parameters des
ribingRR Aql (Tab. 5.3) (bla
k line), with the stellar 
ontribution (red line), dust emission (green line),and dust s
attering (blue line).5.4 Dis
ussionOur MIDI observations of RR Aql did not show signi�
ant variations of the 8�13µm visibilitywithin the examined pulsation phases between 0.45 and 0.85 within a total of 4 pulsation 
y
les,and showed only marginal variations of the 8�13µm �ux.We have performed model simulations with expe
ted variations of the pulsation phase ofthe innermost dust-free atmosphere model and of the parameters of the surrounding dust shells(Se
. 4.4.1). These model simulations show that visibility variations are indeed not expe
tedfor the parameters and observational settings of RR Aql at wavelengths of 8�13 µm within theun
ertainties of our observations. Variations of the �ux spe
tra may in some 
ases just be de-te
table. Thus, our observational result of a 
onstant visibility and only slightly varying �ux atwavelengths of 8�13µm are 
onsistent with, and not 
ontradi
ting, theoreti
al expe
tations of apulsating atmosphere.Our model simulations indi
ate that dete
tions of pulsation e�e
ts at mid-infrared wavelengthswould in parti
ular bene�t from smaller un
ertainties in the photometri
 spe
trum 
omparedto our 
urrent data. Also, a large range of proje
ted baselines at ea
h phase, for RR Aql inparti
ular in
luding baseline lengths around 20-30 m, would help us to distinguish models ofdi�erent pulsation phases.For our analysis, we have 
onsidered sili
ate (Ossenkopf et al., 1992) and Al2O3 (Begemannet al., 1997; Koike et al., 1995) dust spe
ies, following the work by Lorenz-Martins & Pompeia(2000), and have used �xed grain sizes of 0.1 µm. It is known that other dust spe
ies with a more
omplex gran size distributions may o

ur in the 
ir
umstellar environment of Mira variables(e.g., Höfner, 2008; Molster & Waters, 2003, , and referen
es therein). We showed that a modelin
luding only a sili
ate dust shell 
an well reprodu
e the observed RR Aql visibility and �uxspe
trum at 8�13 µm. The addition of an Al2O3 dust shell with 
omparable low opti
al depthdid not signi�
antly improve the �t to our data. However, our model simulations have shownthat our 8�13 µm visibility and �ux values are not sensitive to the addition of an Al2O3 dust shellwith low opti
al depth within our un
ertainties. As a result, we 
an not ex
lude the presen
e ofan inner Al2O3 dust shell in addition to the sili
ate dust shell. Woitke (2006) used dynami
almodels for dust-driven winds of oxygen-ri
h AGB stars in
luding frequen
y-dependent radiativetransfer and found that dust temperatures are strongly material-dependent. Two dust layers areformed in his dynami
al models, almost pure glassy Al2O3 
lose to the star (r > ∼ 1.5 Rstar) andthe more opaque Fe-poor Mg-Fe-sili
ates further out at 4�5 Rstar.The dust-free dynami
 model atmospheres predi
t a signi�
ant dependen
e of the 
hara
ter-isti
s of the mole
ular layers on the stellar pulsation phase at near-infrared wavelengths (Irelandet al., 2004b,a). There are a few near-infrared interferometri
 observation, whi
h dete
ted a 
learvariation of the 
ontinuum angular diameters with pulsation phase (Thompson et al., 2002b;Perrin et al., 1999; Young et al., 2000b; Woodru� et al., 2004). Spe
trally resolved near-infrared97
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Figure 5.12: The top panel shows the full SED in the range of 0.3�100µm, the middle panel shows theSED in the range 1�2.4µm, and the bottom panel shows the SED in the range of 8�13µm. The pink solidline represents model 
ontinuum, the pink dashed line des
ribes the bla
kbody, the bla
k line - the modelwith the average dust shell parameters des
ribing RR Aql (Tab. 5.3), the red line - the stellar 
ontributionof the model, the green line - dust emission, the blue line - dust s
attering.98



5.5. Summary and Con
lusionsinterferometri
 measurements at di�erent phases, su
h as the AMBER observations by Wittkowskiet al. (2008) but at more than one phase, promise to lead to stronger 
onstraints of dynami
 modelatmospheres.Our model simulations based on the 
ombination of dynami
 model atmospheres with a ra-diative transfer model of the dust shell predi
t only small variations with phase at mid-infraredwavelengths. The di�eren
e near a wavelength of 10 µm amounts to ∼5% for the visibility valuesand to ∼25% for the photometry values. These results lead to the suggestion that the stellar pho-tosphere and overlying mole
ular layers pulsate, whi
h is demonstrated by the diameter variationsin the near-infrared, but that these pulsations 
an not be dete
ted for RR Aql by our 8�13µminterferometry within our un
ertainties. In addition, our visibility un
ertainties do not allow usto ex
lude variations of the geometry and opti
al depth of the dust shell as a fun
tion of pulsationphase as observed previously for other targets (Lopez et al.(1997). Possible explanations for thenon-dete
tion of a phase-dependen
e of the dust shell parameters in our study 
ompared to theISI observations in
lude: (i) Longer baseline lengths in our study that often fully resolve the veryextended sili
ate dust shell. (ii) Our limited phase 
overage between minimum and pre-maximum(0.45�0.85) phases. Possible variations over the whole pulsation 
y
le 
an not be ex
luded.The observed variability of the 8�13µm �ux at a signi�
an
e level of 1�2σ may indi
atevariations of the stellar radiation re-emitted by the dust, and/or 
hanges of the dust geometry oropti
al depth.5.5 Summary and Con
lusionsWe have investigated the 
ir
umstellar dust shell and 
hara
teristi
s of the atmosphere of theoxygen-ri
h Mira variable RR Aql using mid-infrared interferometri
 observations. We have ob-served RR Aql with the VLTI/MIDI instrument at di�erent pulsation phases in order to monitorthe photometry and visibility spe
tra. A total of 57 observations were 
ombined into 13 epo
hs
overing 4 pulsation 
y
les between April 2004 and July 2007, and 
overing pulsation phasesbetween minimum and pre-maximum phases (0.45�0.85).We have modeled the observed data with an ad-ho
 radiative transfer model of the dust shellusing the radiative transfer 
ode m
sim_mpi by Ohnaka et al. (2006). Hereby, we used a seriesof dust-free dynami
 model atmospheres based on self-ex
ited pulsation models (M series, Irelandet al., 2004b,a) to des
ribe the intensity pro�le of the 
entral sour
e. This study represents the�rst 
omparison between interferometri
 observations and theoreti
al models over an extendedrange of pulsation phases 
overing several 
y
les.Our main observational results are as follows: (i) The interferometri
 data do not show ev-iden
e for intra-
y
le visibility variations. (ii) The data do not show eviden
e for 
y
le-to-
y
levisibility variations. (iii) The 8�13µm �ux suggests intra-
y
le and 
y
le-to-
y
le photometryvariations at a signi�
an
e level of 1�2σ. Follow-up observations with higher a

ura
y using adedi
ated photometri
 instrument, su
h as VISIR at the VLT, are needed to 
on�rm this result.These observational results 
an be explained by dynami
 model atmospheres and variations ofdust shell parameters. Simulations using di�erent phases of the dynami
 model atmosphere anddi�erent sets of dust shell parameters predi
t visibility variations that are lower or of the orderof the observed visibility un
ertainties (5-20 %). Model-predi
ted variations of the photometryspe
tra are largest around wavelengths of 10µm with di�eren
e of up to ∼25% 
orresponding toup to 1�2σ. 99



5. MIDI OBSERVATIONS OF RR AQL(SILICATE-RICH DUST SHELL)The best-�tting model for our average pulsation phase of ΦV = 0.64± 0.15 in
ludes a sili
atedust shell with an opti
al depth of τV (sili
ate)=2.8±0.8, an inner radius ofRin=4.1±0.7RPhot, anda power-law index of the density distribution of p=2.6±0.3. The 
orresponding best-�tting atmo-sphere model of the series used to des
ribe the 
entral intensity pro�le is M21n (Tmodel = 2550K,
Φmodel = 0.1) with a photospheri
 angular diameter of ΘPhot=7.6±0.6mas. The photospheri
angular diameter 
orresponds to a photospheri
 radius of Rphot = 520+230

−140 R⊙ and an e�e
tivetemperature of Teff ∼ 2420 ± 200K. The latter value is 
onsistent with the e�e
tive temperatureof the used model M21n. The 
ombined model 
an well reprodu
e the shape and features of theobserved photometry and visibility spe
tra of RR Aql, as well as the SED at 1�40µm.The addition of an Al2O3 dust shell did not improve the model �t. However, our modelsimulations show that the addition of an Al2O3 dust shell with low opti
al depth 
ompared to thesili
ate dust shell 
ould not be dete
ted within our measurement un
ertainty (Se
 4.4.1 Simulation4). A des
ription of the RR Aql dust shell with sili
ate grains alone is 
onsistent with the resultsby Lorenz-Martins & Pompeia (2000).We 
on
lude that our RR Aql data 
an be des
ribed by a sili
ate dust shell surrounding apulsating atmosphere, 
onsistent with near-infrared observations of Mira variables. The e�e
tsof the pulsation on the mid-infrared �ux and visibility values are expe
ted to be less than about25% and 20%, respe
tively, and are too low to be dete
ted within our measurement un
ertainties.Although the addition of an Al2O3 dust shell did not improve the model �t, our simulations alsoindi
ate that we 
an not ex
lude the presen
e of an inner Al2O3 dust shell with relatively lowopti
al depth, whi
h may be an important 
ontributor to the dust 
ondensation sequen
e.Our modeling attempt of a radiative transfer model of the dust shell surrounding a dynami
dust-free model atmosphere provides 
onstraints on the geometri
 extensions of atmospheri
mole
ular and dust shells. It should be noted that it 
an not explain the me
hanism by whi
hthe observed mass-loss is produ
ed and the wind is driven. Newer models of M type, i.e. ofoxygen-ri
h Miras, that in
lude atmospheri
 dust (e.g. Ireland et al., 2008, ,Ireland, in prepa-ration) typi
ally predi
t very 
lose to zero e�e
tive a

eleration in high layers but, so far, no
lear outward a

eleration, i.e. no wind. Subtle details are being dis
ussed that may over
omethis short
oming of dynami
 models of M type Miras Höfner (2011). Future observations aimingat 
hara
terizing and 
onstraing su
h new models of the mass-loss pro
ess and the wind drivingme
hanism at mid-infrared wavelengths would bene�t from obtaining more pre
ise photometryvalues using a dedi
ated instrument like VISIR at the VLT, the addition of shorter baselines to
hara
terize the extension of the sili
ate dust shell, and a more 
omplete 
overage of the pulsa-tion 
y
le. The addition of 
on
urrent spe
trally resolved near-infrared interferometry would beneeded to more strongly 
onstrain atmospheri
 mole
ular layers lo
ated 
lose to the photosphere.
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Chapter 6
AMBER Observations of RR AQL
6.1 VLTI/AMBER Observations and data redu
tion6.1.1 The AMBER observationsThe Very Large Teles
ope Interferometer (VLTI, Glindemann et al., 2003) of ESO's Paranal Ob-servatory has been equipped with the infrared interferometri
 instruments AMBER and MIDI.AMBER is the near-infrared interferometri
 beam 
ombiner (Petrov et al., 2007) operating in theJ, H, and K-band 
overing the wavelength range 1.0 - 2.4 µm. AMBER 
ombines the light ofthree teles
opes, and thus allows to measure in addition to the three visibilities and three di�er-ential phases of the obje
t also the 
losure phase. While the measured visibilities 
hara
terizethe size and the shape of the obje
t, the di�erential and 
losure phase are related to the possibledeviation from the spheri
al symmetry of the obje
t. Non-zero 
losure phase value (alternativelynon 180deg) indi
ate the asymmetri
 features of the observed obje
t. AMBER o�ers spe
trallydispersed information in low (R∼35), medium (R∼1500), and high-resolution (R∼12000). Withthe baselines whi
h 
an rea
h 130m for the Unit Teles
opes (UTs, 8.2m), and 200m for the Aux-iliary Teles
opes (ATs, 1.8m) the AMBER instrument is able to resolve features up to 2 mas.In this 
hapter we present interferometri
 observations whi
h were obtained with the AMBERinstrument in medium spe
tral resolution mode (R∼ 1500), using three Unit Teles
opes (UTs) on09/09/2006 (Julian day 245 3988). The observations are summarized in Table 6.1, whi
h lists thename of the star and 
alibrators, the wavelength range, the time, the proje
ted baseline lengths(Bp) and the position angle (PAp) on sky. The dete
tor integration time (DIT) was 50 ms, theair-mass about 1.1, the opti
al seeing about 1.2 ar
se
 and the 
oheren
e time about 2.1 mse
.The date of observation 
orresponds to a visual phase Φvis= 2.82, with an un
ertainty of about0.1. In addition to the s
ien
e target RR Aql, the two 
alibration stars 70 Aql and ψ 01 Aqr, aswell as the 
he
k star λ Aqr, were observed 
lose in time. We have used λ Aqr as a 
he
k star to
on�rm the reliability of the instruments. The adopted limb-darkened diameters of 70 Aql and ψ
01 Aqr are ΘLD =3.18±0.037 mas and ΘLD =2.18±0.025 mas respe
tively (Merand, Borde at al,2005). 101



6. AMBER OBSERVATIONS OF RR AQL

Figure 6.1: Visual light-
urve of RR Aql based on data from the AAVSO and AFOEV databases as afun
tion of Julian Date and stellar 
y
le/phase. The red arrow indi
ate the dates of our VLTI/AMBERobservations. The green arrows indi
ate the dates of our VLTI/MIDI observations. The blue arrowsindi
ate the dates of our VLBA observations. Here, the full arrows denote observations of SiO maseremission and simple arrows observations of H2O maser emission.
Table 6.1: RR Aql - observations with the AMBER instrumentTarget Purpose Wavelenght Time Bp [m℄ U1-U2/ PAprange[µm℄ [UTC℄ U2-U3/U3-U1 deg70 Aql Calibrator(K5 II) 1:53-2:06 53.1/44.5/96.8 27.4/41.9/34.0RR Aql S
ien
e target 2.12-2.20 2:34-2:47 55.6/46.5/101.4 33.4/45.5/38.7RR Aql S
ien
e target 2.12-2.20 3:00-3:09 56.1/46.6/102.1 34.0/45.9/39.470 Aql Calibrator(K5 II) 3:28-3:37 55.9/46.6/101.9 33.6/45.7/39.1

λ Aqr Che
k star(M2 III) 2.19-2.27 3:59-4:08 54.0/44.9/98.1 25.4/39.9/32.0
ψ 01 Aql Calibrator(K1 III) 4:27-4:36 54.5/45.3/99.0 25.7/40.1/32.2
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6.1. VLTI/AMBER Observations and data redu
tion

Figure 6.2: Measured visibility data of RR Aql 
ompared to models of a UD (red line), of a Gaussianpro�le (green line), and of the P17n atmosphere model (blue line).

Figure 6.3: RR Aql Closure phase signal as a fun
tion of wavelength.103



6. AMBER OBSERVATIONS OF RR AQL

Figure 6.4: Measured visibility data of the 
he
k star 70 Aql 
ompared to models of a UD (red line), ofa Gaussian disk (green line), and of the P17n atmosphere model (blue line).
6.2 The AMBER data redu
tion and modelingFor the AMBER data redu
tion we used the Amdlib pa
kage (version 2.1) with the yori
k interfa
e(provided by the Amber 
onsortium and the Jean-Marie Mariotti Center).We obtained several days of observations in the s
ope of this program, however for te
hni
alreasons and 
onditions issues, the data were of very poor quality and had to be dropped out forall but one observation. Absolute wavelength 
alibration was performed by 
orrelating the rawspe
tra with a model of the atmospheri
 transmission with the same spe
tral resolution.The sele
tion 
riteria were varied and the impa
t on the result was 
he
ked. For the framesele
tion 
riteria and averaging, we vary the best frames based on the piston for: 50%, 60%, 70%,80%, 90%, and the best fringe S/N of all frames for: 20%, 30%, 40%. All the di�eren
es were
arefully monitored.We 
alibrated both s
ien
e targets and the 
he
k star with ea
h 
alibrator data �le using the samesettings. We veri�ed that the results did not lead to signi�
ant systemati
 dependen
e on thesele
tion 
riteria. Ex
ept for the higher S/N where the errors bars get lower, but the results stayrather stable. The best sele
tion 
riteria are: manual shift 2, piston: 90%. In the �nal sele
tionwe in
luded 20% of all frames. 104



6.3. Results6.3 ResultsFigures 6.2 and 6.4 show our measured squared visibilities as a fun
tion of wavelength/spatialfrequen
y. We 
ompared the visibility data to the best �tting models of a uniform disk (UD),a Gaussian disk with a 
onstant diameter and also to stellar atmospheres models. For RR Aql,we used the 
omplete self-ex
ited dynami
 model atmospheres of Mira stars by Ireland et al.(2004b,a) (Se
tion 4.1). These models in
lude the e�e
t from mole
ular layers that lie above the
ontinuum-forming photosphere. Out of the available phase and 
y
le 
ombinations of the M andP series, the best �t to our measured AMBER visibility data its obtained with the model P17n.We estimate a 
ontinuum photospheri
 angular diameter of ΘPhot= 9.9 ± 2.4 mas, based on anaverage of those models where | Φvis - Φmodel | < 0.1. The determined UD angular diameterof ΘUD
Phot= 9.0 ± 1.8 mas, and Gaussian FWHM of ΘGauss

Phot = 6.0 ± 1.5 mas. The 
losure phasevalues are noisy (see Figure 6.3), and they do not allow us to 
on�rm or deny possible asym-metri
 brightness distribution a
ross the stellar surfa
e. For λ Aqr we used an ATLAS9 modelatmosphere (Kuru
z, 1993). Note that the spe
tral resolution of the ATLAS 9 data is 0.01 m,
ompared to ∼ 0.0015 of our observations.6.4 Dis
ussion and Con
lusionThe observations with UTs resulted in a low data quality showing very low transfer fun
tion values.Low transfer fun
tion values 
an be 
aused by UTs vibrations whi
h lower instrumental visibilities.At phase ΦV =2.82 we determined the near-infrared 
ontinuum photospheri
 angular diameter to
ΘPhot= 9.9 ± 2.4 mas, we determined a UD angular diameter of ΘUD

Phot= 9.0 ± 1.8 mas, and aGaussian FWHM of ΘGauss
Phot = 6.0 ± 1.5 mas. In 
omparison, van Belle et al. (2002) estimated aUD diameter in the K-band (λ = 2.2µm, ∆λ = 0.4µm) of ΘUD

Phot=10.73±0.66 mas at a minimumphase of 0.48. The diameters were derived at di�erent pulsation phases, and they are within therange of the derived un
ertainties. The photospheri
 angular diameter estimated from our MIDIobservations of ΘPhot=7.6±0.6mas at an average pulsation phase of ΦV = 0.64 ± 0.15 is smallerthan the near-infrared 
ontinuum photospheri
 angular diameter derived from the AMBER data.The di�eren
e is within the 1 sigma un
ertainty, and 
an most likely be explained by the di�erentphases and the use of di�erent model atmospheres to estimate the photospheri
 angular diameterfrom the data.
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Chapter 7MIDI Observations of S ORI(Al2O3-ri
h dust shell)The Mira variable S Ori was analyzed and modeled in the same way as des
ribed in Chapter 5.7.1 Chara
teristi
s of S ORIThe stellar parameters of the star in this paragraph are adopted from Wittkowski et al. (2007).S Ori is an oxygen-ri
h Mira variable star with spe
tral type M6.5e-M9.5e and V magnitude 7.2-14.0 (Samus et al., 2004). S Ori's period appears to vary in a seemingly sinusoidal fashion betweenabout 400 and 450 days over about the past 100 years (Templeton et al.(2005). The mean periodis P = 420.0 days. Our observation epo
hs 
orrespond to the latest period P ∼ 430 days. Thisvalue is 
orresponding with the AAVSO1 and AFOEV2 data for the 
y
le of our observations, aswell as for the most re
ent ∼5 
y
les using P = 430 days and a Julian Date of last maximumbrightness T0 = 2 453 190 days. Figure 7.1 shows the visual light-
urve of S Ori as a fun
tion ofJulian Date and stellar phase based on these values. Also indi
ated are the dates/epo
hs of ourVLTI observations. The distan
e to S Ori, as for many Mira stars, is not well known. van Belleet al. (2002) have estimated the distan
e to S Ori to 480 p
 ± 120 p
 based on a 
alibration of theperiod-luminosity relationship by Feast et al. (1989), and we adopt this value. The near-infraredK -band UD angular diameter ΘK
UD of S Ori has been measured by van Belle et al. (1996), Millan-Gabet et al. (2005), and by Boboltz & Wittkowski (2005) to values between 9.6 mas and 10.5 masat di�erent phases. Diameter measurements of S Ori at other wavelengths have so far not beenreported. S Ori exhibits SiO and OH maser emission (Benson et al. 1990), while a dete
tion ofH2O maser toward S Ori has not been reported. The maps of the SiO maser emission in Boboltz& Wittkowski (2005) are the �rst toward S Ori. They derived average distan
es and standarddeviations of the SiO maser spots from the 
enter of their distribution at phase 0.73 of 9.4 ± 1.4mas and 8.8 ± 1.7 mas for the 43.1 GHz and 42.8 GHz transitions, respe
tively. Sloan & Pri
e(1998) report on a relatively low dust-emission 
oe�
ient (De
, the total emission of the dust tothe total emission of the star in the wavelength range 7.7�14.0 µm). The mass loss rate of 2.210−7 M⊙/year was estimated by Young (1995).1http://www.aavso.org2http://
dsweb.u-strasbg.fr/afoev 107



7. MIDI OBSERVATIONS OF S ORI(AL2O3-RICH DUST SHELL)

Figure 7.1: Visual light-
urve of S Ori based on data from the AAVSO and AFOEV databases as afun
tion of Julian Date and stellar 
y
le/phase. The green arrows indi
ate the dates of our VLTI/MIDIobservations. The full arrows indi
ate our observations and the simple arrows indi
ate observations byWittkowski et al. (2007)7.2 VLTI/MIDI Observations and data redu
tionWe obtained 48 spe
trally-dispersed mid-infrared interferometri
 observations of S Ori with theMIDI instrument. The observations were obtained between Feb 16, 2006 and Mar 14, 2009.These observations are follow up of 7 MIDI observations between De
 31, 2004 and De
 30, 2005(Wittkowski et al., 2007). In order to obtain dispersed photometri
 and interferometri
 signals,we used the PRISM as a dispersive element with a spe
tral resolution R = ∆λ/λ ∼ 30. Formost observations the beams were 
ombined in S
i_Phot (SP) mode, 
omplemented by severalobservations in the High_Sens (HS) mode. In the S
i_Phot mode beam splitters re
ord theinterferograms and the photometri
 spe
tra simultaneously, while in the High_Sens mode thephotometri
 signal is observed after the interferometri
 signal.The details of the observations and the instrumental settings are summarized in Table 7.1.The Table lists the epo
h, the date, the time, the Julian Date (JD), the visual pulsation phase
Φvis, the baseline 
on�guration, the ground length of the 
on�guration, the dispersive element,the beam 
ombiner BC, the proje
ted baseline length Bp, the position angle on the sky PA (deg.east of north), the DIMM seeing (at 500 nm), and the 
oheren
e time τ0 (at 500 nm). Weobtained observations mostly at pre-maximum and post-maximum pulsation phases (Φvis =0.90�1.20) All observations were exe
uted in servi
e mode using di�erent 
on�guration of the AuxiliaryTeles
opes (ATs, 1.8m) in 
ontrast to the previous observations by Wittkowski et al. (2007)a
quired with UTs. Figure 7.2 indi
ates the uv 
overage of our S Ori observations.We merged the MIDI data into 14 epo
hs, with a maximum time-lag between individualobservations of 8 days for ea
h epo
h (1.9% of the pulsation period). For te
hni
al problemswe had to eliminate 6 observations. Fig. 7.1 indi
ates the observational epo
hs in 
omparison108



7.3. MIDI results

Figure 7.2: Coverage of the uv plane for the MIDI observations of S Ori. Ea
h point represents theobservations with ATs over the wavelength 8 to 13 µ.to the light-
urve. The full arrows indi
ate our observations and the simple arrows indi
ateobservations by Wittkowski et al. (2007) The un
ertainty in the allo
ation of the visual phase toour observations was estimated to ∼0.1.We applied the same data redu
tion methods as for Mira variable RR Aql. For more details seeSe
tion 5.2 The 
alibration of S Ori data was as well pro
eeded in the same manner as for RR Aql(Se
tion 5.2). Our main 
alibrators were Sirius (P80), HD25025 (P76/78), and HD 50778 (P74).Table B.2 lists 
alibrator stars observed per spe
i�
 night in
luding those 
alibrators observed byother programs.7.3 MIDI resultsAs well as for Mira variable RR Aql we aimed to monitor the mid-infrared photometry andvisibility spe
tra of S Ori. Here, we present and dis
uss the general properties of the data. Weinvestigate and analyze the variability of the data as a fun
tion of phase and 
y
le in Se
ts. 7.3.1and 7.3.2. We observed S Ori over 5 pulsation 
y
les. For 
omparison with the observations inWittkowski et al. (2007) (simple arrows), the phase of our observations (full arrows) begins at1.39 see Fig. 7.1). Our observations are mostly obtained at pre-maximum and post-maximumpulsation phases (Φvis =0.90�1.20) ex
ept �rst two observations obtained at phases 1.38 and 1.40.4 observational epo
hs in Wittkowski et al. (2007) 
over phases 0.42, 0.55, 1.16, and 1.27.Figure 7.4 shows all obtained 
alibrated photometry spe
tra as a fun
tion of wavelength. Most109



7. MIDI OBSERVATIONS OF S ORI(AL2O3-RICH DUST SHELL)
Table 7.1: VLTI/MIDI observation of S Ori.Epo
h DDMMYYYY Time JD Φvis Con�g. B Disp. BC Bp PA Seeing τ0[UTC℄ Elem. [m℄ [deg℄ [′′℄ [mse
℄A 16022006 03:29 2453783 1.38 E0-G0 Prism HS 12.77 71.93 0.93 4.8A 22022006 00:17 2453789 1.40 E0-G0 Prism HS 15.98 72.45 1.61 1.5B 21092006 09:22 2454000 1.89 K0-G0 Prism HS 60.94 70.26 -1.00 1.1C 17102006 07:32 2454026 1.95 H0-D0 Prism SP 60.34 69.90 1.02 2.4C 17102006 08:43 2454026 1.95 H0-D0 Prism SP 63.93 72.49 0.79 2.4C 18102006 08:58 2454027 1.95 E0-G0 Prism SP 16.00 72.88 0.88 2.4C 19102006 07:05 2454028 1.95 E0-G0 Prism SP 14.64 68.85 8.49 2.4C 20102006 09:20 2454029 1.95 D0-G0 Prism SP 31.61 73.30 0.41 4.8C 14112006 05:44 2454054 2.01 D0-G0 Prism SP 30.28 70.02 0.68 2.9D 17122006 02:21 2454087 2.09 H0-G0 Prism SP 25.94 64.85 1.02 2.7D 17122006 04:56 2454087 2.09 H0-G0 Prism SP 31.99 72.79 1.18 2.3D 19122006 01:31 2454089 2.09 K0-G0 Prism SP 45.13 59.80 1.02 4.6D 19122006 04:46 2454089 2.09 K0-G0 Prism SP 63.97 72.74 0.55 8.4D 21122006 06:30 2454091 2.10 H0-G0 Prism SP 28.59 73.10 0.63 5.9E 11012007 02:57 2454112 2.15 E0-G0 Prism SP 15.96 72.30 1.41 2.5E 11012007 04:49 2454112 2.15 E0-G0 Prism SP 14.83 73.33 1.34 3.2E 13012007 03:45 2454114 2.15 E0-G0 Prism SP 15.46 74.35 0.70 5.9E 17012007 01:36 2454118 2.16 E0-G0 Prism SP 15.22 70.19 1.36 1.7E 18012007 04:55 2454119 2.16 H0-G0 Prism SP 27.65 72.82 1.26 1.9E 19012007 01:58 2454120 2.17 H0-G0 Prism SP 31.38 71.43 0.94 2.5E 20012007 04:48 2454121 2.17 H0-D0 Prism SP 55.14 72.79 0.87 4.1E 21012007 04:19 2454122 2.17 H0-D0 Prism SP 58.22 73.23 0.72 5.4F 10022007 00:54 2454142 2.22 H0-D0 Prism SP 63.69 72.17 0.89 3.9F 11022007 00:35 2454143 2.22 E0-G0 Prism SP 15.79 71.68 1.21 3.2F 12022007 01:08 2454144 2.22 H0-G0 Prism SP 31.99 72.71 1.10 3.6G 12032007 23:44 2454172 2.29 E0-G0 Prism SP 15.93 73.14 1.25 2.6G 12032007 02:07 2454172 2.29 E0-G0 Prism SP 12.30 71.46 0.87 3.5G 14032007 00:07 2454174 2.29 K0-G0 Prism SP 62.32 73.41 0.88 2.8H 02122007 06:53 2454437 2.91 H0-D0 Prism SP 62.08 73.43 0.89 2.1H 10122007 02:41 2454445 2.92 H0-D0 Prism SP 50.63 64.00 1.43 1.9I 29122007 02:55 2454464 2.97 H0-D0 Prism SP 61.12 70.36 0.94 2.7I 10012008 01:48 2454476 3.00 E0-G0 Prism SP 14.85 69.32 0.80 5.9I 11012008 01:32 2454477 3.00 H0-G0 Prism SP 29.02 68.59 0.87 5.4I 11012008 04:12 2454477 3.00 H0-G0 Prism SP 31.16 73.42 0.90 6.2I 12012008 01:50 2454478 3.00 E0-G0 Prism SP 15.07 69.84 1.30 4.7I 12012008 03:49 2454478 3.00 E0-G0 Prism SP 15.83 73.27 1.54 4.0J 06032008 00:31 2454532 3.13 H0-D0 Prism SP 62.61 73.39 0.91 3.8J 06032008 01:11 2454532 3.13 H0-D0 Prism SP 59.51 73.35 0.94 3.6J 06032008 01:29 2454532 3.13 H0-D0 Prism SP 57.62 73.15 0.88 3.7J 13032008 00:29 2454539 3.14 H0-G0 Prism SP 30.41 73.43 -1.00 2.1K 01042008 00:24 2454558 3.19 H0-G0 Prism SP 26.24 72.28 0.85 2.2L 25122008 06:00 2454826 3.81 A0-G1 Prism SP 72.97 123.81 0.84 4.7L 25122008 06:21 2454826 3.81 A0-G1 Prism SP 68.68 126.70 0.91 4.2L 31122008 03:34 2454832 3.83 H0-E0 Prism SP 47.78 72.17 0.84 5.5L 31122008 04:09 2454832 3.83 H0-E0 Prism SP 47.95 72.95 0.76 6.2M 26022009 01:57 2454889 3.96 A0-G1 Prism SP 72.09 124.37 0.75 6.0M 26022009 02:12 2454889 3.96 A0-G1 Prism SP 69.08 126.42 0.85 5.4M 04032009 00:20 2454895 3.97 E0-H0 Prism SP 47.62 73.22 1.28 3.3110



7.3. MIDI results

Figure 7.3: S Ori �ux spe
trum as a fun
tion of wavelength from 2.4µm to 40 µm (top). The linesrepresents the �ux spe
tra from IRAS-LRS observations 
overing wavelengths from ∼ 7.7µm to ∼ 23µm(dotted thin bla
k like), and the mean of our N -band MIDI measurements (solid thin green line). Here,the verti
al bars span the maximum and minimum values measured. The diamond symbols denote 2MASSmeasurements at 1.25 µm, 1.65 µm, and 2.2 µm. The solid blue line indi
ates our atmosphere and dustshell model as explained in Se
t. 7.3.4. The bottom plot shows an enlarged segment of the plot in theMIDI wavelength range of 8�13µm.
111



7. MIDI OBSERVATIONS OF S ORI(AL2O3-RICH DUST SHELL)

Figure 7.4: Calibrated S Ori MIDI �ux spe
tra as a fun
tion of wavelength. For 
larity, the error barsare omitted in the plot.of the MIDI �ux measurements show a �at shape. The majority of the values falls into the rangeof ∼ 130�450 Jy. The level of the �ux spe
trum di�ers for individual measurements with a spreadof ∼ 300�350 Jy. Figure 7.3 shows a 
omparison of the mean of our MIDI �ux measurements tomeasurements obtained with the IRAS instruments. The shape of the �ux 
urve is well 
onsistentbetween the MIDI and IRAS measurements. The level of the IRAS �ux is within the range of ourMIDI measurements. The di�eren
e between the MIDI and IRAS �ux level may indi
ate a �uxvariation during the pulsation 
y
les. Figure 7.3 also in
ludes a model des
ription of our MIDIdata, whi
h will be explained latter in the text (Se
t. 7.3.4).Figure 7.5 shows all obtained 
alibrated visibility spe
tra, whi
h are 
ombined into four groupsof di�erent proje
ted baseline lengths (pb) of pb < 20 m, 20 m < pb < 35 m, 35 m < pb < 50m, and pb > 50 m. The visibility 
urves do not show a strong wavelength dependen
e. Thevisibility in
reases between ∼ 8-9µm, and beyond ∼ 9-10µm visibility 
urves �attens. The shapeand absolute s
ale of the visibility fun
tion does not signi�
antly depend on the length of theproje
ted baseline. A broad spe
trum and visibility fun
tion in the wavelength range 8�13µmis interpreted as a dust shell 
onsisting of Al2O3 dust (Wittkowski et al., 2007) or sili
ate andAl2O3 dust (Ohnaka et al., 2005).As well as for RR Aql we 
omputed for ea
h data set and spe
tral 
hannel the 
orrespondingUD diameter and the Gaussian FWHM. As previously mentioned, these values are leading to the�rst rough estimate of the 
hara
teristi
 size of the target at ea
h wavelength. Fig. 7.6 showsfor the example of epo
h B the �ux, the visibility amplitude, the 
orresponding UD diameter,and the 
orresponding Gaussian FWHM diameter as a fun
tion of wavelength. A quasi-
onstantequivalent UD diameter is roughly twi
e the 
ontinuum photospheri
 size. Beyond ∼ 9-10µm aequivalent UD diameter in
reases. 112



7.3. MIDI results

Figure 7.5: Calibrated S Ori MIDI visibility amplitudes as a fun
tion of wavelength. (from top tobottom) Observations exe
uted at proje
ted baselines (pb) < 20 m, 20 m < pb < 35 m, 35 m < pb < 50m, and pb > 50 m. 113
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7.3. MIDI results

Figure 7.6: VLTI/MIDI interferometry at 8-13µm of S Ori for the example of epo
h B (stellar phase1.89). The panels show (a) the �ux, (b) the visibility amplitude, (
) the 
orresponding UD diameter,(d) the 
orresponding Gaussian FWHM diameter as a fun
tion of wavelength. The gray shade indi
atesthe wavelength region around 9.5µm that is a�e
ted by atmospheri
 absorption. Panel (e) shows thevisibility amplitude as a fun
tion of spatial frequen
y for three averaged bandpasses of 8-9 µm, 10-11
µm, and 12-13 µm. The 
rosses with error bars denote the measured values. The solid lines indi
ate ourbest-�tting model, as des
ribed in Se
t. 7.3.4. The model 
onsists of a radiative transfer model des
ribingthe surrounding dust shell where the 
entral star is represented by a dust-free dynami
 model atmosphere.The 
ontributions of the stellar and dust 
omponents alone are indi
ated by the dotted and the dashedline, respe
tively.
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7. MIDI OBSERVATIONS OF S ORI(AL2O3-RICH DUST SHELL)

Figure 7.7: Calibrated MIDI visibility amplitudes for di�erent pulsation phases within the same 
y
leto investigate intra-
y
le visibility variations. Ea
h line represents a di�erent pulsation phase within thesame 
y
le and is 
omputed as an average of data obtained at the respe
tive phase (± 0.15) and observedat similar proje
ted baseline length (pb ± 10%) and position angle (PA ± 10%). The top panel shows theexample of pulsation phases 0.40, and 0.95 of 
y
le 1 observed with a proje
ted baseline length of ∼ 15mand a position angle of ∼71 deg. The middle panel shows the example of pulsation phases 0.09, 0.26, and0.94 of 
y
le 2 observed with a proje
ted baseline length of ∼ 63m and a position angle of ∼72 deg. Thebottom panel shows the example of pulsation phases 0.09, and 0.92 of 
y
le 2 observed with a proje
tedbaseline length of ∼ 47m and a position angle of ∼62 deg. The error bars are 
omputed as the standarddeviation of the averaged visibilities. 116



7.3. MIDI results

Figure 7.8: As Fig. 7.7, but for the same pulsation phase in 
onse
utive pulsation 
y
les to investigate
y
le-to-
y
le visibility variations. The top panel shows the example of pulsation phase ∼ 0.93 in two
onse
utive 
y
les observed with a proje
ted baseline length of ∼ 61m and a position angle ∼71 deg. Themiddle panel shows the example of pulsation phase 0.13 in 2 
onse
utive 
y
les observed with a proje
tedbaseline length of ∼ 30m and a position angle ∼73 deg. The bottom panel shows the example of pulsationphase 0.14 in 2 
onse
utive 
y
les observed with a proje
ted baseline length of ∼ 26m and a position angle
∼68 deg. 117



7. MIDI OBSERVATIONS OF S ORI(AL2O3-RICH DUST SHELL)7.3.1 Visibility monitoringThe MIDI data on S Ori 
over a total of 5 pulsation 
y
les 
overing mostly pre-maximum andpost-maximum pulsation phases (Φvis =0.90�1.20) (see Tab. 7.1 and Fig. 7.1). We again obtaineddata at similar proje
ted baseline lengths and position angles whi
h gives us an opportunity to
ompare interferometri
 data obtained at di�erent pulsation phases and 
y
les. We have as wellas for RR Aql 
ombined individual observations into groups of similar pulsation phases (Φvis ±0.15), proje
ted baseline lengths (pb ± 10 %), and position angles (PA ± 10 %). The data withinea
h group were averaged. The un
ertainty of the averaged visibility 
urves was estimated as thestandard deviation of the averaged visibilities.Intra-
y
le visibility monitoringIn this se
tion, we 
ompared data observed at di�erent pulsation phases within the same 
y-
le. Our observations, however, 
over mostly pre-maximum and post-maximum pulsation phases(Φvis=0.90�1.20). Fig. 7.7 shows three examples of 
alibrated visibility 
urves, where ea
h linein the plots represents an average of a group of visibility data, as des
ribed above, (i.e. withsimilar pb, PA, and Φvis). The top panel shows an example of observations within the �rst pul-sation 
y
le at phases 1.40, and 1.95 obtained with pb ∼ 15 m and PA ∼ 71◦. The middle panelshows the example of se
ond pulsation 
y
le with pulsation phases 2.09, 2.26, and 0.94 observedwith a proje
ted baseline length of ∼ 63m. The bottom panel shows an example of observa-tions at phases 2.09, and 2.92 obtained with pb ∼ 47 m and PA ∼ 62◦. The data as well as forRR Aql (see Se
tions 5.3.1) do not show any eviden
e for intra-
y
le visibility variations withinthe probed range of pulsation phases (mostly pre-maximum and post-maximum pulsation phases
Φvis=0.90�1.20, see Tab. 7.1) and within our visibility a

ura
ies of about 5�20%.Cy
le-to-
y
le visibility monitoringIn order to investigate 
y
le-to-
y
le visibility variations, we also 
ompared data observed atsimilar pulsation phases of di�erent, 
onse
utive, 
y
les. Figure 7.8 shows three of these examples.The values were 
omputed in the same way as shown in Fig. 7.7 of Se
t. 7.3.1. The top panel showsvisibilities at maximum pulsation phases of 1.93, and 2.94 in two 
onse
utive 
y
les obtained witha proje
ted baseline length of ∼ 61 m and PA ∼ 71◦. The middle panel shows visibilities atpost-maximum phases of 2.12, and 3.14 obtained with a proje
ted baseline length of ∼ 30 m andPA ∼ 73◦. The bottom panel shows also visibilities at post-maximum phases of 2.09, and 3.19obtained with a proje
ted baseline length of ∼ 26 m and PA ∼ 68◦. In the last example thephases di�er more then 10%, however, the previous se
tion ( 7.3.1) shows no intra-
y
le visibilityvariations for this di�eren
e of phase, and therefore the observations 
an be 
ompared. The data(Fig. 7.8) again do not show any signi�
ant 
y
le-to-
y
le visibility variation within our visibilitya

ura
ies of ∼ 5�20%.Deviations from 
ir
ular symmetryEx
ept 4 observations observed with the P.A. ∼ 125 ◦, all our observations were obtained withthe P.A. ∼ 70 ◦ (see Tab. 7.1. Unfortunately, the quality of the data do not allow us to 
on�rmor deny possible presen
e of an asymmetri
 intensity distribution.118



7.3. MIDI resultsSummarizing,the obtained MIDI data on S Ori do not exhibit any signi�
ant intra-
y
le or 
y
le-to-
y
levisibility variations in 5 
onse
utive 
y
les (see Tab. 7.1 for details of the phase 
overage) andwithin our visibility a

ura
ies of ∼ 5�20%. The S Ori observations show good agreement ofvisibility data obtained at the same proje
ted baseline lengths and position angles. This again
on�rms the good data quality and 
redibility of the data redu
tion pro
edure.7.3.2 N-band �ux monitoringTo investigate the intra-
y
le and 
y
le-to-
y
le variability of our 8�13µm �ux spe
tra, the datawere again 
ombined into groups of data obtained at similar pulsation phases (Φvis ± 0.15). Thedata within ea
h group were averaged. The un
ertainty of the averaged photometry 
urves wasestimated as the standard deviation of the averaged values.Intra-
y
le photometry monitoringFig. 7.9 shows three examples of a 
omparison of the MIDI 
alibrated �ux spe
trum at di�erentpulsation phases of the same 
y
le. The top panel shows a 
omparison between phases 1.39 and1.94 of 
y
le 1, the middle panel shows pulsation phases 2.26, 2.16, 2.08 and 2.94 of 
y
le 2,andthe bottom panel shows a 
omparison between phases 3.14, 3.62, and 3.96 of 
y
le 3. The S Ori�ux values do not show any signi�
ant �ux variation with the pulsation phase, ex
ept of theobservations at phase 2.94 (the middle panel). The di�eren
es 
orrespond to up to 40%�50%, orabout 0.5�1 standard deviations. All the examples exhibit quite large standard deviations thatdo not allow us to make any reliable 
on
lusions.Cy
le-to-
y
le photometry monitoringFig. 7.10 shows a 
omparison of data observed at the same phase of 
onse
utive pulsation 
y
les.The top panel shows a 
omparison between phases 1.94, 2.94, and 3.96, i.e. phase 0.95 of 
y
les1, 2 and 3. The middle panel shows phases 2.16 and 3.14, i.e. phase 0.15 of 
y
le 2 and 3. Thebottom panel shows a 
omparison between phases 2.26 and 1.39, i.e phase ∼ 0.32 of 
y
le 1 and 2.As for the intra-
y
le photometry variations dis
ussed in the previous paragraph, the di�eren
esbetween phases in the last 
omparison is more than 10%, but sin
e the observations did not showany signi�
ant intra-
y
le variations we in
luded the observations in the 
y
le-to-
y
le 
ompar-ison. The data again exhibit large spread and do not allow us to 
on�rm or deny photometryvariations of S Ori.Summarizing,the data do not show any 
onsiderable phase variation of the N -band spe
tra within the ex-amined phase 
overage (mostly obtained at pre-maximum and post-maximum pulsation phases,
Φvis =0.90�1.20). .7.3.3 MIDI model parametersThe best model parameters were derived in the same manner as for the previous oxygen-ri
h Miravariable RR Aql. Here, we only re
all the main points, and we list modi�ed parameters. For moredetails see Se
tion 5.3.4. 119
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Figure 7.9: Calibrated MIDI �ux spe
trum for di�erent pulsation phases within the same 
y
le toinvestigate intra-
y
le photometry variations. Ea
h line represents a di�erent pulsation phase within thesame 
y
le and is 
omputed as an average of data obtained at the respe
tive phase (± 0.15). The toppanel shows the example of pulsation phases 0.39 and 0.94 of 
y
le 1. The middle panel shows the exampleof pulsation phases 0.26, 0.16, 0.08 and 0.94 of 
y
le 2. The bottom panel shows the examples of phases0.14, 0.62 and 0.96 of 
y
le 3. The error bars are 
omputed as the standard deviation of the averagedphotometry 
urves. The gray shades denote zones that are a�e
ted by atmospheri
 absorption.120



7.3. MIDI results

Figure 7.10: As Fig. 7.9, but for the same pulsation phase in 
onse
utive pulsation 
y
les to investigate
y
le-to-
y
le photometry variations. The top panel shows the example of phase ∼ 0.95 in 
y
les 1, 2 and3. The middle panel shows the example of phase ∼ 0.15 in 
y
les 2 and 3. The bottom panel shows theexample of phase ∼ 0.32 of 
y
les 1 and 2. 121



7. MIDI OBSERVATIONS OF S ORI(AL2O3-RICH DUST SHELL)Table 7.2: Best-�tting model parameters for ea
h epo
h of S Ori observationsEpo
h Φvis Model Φmod τV Rin/RPhot p ΘPhot(Al2O3) (Al2O3) (Al2O3) [mas℄A 0.40 M24n 0.40 2.5 2.0 2.4 8.5B 1.89 M22 0.25 1.0 1.8 3.3 10.0C 1.95 M21n 0.10 1.4 2.3 3.7 8.8D 2.01 M21n 0.10 1.5 2.4 3.0 8.9E 2.10 M22 0.25 1.4 1.8 3.0 10.5F 2.16 M23n 0.30 1.1 2.2 3.6 10.1G 2.22 M23n 0.30 1.2 1.8 2.7 10.1H 2.29 M25n 0.50 1.2 1.8 2.5 8.5I 2.91 M22 0.25 1.4 1.7 3.0 10.2J 3.00 M22 0.25 1.2 1.8 2.5 11.1K 3.13 M25n 0.50 2.4 1.5 3.0 9.0L 3.19 M23n 0.30 1.8 2.2 2.5 10.9M 3.82 M22 0.25 1.4 1.7 2.9 10.8N 3.96 M25n 0.50 1.5 2.1 2.5 8.7Table 7.3: Average model parameters for all epo
hs of S Ori observationsModel τV τV Rin/RPhot p ΘPhot(Al2O3) (sili
ate) (Al2O3) (Al2O3) [mas℄M22 1.5 ± 0.5 0.0 1.9 ± 0.3 2.9 ± 0.4 9.7 ± 1.0As well as for RR Aql we used ten models 
overing one 
omplete 
y
le of the M series:M16n (model visual phase Φmodel=0.60), M18 (0.75), M18n (0.84), M19n (0.90), M20 (0.05),M21n (0.10), M22 (0.25), M23n (0.30), M24n (0.40), and M25n (0.50). The M models were
omplemented with six parameters des
ribing the 
ir
umstellar dust shell: the opti
al depths τV(Al2O3) and τV (sili
ate), the inner boundary radii Rin/RPhot (Al2O3) and Rin/RPhot (sili
ate),and the density gradients pA (Al2O3) and pB (sili
ate).S Ori do not exhibit any prominent sili
ate feature. This indi
ates that the surrounding dustshell do not in
lude sili
ate as a main 
omponent (see Fig. 7.3 and Se
t. 7.3). Lorenz-Martins &Pompeia (2000) suggest that the dust 
hemistry of S Ori 
ontains only Al2O3 grains. However,for modeling we used both dust spe
ies Al2O3 grains (Begemann et al., 1997; Koike et al., 1995)and sili
ates grains (Ossenkopf et al., 1992). The grain size was again set to 0.1 µm for all grains.We 
omputed a grid of models in
luding all 
ombinations of opti
al depths τV (Al2O3) = 1.0,1.5, 1.8, 2.1, 2.4, 2.7, 3.0; τV (sili
ate) = 0.0, 0.2, 0.5, 0.8, 1.0; Rin/RPhot (Al2O3) = 1.5, 2.0, 2.5,3.0; Rin/RPhot (sili
ate) = 2.5, 3.5, 4.5, 5.5, 6.5; pA (Al2O3) = 2.0, 2.5, 3.0, 3.5; and pB (sili
ate)= 2.0, 2.5, 3.0, 3.5. The angular diameter ΘPhot was the only free parameter. The sele
tion ofthe probed parameters is based on Wittkowski et al. (2007).We remind that we weighted down the part of the photometri
 spe
tra around 9.5 µm, whi
his strongly a�e
ted by telluri
 absorption. The weight of all other data points was given by the
orresponding un
ertainty. Sele
tion of the best �tting models follow the same way as in theprevious 
hapter ( 4.1 Se
tion 5.3.4). 122



7.3. MIDI results7.3.4 MIDI model resultsWe found the best-�tting model parameters for all 14 epo
hs separately. For ea
h epo
h we foundthe phase of the dust-free dynami
al model atmosphere represented by the M model and the setof dust parameters of the radiative transfer model (Se
t. 7.3.3).We have investigated dust shells in
luding Al2O3 and/or sili
ate shells with di�erent innerradii and density gradients. The best �t results were obtained with a Al2O3 shell without a
ontribution of sili
ate in the dust shell. Our result is 
onsistent with previous investigations ofWittkowski et al. (2007) and Lorenz-Martins & Pompeia (2000). The best �tting parameters forea
h epo
h are listed in Tab. 7.2. The table lists the epo
h, the phase at the epo
h, the opti
aldepth τV , the inner boundary radius Rin/RPhot, the density distribution p, and the 
ontinuumphotospheri
 angular diameter ΘPhot. Sin
e the best �tting models are without any 
ontributionof sili
ates the Table list only parameters of Al2O3 dust shell.The agreement between the models and the observed data is in general very good. Figure 7.6shows the example of epo
h B, and in
ludes the model �ux and model visibility 
ompared tothe observed values. All the observational epo
hs 
an be �nd in appendix (Figs. D.1� D.7). Theobservations of S Ori show a partially resolved stellar disk in
luding atmospheri
 mole
ular layersthat are opti
ally thi
k at the wavelength range 8�13µm. The disk is surrounded by a spatiallyresolved, opti
ally thin dust shell. Beyond 9µm spatially resolved, opti
ally thin radiation fromthe dust shell starts to take more important part of the total intensity, and together with extin
tionof the stellar light by the dust shell, spatially resolved radiation from the dust shell overtake themeasured intensity at the longest wavelengths (∼ 12�13µm).The shape of both the visibility and the photometry spe
tra of S Ori 
an be very well repro-du
ed by the 
ombination of the radiative transfer model des
ribing the 
ir
umstellar dust shellwere the 
entral sour
e is represented by the dynami
al model atmospheres.In the sele
tion pro
ess we 
hoose the best �tting model between 10 models with lowest χ2.Among these models we sele
ted the best model for ea
h epo
h. It should be mentioned that inthe �nal sele
tion of the best model and the dust shell parameters there are a few models that �requally well. Figure 7.11 shows an example of two models des
ribing the data well. Model M18des
ribe the atmosphere where the less dust is 
reated further from the star, and model M22 isdes
ribing the atmosphere with more dust is formed 
loser to the star.Note, that most of the model phases are shifted ahead towards the visual phases of ourobservations. It has been shown that the mid-infrared �ux might still in
rease well beyond thevisual maximum Wittkowski et al. (2007).Models parameters determined in the way des
ribed above, do not indi
ate any signi�
antdependen
e of the dust formation on phase or 
y
le. However, it should be note, that our phase
overage is mainly limited to the pre-maximum and post-maximum pulsation phases, and there-fore we 
annot 
on�rm or deny an eventual phase-dependen
e of the dust formation pro
ess thate�e
ts the 8�13µm visibility and photometry values over the full pulsation 
y
le. Table 7.3 liststhe average dust shell parameters for our di�erent epo
hs. Figure 7.12 shows the model simulatingthe average parameters for our average pulsation phase of ΦV = 0.00±0.33. The average M model
annot be determined sin
e almost every epo
h is represented by di�erent M model. For generalinterpretation of S Ori data we 
hose model M22. The results show that a dust shell 
onsistingonly of Al2O3 without the addition of sili
ate, 
orresponds the best with our S Ori data. Thisresult is in agreement with previous study by Wittkowski et al. (2007) and Lorenz-Martins &Pompeia (2000). 123



7. MIDI OBSERVATIONS OF S ORI(AL2O3-RICH DUST SHELL)

Figure 7.11: Comparison of two di�erent models des
ribing the same data (01/04/2008). The top panelshows model M18 (Φmodel = 0.75) with dust shell parameters tva 1.6, tvb 0.0, ra 2.6, and pa 2.5. Thebottom panel shows model M22 (Φmodel = 0.25) with dust shell parameters tva 2.4, tvb 0.0. ra 2.0, andpa 2.5. The pulsation phase of the observations (Φobs = 3.19), the proje
ted baseline length is 26m, andposition angle 72 deg.
Figure 7.13 shows the simulation of the full SED in the range of 0.3�100µm in
luding themodel with the average parameters.The average opti
al depth of the Al2O3 dust is τV (Al2O3)=1.5±0.5 at λ=0.55µm (
orre-sponding to 0.04 at λ=8µm, 0.29 at λ=12µm, and a maximum within 8�12µm of 0.30 at

λ = 11.8µm). The inner radius of the dust shell is Rin =1.9±0.3RPhot, and the power-lawindex of the density distribution is p=2.9±0.4. The average photospheri
 angular diameter re-sults in ΘPhot =9.7±1.0mas. This value 
orresponds to the K-band (λ=2.2µm, ∆λ=0.4µm)values of UD diameter ΘUD between 9.6mas and 10.5mas measured by van Belle et al. (1996),Millan-Gabet et al. (2005), and Boboltz & Wittkowski (2005). Our average photospheri
 an-gular diameter derived from observations mostly obtained at pre-maximum and post-maximumpulsation phases (Φvis=0.90�1.20) also 
orresponds well to the diameters derived from the previ-ous S Ori interferometri
 observations (Wittkowski et al., 2007) of 9.0mas (ΦV=0.42), 7.92mas(ΦV=0.55), 9.66mas (ΦV=1.16), and 9.48mas (ΦV=1.27).124



7.4. Summary, Con
lusions and Dis
ussion

Figure 7.12: Model with average dust shell parameters for di�erent epo
hs of our S Ori observations(Table 7.3).7.4 Summary, Con
lusions and Dis
ussionWe have observed the oxygen-ri
h Mira variable S Ori with the VLTI/MIDI instrument in orderto investigate the 
ir
umstellar dust shell and 
hara
teristi
s of the atmosphere in
luding the
ontinuum photosphere and overlying mole
ular layers. We obtained a total of 48 observationswhi
h were 
ombined into 14 epo
hs 
overing 5 pulsation 
y
les between Feb 16, 2006 and Mar14, 2009. We monitored the photometry and visibility spe
tra 
overing mostly pre-maximum andpost-maximum pulsation phases (Φvis=0.90�1.20).We have modeled the observed data with an ad-ho
 radiative transfer model of the dust shellusing the radiative transfer 
ode m
sim_mpi by Ohnaka et al. (2006). We used a series of dust-free dynami
 model atmospheres based on self-ex
ited pulsation models (M series, Ireland et al.,2004b,a) to des
ribe the intensity pro�le of the 
entral sour
e. This study represents a 
ontin-uation of the previous study by Wittkowski et al. (2007) of 
omparison between interferometri
observations of S Ori and theoreti
al models over di�erent pulsation phases 
overing several 
y
les.Our MIDI observational results of S Ori are as follows: (i) The interferometri
 data 
overingmostly pre-maximum and post-maximum pulsation phases (Φvis =0.90�1.20) do not show eviden
efor intra-
y
le visibility variations. (ii) The data do not show eviden
e for 
y
le-to-
y
le visibilityvariations. (iii) The 8�13µm �ux exhibits large spread and do not allow us to 
on�rm or denyphotometry variations in the examined range of phases. This results needed to be 
on�rmed byhigher a

ura
y follow-up observations using a dedi
ated photometri
 instrument, su
h as VISIRat the VLT.Summarizing, the data do not show visibility variations, however, due to the limited phase
overage possible variations over the whole pulsation 
y
le 
an not be ex
luded.We 
on
lude, that the radiative transfer model with the dust-free dynami
 model atmosphererepresenting the 
entral sour
e 
an well reprodu
e the shape and features of the observed pho-tometry and visibility spe
tra of S Ori, as well as the SED at 1�40µm. The observational results
an be well explained by simulations with variations of dust shell parameters and dynami
 modelatmospheres. For our analysis, we have 
onsidered Al2O3 (Begemann et al., 1997; Koike et al.,1995) and sili
ate (Ossenkopf et al., 1992) dust spe
ies, following the work by Lorenz-Martins &Pompeia (2000), and have used �xed grain sizes of 0.1 µm. We showed that a model in
ludingonly an Al2O3 dust shell 
an well reprodu
e the observed S Ori visibility and �ux spe
trum at8�13 µm. The addition of a sili
ate dust shell with 
omparable low opti
al depth did not improve125
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Figure 7.13: The top panel shows the full SED in the range of 0.3�100µm, the middle panel shows theSED in the range 1�2.4µm, and the bottom panel shows the SED in the range of 8�13µm. The pink solidline represents model 
ontinuum, the pink dashed line des
ribes the bla
k-body, the bla
k line - the modelwith the average dust shell parameters des
ribing S Ori (Tab. 7.3), the red line - the stellar 
ontributionof the model, the green line - dust emission, the blue line - dust s
attering.126



7.4. Summary, Con
lusions and Dis
ussionthe �t to our data. A des
ription of the S Ori dust shell with Al2O3 grains alone is 
onsistentwith the results of Lorenz-Martins & Pompeia (2000).Simulations using pre-maximum and post-maximum phases of the dynami
 model atmosphereand di�erent sets of dust shell parameters predi
t 
onsiderable visibility variations that are higherthen our observed visibility un
ertainties (5-20 %) only for baseline range from 45 to 80m. Model-predi
ted variations of the photometry spe
tra are lower or within our observed photometryun
ertainties (40-50 %).The best-�tting model for our average pulsation phase of ΦV = 0.00±0.33 in
ludes the Al2O3dust shell with an opti
al depth of τV (Al2O3)=1.5±0.5, the inner radius of Rin=1.9±0.3RPhot,and the power-law index of the density distribution of p=2.9±0.4. The average atmospheremodel of the series that is used to des
ribe the 
entral intensity pro�le is M22 (Tmodel = 2330K,
Φmodel = 0.25), and the photospheri
 angular diameter is ΘPhot=9.7±1.0mas.
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Chapter 8MIDI Observations of GX MON(Al2O3 + sili
ate-ri
h dust shell)The Mira variable GX Mon was analyzed and modeled in the same way as des
ribed in Chapter 5.8.1 Chara
teristi
s of GX MonThe oxygen-ri
h Mira variable GX Mon is not very well investigated. The light 
urve of GX Monis not monitored owing to tis relatively faint V magnitude, and therefore the visual phase ofGX Mon is not well known. GX Mon is a star with spe
tral type M9 and V magnitude 13.2 �<17.0 (Samus et al., 2004). The mean pulsation period is un
ertain, estimated to P = 527.0days. The distan
e toward GX Mon is as well not well known. Olivier et al. (2001) estimated adistan
e of 700 p
 based on the period-luminosity relationship by Feast et al. (1989). Justtanontet al. (1994) derived a distan
e of 740 p
 from modeling the CO J = 1 � 0 and 2 � 1 lines. Inour study, we adopt a mean value, and estimate the un
ertainty to 25%, i.e. we use d =720±185p
. Diameter measurements of GX Mon have so far not been reported. GX Mon exhibits SiO,H2O (Kim 2010), and OH maser emission. A mass loss rate of 5.4 10−7 M⊙/year was estimatedby Loup (1993).8.2 VLTI/MIDI Observations and data redu
tionWe obtained 40 spe
trally-dispersed mid-infrared interferometri
 observations of GX Mon withthe MIDI instrument at the VLTI. The observations were obtained between Feb 16, 2006 and Apr1, 2008. We used the PRISM as a dispersive element with a spe
tral resolution R = ∆λ/λ ∼ 30.The beams were 
ombined mostly using the S
i_Phot (SP) mode (see Tab. 8.1).Table 8.1 lists the epo
h, the date, the time, the Julian Date (JD), the visual pulsation phase
Φvis, the baseline 
on�guration, the ground length of the 
on�guration, the dispersive element,the beam 
ombiner BC, the proje
ted baseline length Bp, the position angle on the sky PA(deg. east of north), the DIMM seeing (at 500 nm), and the 
oheren
e time τ0 (at 500 nm).All observations were exe
uted in servi
e mode using di�erent 
on�guration of the Auxiliary129
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Figure 8.1: Coverage of the uv plane for the MIDI observations of GX Mon. Ea
h point represents theobservations with ATs over the wavelength 8 to 13 µ.

Figure 8.2: Calibrated GX Mon MIDI �ux spe
tra as a fun
tion of wavelength. For 
larity, the errorbars are omitted in the plot. 130



8.2. VLTI/MIDI Observations and data redu
tion

Figure 8.3: Calibrated GX Mon MIDI visibility amplitudes as a fun
tion of wavelength. (top left)Observations exe
uted at proje
ted baselines (pb) < 20 m, (top right) 20 m < pb < 35 m, (bottom left)35 m < pb < 50 m, and (bottom right) pb > 50 m.131



8. MIDI OBSERVATIONS OF GX MON(AL2O3 + SILICATE-RICH DUST SHELL)Teles
opes (ATs, 1.8m). The Figure 8.1 represents the uv 
overage of our MIDI observations ofGX Mon.The MIDI data were merged into 12 epo
hs, with a maximum time-lag between individualobservations of 11 days (∼2% of the pulsation period). For te
hni
al problems we had to eliminate5 observations. Sin
e the light-
urve of GX Mon is not 
urrently do
umented we indi
ated our�rst observation to the 0.0 phase in order to 
ompare the observations within the pulsation 
y
le.As in previous se
tion for S Ori we applied the same data redu
tion and 
alibration methods.Our main 
alibrators were Sirius (P80), HD25025 (P76/78), and HD 50778 (P74). For moredetails see Se
tion 5.2. Table B.3 lists 
alibrator stars observed per spe
i�
 night in
luding those
alibrators observed by other programs.8.3 MIDI resultsWe observed GX Mon over di�erent (however un
ertain phases) of stellar pulsation. We as wellmonitored the mid-infrared photometry and visibility spe
tra as a fun
tion of phase. The analysisof the data and investigation of their variability is following the same way as in Se
tions 5.3.1 and5.3.2.Figure 8.2 shows all obtained 
alibrated photometry spe
tra as a fun
tion of wavelength.The MIDI �ux measurements show a 
onsistent shape whi
h exhibits an in
rease of the �uxfrom ∼ 100�400 Jy at 8µm to a maximum near 9.8µm of ∼300�1000 Jy, and a de
rease towards13µm, where the �ux values rea
h values of ∼ 100�500 Jy. The level of the �ux spe
trum di�ersfor individual measurements with a spread of ∼ 500�600 Jy. The photometry spe
tra are verysimilar with the photometry spe
tra of RR Aql.Figure 8.4 shows a 
omparison of the mean of our MIDI �ux measurements to measurementsobtained with the IRAS instrument. The shape of the �ux 
urve is well 
onsistent among theMIDI and IRAS measurements. The level of the IRAS �ux is within the range of our MIDImeasurements. Figure 8.4 also in
ludes a model des
ription of our MIDI data, whi
h will beexplained below in Se
t. 8.3.4.Figure 8.3 shows all obtained 
alibrated visibility spe
tra, whi
h are 
ombined into four groupsof di�erent proje
ted baseline lengths (pb) of pb < 15 m, 15 m < pb < 25 m, 25 m < pb < 35m, and pb > 35 m. The shape of the visibility spe
tra is also very similar to the shape of thevisibility spe
tra of RR Aql. The visibility 
urves show a signi�
ant wavelength dependen
e witha steep de
rease from 8 µm to ∼ 9.5 µm, and a slow in
rease in the 9.5 µm to 13 µm range. Theshape and absolute s
ale of the visibility fun
tion, as well as for RR Aql, depends on the lengthof the proje
ted baseline, where observations at longer baselines result in lower and �atter 
urves.Figure 8.3 shows for the example of epo
h E the �ux, the visibility amplitude, the 
orrespond-ing UD diameter, and the 
orresponding Gaussian FWHM diameter as a fun
tion of wavelength.The shape of the UD diameter and Gaussian FWHM fun
tions show a steep in
rease from 8 µmto ∼ 9.5 µm by a fa
tor of 1.5. A plateau appears between ∼ 9.5 µm and 11.5 µm, and the valuesstay nearly 
onstant from ∼ 11.5 µm to 13 µm.The shape of the �ux spe
tra between 8�13µm displays a maximum near 9.8µm. The visibil-ity 
urves show a drop in the visibility fun
tion between 8µm and 9.5 µm with a 
orrespondingin
rease of the UD diameter and Gaussian FWHM. These features indi
ate a presen
e of the sili-
ate dust in the surrounding shell (e.g. Little-Marenin & Little, 1990; Lorenz-Martins & Pompeia,2000; Driebe et al., 2008; Ohnaka et al., 2008).132



8.3. MIDI results
Table 8.1: VLTI/MIDI observation of GX Mon.Epo
h DDMMYYYY Time JD Φvis Con�g. B Disp. BC Bp PA Seeing τ0[UTC℄ Elem. [m℄ [deg℄ [′′℄ [mse
℄A 16022006 04:39 2453783 '0.00' E0-G0 Prism SP 13.99 64.87 0.70 6.6B 18032006 01:30 2453813 '0.06' E0-G0 Prism HS 15.60 70.07 1.15 5.2C 18102006 08:14 2454027 '0.46' E0-G0 Prism SP 13.51 74.92 0.88 2.4C 11112006 07:59 2454051 '0.51' H0-D0 Prism SP 62.26 74.22 0.70 4.0D 14122006 03:56 2454084 '0.57' E0-G0 Prism SP 12.15 74.51 1.10 1.6D 14122006 06:25 2454084 '0.57' E0-G0 Prism SP 15.95 73.30 0.91 1.9D 16122006 04:51 2454086 '0.57' H0-G0 Prism SP 28.84 74.90 1.08 2.4D 17122006 07:11 2454087 '0.58' H0-G0 Prism SP 31.62 71.03 1.05 2.6D 19122006 03:10 2454089 '0.58' K0-G0 Prism SP 43.80 73.80 0.58 7.9D 20122006 05:45 2454090 '0.58' K0-G0 Prism SP 63.21 73.77 0.92 3.6E 11012007 03:32 2454112 '0.62' E0-G0 Prism SP 15.05 74.68 1.14 3.3E 11012007 05:23 2454112 '0.62' E0-G0 Prism SP 15.90 71.48 0.99 4.1E 13012007 03:45 2454114 '0.63' E0-G0 Prism SP 15.46 74.35 0.70 5.9E 18012007 03:34 2454119 '0.64' H0-G0 Prism SP 31.18 74.18 0.93 2.6E 18012007 05:14 2454119 '0.64' H0-G0 Prism SP 31.44 70.61 1.02 2.3E 19012007 02:31 2454120 '0.64' H0-G0 Prism SP 28.49 74.94 0.66 3.5E 19012007 04:53 2454120 '0.64' H0-G0 Prism SP 31.77 71.44 1.39 1.7E 21012007 02:46 2454122 '0.64' H0-D0 Prism SP 59.49 74.76 0.83 4.1F 09022007 01:04 2454141 '0.68' H0-G0 Prism SP 28.22 74.95 1.04 2.4F 09022007 04:18 2454141 '0.68' H0-G0 Prism SP 30.47 68.83 0.69 3.8F 10022007 01:16 2454142 '0.68' H0-D0 Prism SP 58.35 74.87 0.78 4.4F 10022007 03:09 2454142 '0.68' H0-D0 Prism SP 63.93 72.19 1.18 3.1F 11022007 00:54 2454143 '0.68' E0-G0 Prism SP 14.06 74.93 0.77 5.1F 11022007 02:36 2454143 '0.68' E0-G0 Prism SP 15.96 73.21 0.96 6.6F 12022007 01:27 2454144 '0.68' H0-G0 Prism SP 30.10 74.68 0.79 4.6G 10122007 03:50 2454445 '1.26' H0-D0 Prism SP 44.49 73.93 1.92 1.4H 29122007 03:57 2454464 '1.29' H0-D0 Prism SP 57.28 74.92 0.78 3.2H 10012008 02:52 2454476 '1.31' E0-G0 Prism SP 13.78 74.93 0.92 4.8H 11012008 02:24 2454477 '1.32' H0-G0 Prism SP 25.72 74.80 0.59 7.7H 12012008 02:40 2454478 '1.32' E0-G0 Prism SP 13.62 74.92 0.80 7.7H 13012008 07:10 2454479 '1.32' H0-G0 Prism SP 26.45 80.27 0.60 8.3I 22022008 02:46 2454519 '1.40' H0-D0 Prism SP 63.35 71.14 1.29 2.2J 06032008 02:02 2454532 '1.42' H0-D0 Prism SP 63.09 70.83 0.87 3.8J 06032008 02:39 2454532 '1.42' H0-D0 Prism SP 60.75 68.66 1.09 3.0J 13032008 02:32 2454539 '1.43' H0-G0 Prism SP 29.45 67.21 0.96 5.3J 14032008 02:50 2454540 '1.44' E0-G0 Prism SP 14.12 65.29 0.63 7.3K 28032008 01:16 2454554 '1.46' E0-G0 Prism SP 15.12 68.41 1.16 2.3K 01042008 00:43 2454558 '1.47' H0-G0 Prism SP 30.87 69.51 0.69 2.8K 01042008 01:26 2454558 '1.47' H0-G0 Prism SP 28.96 66.45 0.92 2.1K 01042008 02:03 2454558 '1.47' H0-G0 Prism SP 26.71 62.90 0.82 2.3
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8. MIDI OBSERVATIONS OF GX MON(AL2O3 + SILICATE-RICH DUST SHELL)

Figure 8.4: GX Mon �ux spe
trum as a fun
tion of wavelength from 2.4µm to 40 µm (top). The linesrepresents the �ux spe
tra from IRAS-LRS observations 
overing wavelengths from ∼ 7.7µm to ∼ 23µm(dotted thin bla
k like), and the mean of our N -band MIDI measurements (solid thin green line). Here,the verti
al bars span the maximum and minimum values measured. The diamond symbols denote 2MASSmeasurements at 1.25 µm, 1.65 µm, and 2.2 µm. The solid blue line indi
ates our atmosphere and dustshell model as explained in Se
t. 8.3.4. The bottom plot shows an enlarged segment of the plot in theMIDI wavelength range of 8�13µm.
134



8.3. MIDI results

135



8. MIDI OBSERVATIONS OF GX MON(AL2O3 + SILICATE-RICH DUST SHELL)

Figure 8.5: VLTI/MIDI interferometry at 8-13µm of GX Mon for the example of epo
h E. The panelsshow (a) the �ux, (b) the visibility amplitude, (
) the 
orresponding UD diameter, (d) the 
orrespondingGaussian FWHM diameter as a fun
tion of wavelength. The gray shade indi
ates the wavelength regionaround 9.5µm that is a�e
ted by atmospheri
 absorption. Panel (e) shows the visibility amplitude as afun
tion of spatial frequen
y for three averaged bandpasses of 8-9 µm, 10-11 µm, and 12-13 µm. The
rosses with error bars denote the measured values. The solid lines indi
ate our best-�tting model, asdes
ribed in Se
t. 8.3.4. The model 
onsists of a radiative transfer model des
ribing the surrounding dustshell where the 
entral star is represented by a dust-free dynami
 model atmosphere. The 
ontributionsof the stellar and dust 
omponents alone are indi
ated by the dotted and the dashed line, respe
tively.
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8.3. MIDI resultsAs previously mentioned, sin
e the light-
urve of GX Mon is not know, we set the phase 0.0to our �rst observation. Therefore, assign phases are used only for relative 
omparison betweenobservations in the pulsation 
y
le(s). In the following se
tions the phases are indi
ated betweenquotes as 'phase'.8.3.1 Visibility monitoringWith the pulsation period P=527 days our MIDI data on GX Mon 
over 2 pulsation 
y
les.As well as in Se
tion 5.3.1 we 
ombined individual observations into groups of similar pulsationphases (Φvis ± 0.15), proje
ted baseline lengths (pb ± 10 %), and position angles (PA ± 10 %).The data within ea
h group were as well as for the previous stars averaged, and the un
ertainty ofthe averaged visibility 
urves was estimated as the standard deviation of the averaged visibilities.Intra-
y
le visibility monitoringFigure 8.6 shows two examples of 
alibrated visibility 
urves within the same 
y
le (see Se
-tion 8.3.1). The top panel shows an example of observations within the 0 pulsation 
y
le atphases 0.54, and 0.68 obtained with pb ∼ 62 m and PA ∼ 73◦. The bottom panel shows anexample of observations at phases 0.57, and 0.68 obtained with pb ∼ 30 m and PA ∼ 72◦. Thedata do not exhibit any eviden
e for intra-
y
le visibility variations (
ompare to Se
tions 5.3.1and 7.3.1).Cy
le-to-
y
le visibility monitoringWe investigated 
y
le-to-
y
le visibility variations. Figure 8.7 shows three of these examples
omputed in the same way as in Se
tion 5.3.1. The top panel shows phases of '1.45', and '0.46'in two 
onse
utive 
y
les obtained with a proje
ted baseline length of ∼ 14 m and PA ∼ 70◦,the middle panel shows phases '0.54', and '1.41' of two 
y
les obtained with a proje
ted baselinelength of ∼ 62 m, and PA ∼ 72◦, and the bottom panel shows phases '0.57', and '1.47' of two 
y
lesobtained with a proje
ted baseline length of ∼ 29 m, and PA ∼ 69◦. The phases in the middlepanel slightly di�er, but as well as in 
ase of RR Aql and S Ori (see Se
tions 5.3.1 and 7.3.1) weshowed that the sele
ted phases 
an be well 
ompared, sin
e there is no eviden
e for intra-
y
levisibility variations (see Se
tion 8.3.1). The observations also show no signi�
ant 
y
le-to-
y
levisibility variation within our visibility a

ura
ies (∼ 5�20%).Deviations from 
ir
ular symmetryAll our observations were obtain with position angles between 60◦ and 75◦. Therefore, our obser-vations do not allow us to investigate the deviation from 
ir
ular symmetry of GX Mon.Summarizing,the GX Mon MIDI data, as well as previously investigated Mira variables RR Aql and S Ori(Se
tions 5.3 and 7.3), do not show an eviden
e of signi�
ant intra-
y
le or 
y
le-to-
y
le visibilityvariations within our visibility a

ura
ies (of ∼ 5�20%). However, it is important to note again,that the indi
ated pulsation phases are only relative sin
e they 
annot be related to any visualpulsation phase. The data as well as previous targets show a good agreement of visibility dataobtained at the same proje
ted baseline lengths.137



8. MIDI OBSERVATIONS OF GX MON(AL2O3 + SILICATE-RICH DUST SHELL)

Figure 8.6: Calibrated MIDI visibility amplitudes for di�erent pulsation phases within the same 
y
leto investigate intra-
y
le visibility variations. Ea
h line represents a di�erent pulsation phase within thesame 
y
le and is 
omputed as an average of data obtained at the respe
tive phase (± 0.15) and observedat similar proje
ted baseline length (pb ± 10%) and position angle (PA ± 10%). The top panel shows theexample of pulsation phases 0.54, and 0.68 of 
y
le 0 observed with a proje
ted baseline length of ∼ 62mand a position angle of ∼73 deg. The bottom panel shows the example of pulsation phases 0.57, and 0.68of 
y
le 0 observed with a proje
ted baseline length of ∼ 30m and a position angle of ∼72 deg. The errorbars are 
omputed as the standard deviation of the averaged visibilities.
138



8.3. MIDI results

Figure 8.7: As Fig. 8.6, but for the same pulsation phase in 
onse
utive pulsation 
y
les to investigate
y
le-to-
y
le visibility variations. The top panel shows the example of pulsation phase ∼ '0.45' in two
onse
utive 
y
les observed with a proje
ted baseline length of ∼ 14m and a position angle ∼70 deg.The bottom panel shows the example of pulsation phase '0.5' in two 
onse
utive 
y
les observed with aproje
ted baseline length of ∼ 62m and a position angle ∼72 deg.139



8. MIDI OBSERVATIONS OF GX MON(AL2O3 + SILICATE-RICH DUST SHELL)

Figure 8.8: Calibrated MIDI �ux spe
trum for di�erent pulsation phases within the same 
y
le toinvestigate intra-
y
le photometry variations. Ea
h line represents a di�erent pulsation phase within thesame 
y
le and is 
omputed as an average of data obtained at the respe
tive phase (± 0.15). The top panelshows the example of pulsation phases '0.06', '0.55' and '0.68' of 
y
le 0. The bottom panel shows theexamples of phases '1.44' and '1.30' of 
y
le 1. The error bars are 
omputed as the standard deviation of theaveraged photometry 
urves. The gray shades denote zones that are a�e
ted by atmospheri
 absorption.
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8.3. MIDI results

Figure 8.9: As Fig. 8.8, but for the same pulsation phase in 
onse
utive pulsation 
y
les to investigate
y
le-to-
y
le photometry variations. The panel shows the example of phase ∼ '0.45' in 
y
les 0 and 1.8.3.2 N-band �ux monitoringThis Se
tion des
ribes the investigations of the intra-
y
le and 
y
le-to-
y
le variability of the8�13µm �ux spe
tra. For detail approa
h of the photometry monitoring see Se
tion 5.3.2.Intra-
y
le photometry monitoringFigure 8.8 shows two examples of a 
omparison of the MIDI 
alibrated �ux spe
tra at di�erentpulsation phases of the same 
y
le. The top panel shows a 
omparison between phases '0.06','0.55' and '0.68' of 
y
le 0, and the bottom panel shows a 
omparison between phases '1.44' and'1.30' of 
y
le 1. The �rst plot shows 
omparison of the largest separation in the phase that isavailable in our data-set. The GX Mon �ux values within the N -band are larger at the post-maximum phases than at the minimum and post-minimum phases. The di�eren
es are as well asfor RR Aql (Se
tion 5.3.2) most pronoun
ed toward the sili
ate emission feature around 9.8µm,and less pronoun
ed toward the edges of the MIDI bandpass at 8µm and 13µm. The di�eren
es
orrespond to up to 50%�55%, or about 4�5 standard deviations.Cy
le-to-
y
le photometry monitoringFigure 8.9 shows a 
omparison of data observed at the same phase of 
onse
utive pulsation 
y
les.The panel shows a 
omparison between phases '0.46' and '1.44', i.e. phase '0.45' of 
y
les 0 and 1.The N -band �ux is lower in 
y
le 1 
ompared to the same phase of the 0 
y
le by up to ∼ 250 Jy,
orresponding to about 25% or 2�3 standard deviations. The di�eren
es are also most pronoun
edtoward the sili
ate emission feature at 9.8µm. As mentioned in the Se
tion 5.3.2 many visuallight-
urves show that the pulsation 
y
les are not perfe
tly symmetri
 in the V -band. This 
ouldimply possible variations in the N -band as well. The data might indi
ate an irregularity of the
y
le in the N -band of GX Mon (Fig. 5.10). However, due to the la
k of data point, the data donot allow us to make any reliable 
on
lusion. In addition, the GX Mon data 
annot be 
omparewith a visual light-
urve in the opti
al band. 141



8. MIDI OBSERVATIONS OF GX MON(AL2O3 + SILICATE-RICH DUST SHELL)Table 8.2: Best-�tting model parameters for ea
h epo
h of GX Mon observationsEp. Φmod Model Φmod τV τV Rin/RPhot Rin/RPhot p p ΘPhot(Al2O3) (sil.) (Al2O3) (sil.) (Al2O3) (sil.) [mas℄A 0.00 M21n 0.10 1.5 3.0 2.0 4.8 3.5 2.5 9.1B 0.06 M21n 0.10 1.3 3.4 1.8 4.8 3.0 2.5 10.5C 0.46 M25n 0.50 1.4 3.0 2.3 4.8 3.3 2.5 7.3D 0.51 M21n 0.10 2.5 3.0 2.4 4.5 3.0 2.5 7.2E 0.57 M21n 0.10 1.8 3.0 2.5 4.6 2.5 2.5 7.2F 0.62 M21n 0.10 1.8 3.0 2.4 4.3 3.5 2.5 7.5G 0.68 M21n 0.10 1.2 3.0 1.8 4.8 2.5 2.5 7.5H 1.26 M23n 0.30 2.8 4.8 1.8 4.8 2.5 2.5 10.0I 1.31 M23n 0.30 3.1 3.0 1.7 4.8 2.5 2.5 10.6J 1.40 M21n 0.10 2.2 3.0 1.8 4.4 2.5 2.5 9.5K 1.42 M21n 0.10 1.7 3.0 2.6 4.4 2.5 2.5 8.8L 1.47 M21n 0.10 2.1 2.7 2.2 4.6 2.5 2.5 8.8Table 8.3: Average model parameters for all epo
hs of GX Mon observationsModel Φmod τV τV Rin/RPhot Rin/RPhot p p ΘPhot(Al2O3) (sili
ate) (Al2O3) (sili
ate) (Al2O3) (sili
ate) [mas℄M21n 0.10 1.9 ± 0.6 3.2 ± 0.5 2.1 ± 0.3 4.6 ± 0.2 2.8 ± 0.4 2.5 ± 0.0 8.7 ± 1.3Summarizing,our data exhibit a 4�5σ intra-
y
le and 2�3σ 
y
le-to-
y
le �ux variations at wavelengths of 8�13µm. The variations are most pronoun
ed toward the sili
ate emission feature at 9.8µm. Ouraveraged data indi
ate a �ux variations in the N -band, however, for 
lear 
on
lusions, furtherobservational data would be required.8.3.3 MIDI model parametersThe modeling approa
h follow the same steps as for the previous stars (for more details seeSe
tion 5.3.4 and 7.3.3).GX Mon show a pronoun
ed sili
ate feature in photometry and visibility spe
tra. This indi-
ates that sili
ate is one of the 
omponent of the dust shell (see Fig. 8.4 and Se
t. 8.3). For themodeling of the atmosphere of the Mira variable GX Mon we again used both dust spe
ies, Al2O3grains (Begemann et al., 1997; Koike et al., 1995) and sili
ate grains (Ossenkopf et al., 1992) fol-lowing the work by Lorenz-Martins & Pompeia (2000) who suggested that the dust surroundingGX Mon 
ontains both Al2O3 and sili
ate grains, respe
tively. The grain size set to 0.1 µm forall grainsWe 
omputed a grid of models in
luding six parameters des
ribing the 
ir
umstellar dustshell. The models 
onsists of the M series: M16n (model visual phase Φmodel=0.60), M18 (0.75),M18n (0.84), M19n (0.90), M20 (0.05), M21n (0.10), M22 (0.25), M23n (0.30), M24n (0.40), andM25n (0.50) in
luding all 
ombinations of opti
al depths τV (Al2O3) = 0.0, 0.2, 0.5, 0.8, 1.5; τV(sili
ate) = 2.5, 3.0, 3.5, 4.0, 4.5, 5.0; Rin/RPhot (Al2O3) = 2.0, 2.5, 3.0; Rin/RPhot (sili
ate) =2.5, 3.5, 4.5, 5.5, 6.5; pA (Al2O3) = 2.0, 2.5, 3.0, 3.5; and pB (sili
ate) = 2.0, 2.5, 3.0, 3.5. Where142



8.3. MIDI results
τV (Al2O3) and τV (sili
ate) are the opti
al depths, Rin/RPhot (Al2O3) and Rin/RPhot (sili
ate)the inner boundary radii, and pA (Al2O3) and pB (sili
ate) the density gradients. The angulardiameter ΘPhot was the only free parameter.8.3.4 MIDI model resultsAs well as for the previous stars we found or ea
h of the 12 epo
hs the best-�tting model pa-rameters. The parameters again in
lude, the phase of the dust-free dynami
al model atmosphere,represented by the M model, and the set of the dust shell parameters of the radiative transfermodel. The examined parameters are listed in Se
tion 8.3.3.GX Mon is 
lassi�ed by Lorenz-Martins & Pompeia (2000) as an oxygen-ri
h star that 
anbe des
ribed with a 
ombination of a sili
ate and Al2O3 dust shell. We have investigated dustshells in
luding Al2O3 and sili
ate dust shells with di�erent inner radii and density gradients. Ina

ordan
e with Lorenz-Martins & Pompeia (2000) we obtained best-�t results with a 
ombinationof the sili
ate and Al2O3 dust shell.

Figure 8.10: Simulation 
ompare the same model atmospheres M23n (Φmodel = 0.30) with two sets of dustshell parameters. The �rst set is des
ribing the epo
h 1 (top panel) and 2 (bottom panel) of observationsby Wittkowski (private 
ommuni
ation). The se
ond set of dust shell parameters show parameters derivedby our simulations des
ribing the same data.The best-�tting parameters for ea
h epo
h are listed in Table 8.2. The table lists the epo
h,the phase at the epo
h, the opti
al depth τV , the inner boundary radii Rin/RPhot, the densitydistribution p, and the 
ontinuum photospheri
 angular diameter ΘPhot. The best-�tting modelatmosphere was most frequently M21n (ΦModel=0.1).143



8. MIDI OBSERVATIONS OF GX MON(AL2O3 + SILICATE-RICH DUST SHELL)

Figure 8.11: Model with average dust shell parameters for di�erent epo
hs of our GX Mon observations(Table 8.3).Figure 8.3 in
ludes, for the example of epo
h E, the model �ux and model visibility 
omparedto the observed values. All the observational epo
hs 
an be �nd in appendix (Figs. E.1� E.6).The agreement between the models and the observed data is as well as for the previous stars verygood. The shape of the visibility and the photometry spe
tra is very similar to the spe
tra ofRR Aql. In the wavelength range from 8 µm to ∼ 9 µm the dust is fully resolved with baselineslarger than ∼ 45m, and the visibility 
ontribution of the dust rea
hes into the 2nd lobe of thevisibility fun
tion. GX Mon is 
hara
terized as well as RR Aql by a partially resolved stellar diskin
luding atmospheri
 layers, with a typi
al drop in the visibility fun
tion ∼ 10 µm, where the�ux 
ontribution of the sili
ate emission is highest, and the �ux 
ontribution of the star relativeto the total �ux de
reases.Beyond ∼ 10 µm, the spatially resolved radiation from the opti
ally thin dust shell is 
onsid-erable part of the observed total �ux. From ∼ 10 µm to 13 µm the dust 
ontribution be
omesnearly 
onstant while the stellar 
ontribution in
reases, this results in an in
rease of the visibilityfun
tion. The results show that the shape of both the visibility and the photometry spe
tra
an be very well reprodu
e by the 
ombination of the radiative transfer model des
ribing the
ir
umstellar dust shell and the dynami
al model atmospheres representing the 
entral sour
e.As already mentioned, the visual phase of GX Mon is not known, however, the mean pulsationperiod was estimated to P = 527.0 days (Samus et al., 2004), our data therefore 
over more then afull pulsation 
y
le. We 
an 
on
lude that the obtained model parameters for the di�erent epo
hsdo not indi
ate any signi�
ant dependen
e on 
y
le.However, as for the AGB stars RR Aql and S Ori we 
annot 
on�rm or deny eventual phase-dependen
e of the dust formation pro
ess that a�e
ts the 8�13µm visibility and photometryvalues by less than our un
ertainties of about 5�20% and 10�50%, respe
tively.Table 8.3 lists the average model parameters of our di�erent epo
hs. Figure 8.11 shows themodel simulating the average parameters. The dynami
 model atmosphere M21n (Φmodel = 0.1)resulted for most of the epo
hs as the best-�tting M model. An Al2O3 dust shell with 
ombinationof a sili
ate dust shell, provides the best agreement with our data.The average opti
al depth of the Al2O3 dust shell is τV (Al2O3)=1.9±0.6, the average op-ti
al depth of the sili
ate dust is τV (sili
ate)=3.2±0.5 at λ = 0.55µm. The inner radius ofthe Al2O3 dust shell is Rin(Al2O3)=2.1±0.3RPhot, the inner radius of the sili
ate dust shell is
Rin(sili
ate)=4.6±0.2RPhotand the power-law index of the density distribution is p(Al2O3)=2.8±0.4,144



8.4. Summary, Con
lusions and Dis
ussion
p(sili
ate)=2.5±0.0. The average photospheri
 angular diameter results in ΘPhot=8.7±1.3mas.Figure 8.12 shows the simulation of the full SED in the range of 0.3�100µm in
luding themodel with the average parameters.8.4 Summary, Con
lusions and Dis
ussionWe obtained a total of 40 observations of GX Mon with the VLTI/MIDI instrument. The ob-servations were 
ombined into 12 epo
hs 
overing 2 pulsation 
y
les between Feb 16, 2006 andApr 1, 2008. We investigated the 
ir
umstellar dust shell and 
hara
teristi
s of the atmospherethat 
onsists of the 
ontinuum photosphere and overlying mole
ular layers, and we monitored thephotometry and visibility spe
tra.As well as for the Mira variables RR Aql and S Ori we have modeled the observed data ofGX Mon with an ad-ho
 radiative transfer model of the dust shell using the radiative transfer
ode m
sim_mpi by Ohnaka et al. (2006). We again used a series of dust-free dynami
 modelatmospheres based on self-ex
ited pulsation models (M series, Ireland et al., 2004b,a) to des
ribethe intensity pro�le of the 
entral sour
e.Our MIDI observational results of GX Mon are as follows: (i) The interferometri
 data donot show eviden
e for intra-
y
le visibility variations. (ii) The data do not show eviden
e for
y
le-to-
y
le visibility variations. (iii) The 8�13µm �ux exhibits a 4�5σ signature of intra-
y
leas well and 2�3σ 
y
le-to-
y
le �ux variations. The variations are most pronoun
ed toward thesili
ate emission feature at 9.8µm. Our averaged data indi
ate a �ux variations in the wavelengthrange 8�13µm, however for 
lear 
on
lusions, further observational data with higher a

ura
ywould be required.Summarizing, the pre
ise visual phase of GX Mon is not known, however, the data do notshow visibility variations over investigated period (P = 527.0 days) within our un
ertainties.The shape and features of the observed photometry and visibility spe
tra of GX Mon, as wellas the SED at 1�40µm 
an be well reprodu
e by the 
ombination of the radiative transfer modeldes
ribing the dust shell and the dust-free dynami
 model atmosphere representing the 
entralsour
e. The shape of the visibility and photometry fun
tion is typi
al for AGB stars surroundedby dust shells that in
lude sili
ates or sili
ates and Al2O3 (Lorenz-Martins & Pompeia, 2000). Forour analysis, we have 
onsidered Al2O3 (Begemann et al., 1997; Koike et al., 1995) and sili
ate(Ossenkopf et al., 1992) dust spe
ies, following the work by Lorenz-Martins & Pompeia (2000).The grain sizes were �xed to 0.1 µm. We 
on
lude that a model in
luding a 
ombination of anAl2O3 dust shell and a sili
ate dust shell 
an well reprodu
e the observed GX Mon visibility and�ux spe
tra at 8�13 µm. This 
on
lusion is 
onsistent with the results by Lorenz-Martins &Pompeia (2000). The observational results 
an be well explained by simulations with variationsof dust shell parameters and dynami
 model atmospheres. The data 
learly shows signature ofan Al2O3 dust shell with an inner boundary at ∼ 2.1 stellar radii and a sili
ate dust shell withan inner boundary at ∼ 4.6 stellar radii. The data do not show any phase-dependent formationof the dust within our investigated phases. However, as for the AGB stars RR Aql and S Ori we
annot 
on�rm or deny eventual phase-dependen
e of the dust formation pro
ess that e�e
ts the8�13µm visibility and photometry values over the full pulsation 
y
le.The average model in
ludes the Al2O3 dust shell with an opti
al depth of τV (Al2O3)=1.9±0.6,the sili
ate dust is τV (sili
ate)=3.2±0.5, the inner radius of Rin(Al2O3)=2.1±0.3RPhot, the innerradius of the sili
ate dust shell is Rin(sili
ate)=4.6±0.2RPhot, and the power-law index of the den-145



8. MIDI OBSERVATIONS OF GX MON(AL2O3 + SILICATE-RICH DUST SHELL)
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Figure 8.12: The top panel shows the full SED in the range of 0.3�100µm, the middle panel shows theSED in the range 1�2.4µm, and the bottom panel shows the SED in the range of 8�13µm. The pinksolid line represents model 
ontinuum, the pink dashed line des
ribes the bla
k-body, the bla
k line - themodel with the average dust shell parameters des
ribing GX Mon (Tab. 8.3), the red line - the stellar
ontribution of the model, the green line - dust emission, the blue line - dust s
attering.146



8.4. Summary, Con
lusions and Dis
ussionsity distribution of p(Al2O3)=2.8±0.4 and p(sili
ate)=2.5±0.0. The average atmosphere modelof the series that is used to des
ribe the 
entral intensity pro�le is M21n (Tmodel = 2550K,
Φmodel = 0.10) with the photospheri
 angular diameter of ΘPhot=8.7±1.3mas. Simulationsshowed that the data 
an be generally des
ribed using 20�25% of Al2O3 grains 
ompare to sili
ategrains.
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Chapter 9MIDI Observations of R CNC(Al2O3-ri
h dust shell)The Mira variable R Cn
 was analyzed and modeled in the same way as des
ribed in in Chapter 5.9.1 Chara
teristi
s of R Cn
The stellar parameters of the star in this paragraph are adopted from Wittkowski, Boboltz,Karovi
ova, in preparation. R Cn
 is a Mira variable star with spe
tral type M6e�M9e, V mag-nitude 6.07�11.80 and period 362 days (Samus et al., 2009). We use a distan
e of d =283± 40 p
from Whitelo
k et al. (2000) based on their period-luminosity relation. They derive a small AVvalue of 0.07; in this paper we use AV =0 and in
lude the un
ertainty in the errors. Figure 9.1shows the visual light-
urve of R Cn
, where our 4 epo
hs of observations are indi
ated. Here,we use a last Julian date of visual maximum of 2454720 and a period of 370 days based on the
y
les 
overing our observations. The assignment of visual phases to the dates of observation isun
ertain to about 0.1. The light-
urve in
ludes data from the AAVSO1 and AFOEV2, and ASASdata. Our epo
hs 
orrespond to one pre-minimum and one minimum phase in two 
onse
utive
y
les. The mass loss rate of 0.2 10−7 M⊙/year was estimated by Young (1995).9.2 VLTI/MIDI Observations and data redu
tionTable 9.1 shows an overview of the R Cn
 data that we obtained with the di�erent instrumentsand modes, in
luding the VLTI/MIDI instrument (8�13µm with spe
tral resolution R ∼ 30).Furthermore, we obtained data with the VLTI/AMBER instrument in the low resolution mode(LR HK, 1.46 � 2.54µm, R ∼30) and MR modes (MR H, 1.54 � 1.82µm, R ∼1500; MR K2.1 µm, 1.93 � 2.28µm, R ∼1500; MR K 2.3 µm, 2.13 � 2.47µm, R ∼1500), SiO and H2Omaser observations with the VLBA, and JHKL photometry at the SAAO. All the observationswere grouped into 4 epo
hs, two of whi
h in
lude 
on
urrent MIDI, AMBER, SAAO, and VLBAdata; and two further epo
hs in
lude AMBER data only. In this 
hapter we des
ribe mainly1http://www.aavso.org2http://
dsweb.u-strasbg.fr/afoev 149
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4400 4600 4800 5000 5200 5400
Julian Date - 2450000

14

12

10

8

6

V
 m

ag

4400 4600 4800 5000 5200 5400
Julian Date - 2450000

-0.5 0.0 0.5 1.0 1.5
Stellar phase

AAVSO
ASAS
AFOEV

Figure 9.1: Visual light-
urve of R Cn
 based on data from the AAVSO, AFOEV, and ASAS databasesas a fun
tion of Julian Date and stellar 
y
le/phase. The arrows indi
ate the epo
hs of our observation.the VLTI/MIDI observations. The details of the other observations and their data redu
tion aredes
ribed in Wittkowski, Boboltz, Karovi
ova, in preparation.The spe
trally-dispersed mid-infrared interferometri
 observations of R Cn
 were obtainedwith the MIDI instrument on De
 23 and De
 30 2008 a

ompanied by observations on Feb 25,Mar 1, and Mar 3. We used the PRISM as a dispersive element with a spe
tral resolution R =
∆λ/λ ∼ 30. We obtained 9 observations in two observational epo
hs.The details of the VLTI/MIDI observations and the instrumental settings are summarizedin Table 9.2. The Table lists the epo
h, the date, the time, the Julian Date (JD), the visualpulsation phase Φvis, the baseline 
on�guration, the ground length of the 
on�guration, thedispersive element, the beam 
ombiner BC, the proje
ted baseline length Bp, the position angleon the sky PA (deg. east of north), the DIMM seeing (at 500 nm), and the 
oheren
e time τ0 (at500 nm). All observations were exe
uted in servi
e mode using the Auxiliary Teles
opes (ATs,1.8m).A maximum time-lag between individual observations is 7 days (1.9% of the pulsation period).The arrows in Figure 9.1 indi
ate our observations in 
omparison to the light-
urve. The un
er-tainty in the allo
ation of the visual phase to our observations was estimated to ∼0.1. Fig. 9.2shows the uv 
overage with two groups of perpendi
ular observations of R Cn
.The data redu
tion and 
alibration was pro
eeded in the same way as for the previous stars(see Se
tion 5.2). Our main 
alibrators were Sirius, and HD 81797. Table B.4 lists 
alibratorstars observed per spe
i�
 night in
luding those 
alibrators observed by other programs.150



9.2. VLTI/MIDI Observations and data redu
tion
Table 9.1: Overview of our R Cn
 observations.Epo
h 1 (23 De
 - 10 Jan, ∆Φ=0.06):23 De
 2008 MIDI25 De
 2009 SAAO Photometry27 De
 2009 SAAO Photometry29 De
 2008 AMBER LR HK29 De
 2008 AMBER MR K 2.3 µm30 De
 2008 AMBER MR K 2.1 µm30 De
 2009 MIDI31 De
 2009 SAAO Photometry04 Jan 2009 VLBA, SiO maser10 Jan 2009 VLBA, H2O maserEpo
h 2 (25 Feb - 3 Mar, ∆Φ=0.02):25 Feb 2009 MIDI27 Feb 2009 VLBA, SiO maser01 Mar 2009 MIDI01 Mar 2009 AMBER MR K 2.3 µm02 Mar 2009 SAAO Photometry03 Mar 2009 SAAO Photometry03 Mar 2009 AMBER MR K 2.1 µm03 Mar 2009 MIDIEpo
h 3 (27 De
 2009):27 De
 2009 AMBER MR HEpo
h 4 (11 Feb 2010):11 Feb 2010 AMBER MR K 2.3 µm
Table 9.2: VLTI/MIDI observation of R Cn
.Epo
h DDMMYYYY Time JD Φvis Con�g. B Disp. BC Bp PA Seeing τ0[UTC℄ Elem. [m℄ [deg℄ [′′℄ [mse
℄A 25122008 07:04 2454826 4.94 A0-G1 Prism HS 84.87 110.94 0.96 3.9A 25122008 08:18 2454826 4.94 A0-G1 Prism HS 71.91 110.72 1.76 2.1A 31122008 04:46 2454832 4.96 H0-E0 Prism HS 40.29 76.96 0.99 4.9A 31122008 05:59 2454832 4.96 H0-E0 Prism HS 46.27 75.16 0.70 7.3B 26022009 02:48 2454889 5.10 A0-G1 Prism HS 85.91 111.11 0.53 8.7B 26022009 02:58 2454889 5.10 A0-G1 Prism HS 84.64 110.90 0.62 7.4B 26022009 04:14 2454889 5.10 A0-G1 Prism HS 71.28 110.77 0.77 6.3B 03032009 02:05 2454894 5.11 E0-H0 Prism HS 46.74 74.83 1.11 3.2B 04032009 00:37 2454895 5.12 E0-H0 Prism HS 40.15 76.99 0.81 5.2151



9. MIDI OBSERVATIONS OF R CNC(AL2O3-RICH DUST SHELL)

Figure 9.2: Coverage of the uv plane for the MIDI observations of R Cn
. Ea
h point represents theobservations with ATs over the wavelength 8 to 13 µ.
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9.2. VLTI/MIDI Observations and data redu
tion

Figure 9.3: R Cn
 �ux spe
trum as a fun
tion of wavelength from 2.4µm to 40 µm (top). The linesrepresents the �ux spe
tra from IRAS-LRS observations 
overing wavelengths from ∼ 7.7µm to ∼ 23µm(dotted thin bla
k like), and the mean of our N -band MIDI measurements (solid thin green line). Here,the verti
al bars span the maximum and minimum values measured. The diamond symbols denote 2MASSmeasurements at 1.25 µm, 1.65 µm, and 2.2 µm. The solid blue line indi
ates our atmosphere and dustshell model as explained in Se
t. 9.3.2. The bottom plot shows an enlarged segment of the plot in theMIDI wavelength range of 8�13µm.
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9.2. VLTI/MIDI Observations and data redu
tion

Figure 9.4: VLTI/MIDI interferometry at 8-13µm of R Cn
 for the example of epo
h A (stellar phase4.96). The panels show (a) the �ux, (b) the visibility amplitude, (
) the 
orresponding UD diameter,(d) the 
orresponding Gaussian FWHM diameter as a fun
tion of wavelength. The gray shade indi
atesthe wavelength region around 9.5µm that is a�e
ted by atmospheri
 absorption. Panel (e) shows thevisibility amplitude as a fun
tion of spatial frequen
y for three averaged bandpasses of 8-9 µm, 10-11
µm, and 12-13 µm. The 
rosses with error bars denote the measured values. The solid lines indi
ate ourbest-�tting model, as des
ribed in Se
t. 9.3.2. The model 
onsists of a radiative transfer model des
ribingthe surrounding dust shell where the 
entral star is represented by a dust-free dynami
 model atmosphere.The 
ontributions of the stellar and dust 
omponents alone are indi
ated by the dotted and the dashedline, respe
tively.
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9. MIDI OBSERVATIONS OF R CNC(AL2O3-RICH DUST SHELL)9.3 MIDI resultsThe 
alibrated photometry spe
tra as a fun
tion of wavelength show a rather �at shape. Thephotometry in
reases between ∼ 8-9.8µm, and beyond ∼ 10µm photometry 
urves �attens. Themajority of values fall into the range of ∼ 400�600 Jy. The level of the �ux spe
trum di�ers forindividual measurements with a spread of ∼ 50�150 Jy.The visibility spe
tra of R Cn
 do not exhibit a very strong wavelength dependen
e. Thevisibilities are rather �at and similar to the visibility fun
tions of S Ori. The visibility fun
tionsin
rease between ∼ 8-9µm, and beyond ∼ 9-10µm �attens. The shape and absolute s
ale of thevisibility fun
tions as well as for S Ori do not signi�
antly depend on the length of the proje
tedbaseline.The equivalent UD diameter and the Gaussian FWHM is quasi-
onstant between ∼ 8-9.8µm,and in
reases beyond ∼ 10µm.Deviations from 
ir
ular symmetryWe obtained two groups of perpendi
ular observations in the uv plane a
quired with P.A. ∼ 110 ◦,and P.A. ∼ 75 ◦ (see Tab. 9.2). Unfortunately, the quality of the data does not allow us to 
on�rmor deny the possible presen
e of an asymmetri
 intensity distribution.
9.3.1 MIDI model parametersAs well as the previous Mira variables presented in this thesis the modeling of R Cn
 followed thesame modeling approa
h (see Se
tion 5.3.4).R Cn
 shows rather broad spe
tra and visibility fun
tions in the wavelength range 8�13µmwithout a signi�
ant sili
ate feature. Lorenz-Martins & Pompeia (2000) 
lassi�ed R Cn
 to thesame group as S Ori, and suggested that the 
ir
umstellar dust shell 
ontains only Al2O3 grainswithout a 
ontribution of sili
ates. We modeled the R Cn
 dust shell using both dust spe
ies,Al2O3 grains (Begemann et al., 1997; Koike et al., 1995) and sili
ates grains (Ossenkopf et al.,1992). The grain size was set to 0.1 µm for all grains.We 
omputed a grid of models in
luding six parameters des
ribing the 
ir
umstellar dust shell.The models 
onsists of the M series: M16n (model visual phase Φmodel=0.60), M18 (0.75), M18n(0.84), M19n (0.90), M20 (0.05), M21n (0.10), M22 (0.25), M23n (0.30), M24n (0.40), and M25n(0.50) in
luding all 
ombinations of opti
al depths τV (Al2O3) = 1.0, 1.5, 1.8, 2.1, 2.4, 2.7, 3.0; τV(sili
ate) = 0.0, 0.2, 0.5, 0.8, 1.0; Rin/RPhot (Al2O3) = 1.5, 2.0, 2.5, 3.0; Rin/RPhot (sili
ate) =2.5, 3.5, 4.5, 5.5, 6.5; pA (Al2O3) = 2.0, 2.5, 3.0, 3.5; and pB (sili
ate) = 2.0, 2.5, 3.0, 3.5. Where
τV (Al2O3) and τV (sili
ate) is the opti
al depths, Rin/RPhot (Al2O3) and Rin/RPhot (sili
ate)the inner boundary radii, and pA (Al2O3) and pB (sili
ate) the density gradients. The angulardiameter ΘPhot was the only free parameter.The sele
tion of best-�tting models follow the same way as in the previous 
hapters (eg. 4.1Se
tion 5.3.4). 156



9.3. MIDI resultsTable 9.3: Best-�tting model parameters for ea
h epo
h of R Cn
 observationsEpo
h Φvis Model Φmod τV Rin/RPhot p ΘPhot(Al2O3) (Al2O3) (Al2O3) [mas℄A 4.95 M22 0.25 1.5 2.0 2.5 12.3B 5.11 M22 0.25 1.2 2.4 2.5 12.3Table 9.4: Average model parameters for all epo
hs of R Cn
 observationsModel τV τV Rin/RPhot p ΘPhot(Al2O3) (sili
ate) (Al2O3) (Al2O3) [mas℄M22 1.35 ± 0.2 0.0 2.2 ± 0.3 2.5 ± 0.0 12.3 ± 0.09.3.2 MIDI model resultsWe found the best-�tting model parameters for both epo
hs in
luding the phase of the dust-freedynami
al model atmosphere represented by the M model and the set of the dust shell parametersof the radiative transfer model (Se
t. 9.3.1).We have investigated dust in
luding Al2O3 and/or sili
ate shells with di�erent inner radii anddensity gradients. The best �t results were obtained with an Al2O3 shell without a 
ontributionof sili
ate in the dust shell. Our result is 
onsistent with the previous study by Lorenz-Martins &Pompeia (2000). The best-�tting parameters for ea
h epo
h are listed in Table 9.3. The table liststhe epo
h, the phase at the epo
h, the opti
al depth τV , the inner boundary radius Rin/RPhot, thedensity distribution p, and the 
ontinuum photospheri
 angular diameter ΘPhot. Sin
e the best�tting models are without any 
ontribution of sili
ates the Table list only parameters of Al2O3dust shell.The quality of the data is for 3 observations quite poor, nevertheless, the agreement betweenthe models and the observed data is in general very good. We show that the shape of both thevisibility and the photometry spe
tra of R Cn
 
an be very well reprodu
ed by the 
ombinationof the radiative transfer 
ode des
ribing the 
ir
umstellar dust shell with the dynami
al modelatmospheres representing the 
entral intensity pro�le. Figure 9.4 shows the example of epo
h A,and in
ludes the model �ux and model visibility 
ompared to the observed values. Both observa-tional epo
hs 
an be �nd in appendix (Fig. F.1). Observations of R Cn
 show a partially resolvedstellar disk in
luding atmospheri
 mole
ular layers that are opti
ally thi
k at the wavelength range8�13µm. The disk is surrounded by a spatially resolved, opti
ally thin dust shell. Beyond 9µmspatially resolved, opti
ally thin radiation from the dust shell starts to be a 
onsiderable part ofthe total intensity, and together with extin
tion of the stellar light by the dust shell, spatiallyresolved radiation from the dust shell overtake the measured intensity at the longest wavelengths(∼ 12�13µm).Table 9.4 lists the average dust shell parameters for both epo
hs. Figure 9.5 shows themodels simulating the average parameters. The average M model is represented by model M22.The results show that the dust shell 
onsisting only of Al2O3 without the addition of sili
ate,
orresponds the best with our R Cn
 data. This result is in a

ordan
e with the investigationsby Lorenz-Martins & Pompeia (2000).The average opti
al depth of the Al2O3 dust is τV (Al2O3)=1.35±0.2 at λ = 0.55µm (
orre-sponding to 0.04 at λ = 8µm, 0.29 at λ = 12µm, and a maximum within 8�12µm of 0.30 at157



9. MIDI OBSERVATIONS OF R CNC(AL2O3-RICH DUST SHELL)

Figure 9.5: Model with average dust shell parameters for di�erent epo
hs of our R Cn
 observations(Table 9.4).
λ = 11.8µm). The inner radius of the dust shell is Rin=2.2±0.3RPhot, and the power-law indexof the density distribution is p=2.5±0.0. The average photospheri
 angular diameter results in
ΘPhot=12.3±0.0mas.Figure 9.6 shows the simulation of the full SED in the range of 0.3�100µm in
luding the modelwith the average parameters.
9.4 Summary, Con
lusions and Dis
ussionWe have observed the oxygen-ri
h Mira variable R Cn
 with the VLTI/MIDI instrument. Weobtained 9 observations 
ombined into 2 epo
hs. The observations were a
quired on De
 23 andDe
 30 2008 a

ompanied by observations on Feb 16, Feb 25, Mar 1, and Mar 3, 2008 and Mar 14,2009. We have modeled the observed data with an ad-ho
 radiative transfer model of the dust shellusing the radiative transfer 
ode m
sim_mpi by Ohnaka et al. (2006). We used a series of dust-free dynami
 model atmospheres based on self-ex
ited pulsation models (M series, Ireland et al.,2004b,a) to des
ribe the intensity pro�le of the 
entral sour
e. We 
on
lude that the 
ombinationof the models 
an well reprodu
e the shape and features of the observed photometry and visibilityspe
tra of R Cn
, as well as the SED at 1�40µm. We have 
onsidered Al2O3 (Begemann et al.,1997; Koike et al., 1995) and sili
ate (Ossenkopf et al., 1992) dust spe
ies with �xed grain sizesof 0.1 µm. We showed that a model in
luding only an Al2O3 dust shell 
an well reprodu
ethe observed visibility and �ux spe
tra at 8�13 µm. The addition of a sili
ate dust shell with
omparable low opti
al depth did not improve the �t to our data. Our results are 
onsistent withthe results by Lorenz-Martins & Pompeia (2000). The average model in
ludes an Al2O3 dust shellwith the opti
al depth of τV (Al2O3)=1.35±0.2, the inner radius of Rin=2.2±0.3RPhot, and thepower-law index of the density distribution of p=2.5±0.0. The average atmosphere model is M22(Tmodel = 2330K, Φmodel = 0.25) with the photospheri
 angular diameter of ΘPhot=12.3±0.0mas.158
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Figure 9.6: The top panel shows the full SED in the range of 0.3�100µm, the middle panel shows theSED in the range 1�2.4µm, and the bottom panel shows the SED in the range of 8�13µm. The pink solidline represents model 
ontinuum, the pink dashed line des
ribes the bla
k-body, the bla
k line - the modelwith the average dust shell parameters des
ribing R Cn
 (Tab. 9.4), the red line - the stellar 
ontributionof the model, the green line - dust emission, the blue line - dust s
attering.159



9. MIDI OBSERVATIONS OF R CNC(AL2O3-RICH DUST SHELL)Table 9.5: VLTI/AMBER observationsDate JD Phase Mode Baseline P.A.2450000+ Vis. m deg2008-12-29 4830.21 0.30 LR HK 14.04/28.07/42.11 -76.72008-12-29 4830.24 0.30 LR HK 15.13/30.24/45.37 -75.72008-12-29 4830.28 0.30 MR K 2.3 15.90/31.78/47.68 -73.72008-12-30 4831.29 0.30 MR K 2.1 16.00/31.98/47.98 -72.82008-12-30 4831.33 0.30 MR K 2.1 15.69/31.35/47.04 -69.52009-03-01 4892.11 0.46 MR K 2.3 15.95/31.88/47.82 -73.42009-03-01 4892.17 0.46 MR K 2.3 15.59/31.15/46.74 -69.02009-03-03 4894.13 0.47 MR K 2.1 15.98/31.94/47.92 -71.72009-12-27 5193.33 1.28 MR H 15.81/31.59/47.39 -70.22010-02-11 5239.20 1.40 MR K 2.3 15.89/31.75/47.64 -70.89.5 Observations with VLTI/AMBER, VLBA, and SAAO JHKLphotometryIn the following se
tions we brie�y introdu
e our other observations of R Cn
. We also show somepreliminary results. Detailed des
ription of the observations, used methods, and a

omplishedresults 
an be �nd in Wittkowski, Boboltz, Karovi
ova, in preparation.9.6 VLTI/AMBER observationsTable 9.5 shows observations on the R Cn
 obtained with the VLTI/AMBER instrument. Thetable lists the the date of the observations, the Julian Date (JD), the visual pulsation phase Φvis,the mode, the baseline length (Bp), and the position angle (P.A.).9.6.1 Modeling of the VLTI/AMBER dataWe 
ompared the visibility data to the best-�tting models of a uniform disk (UD), a Gaussianpro�le with a 
onstant diameter and also to stellar atmospheres models. For R Cn
, we usedthe 
omplete self-ex
ited dynami
 model atmospheres of Mira stars by Ireland et al. (2004b,a)(Se
tion 4.1). These models in
lude the e�e
t from mole
ular layers that lie above the 
ontinuum-forming photosphere.We estimate a 
ontinuum photospheri
 angular diameter of ΘPhot= 12.0 ± 2.4 mas that
orresponds with photospheri
 angular diameter of ΘPhot= 12.3 ± 2.4 mas derived from ourMIDI observations of R Cn
. The models M11, M20, P12 are also in good agreement with thebest �tting model M22 obtain with the MIDI analysis.160
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Figure 9.7: R Cn
 visibility values obtained in AMBER MR K 2.3µm mode on 2008-12-29 (epo
h 1),
ompared to best-�tting models from the P/M and the new model series from Ireland et al. (2004b,a,2008).
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9. MIDI OBSERVATIONS OF R CNC(AL2O3-RICH DUST SHELL)

Figure 9.8: Images of the SiO masers from the �rst VLBA epo
h. Red indi
ates the 42.8 GHz transitionand green the 43.1 GHz transition. The two overlaps are indi
ated in yellow.9.6.2 VLTI/AMBER 
losure phases and shaping pro
essesThe non zero 
losure phase values (see Figure 9.7) indi
ate an asymmetri
 brightness distributiona
ross the stellar surfa
e.9.6.3 VLBA observationsFigures 9.8 and 9.9 show the images of the SiO masers from the two VLBA epo
hs. Red indi
atesthe 42.8 GHz transition and green the 43.1 GHz transition. The two overlaps are indi
ated inyellow. Not mu
h overlap 
an be seen in the se
ond epo
h. However, there were signi�
ant
hanges, espe
ially in the 42.8 GHz shell from the �rst epo
h to the se
ond one.9.6.4 SAAO JHKL photometry9.6.5 Parameters of R Cn
Table 9.7 lists the parameters of R Cn
 derived from our observations. Here, the Rosselandangular diameter ΘRoss is derived from the 
omparison of the AMBER data to the dynami
model atmospheres and the bolometri
 �ux fbol from the integration of the SAAO photometryand using the sun as the zero point. Then the e�e
tive temperature is 
omputed from ΘRoss and
fbol, the Rosseland radius RRoss from ΘRoss and the adopted distan
e, and the luminosity from
R and Teff .

162



9.6. VLTI/AMBER observations

Figure 9.9: Images of the SiO masers from the se
ond VLBA epo
h. Red indi
ates the 42.8 GHztransition and green the 43.1 GHz transition. The two overlaps are indi
ated in yellow.
Table 9.6: SAAO JHKL photometryDate JD Phase J H K L mbol fbol2450000+ Vis. mag mag mag mag mag 10−9 W/m−22008-12-25 4825.43 0.28 0.815 -0.215 -0.688 -1.119 2.51 2.522008-12-25 4825.50 0.28 0.806 -0.212 -0.676 -1.095 2.51 2.522008-12-27 4827.50 0.29 0.838 -0.205 -0.665 -1.112 2.53 2.472008-12-31 4831.45 0.30 0.866 -0.155 -0.652 -1.063 2.56 2.402009-03-02 4892.41 0.46 1.280 0.225 -0.328 -0.89: 2.95 1.682009-03-03 4893.41 0.47 1.444 0.468 -0.213 -0.909 3.12 1.44

Table 9.7: ResultsEp. ΦVis ΘRoss fbol Teff RRoss L ΘSiO,42.8GHz ΘSiO,43.1GHzmas 10−9 W/m−2 K R⊙ L⊙ mas mas1 0.30 13.3 ± 1.7 2.40 ± 0.12 2526 ± 195 405 ± 130 3.78 ± 0.38 23 282 0.46 13.4 ± 0.9 1.56 ± 0.12 2260 ± 120 408 ± 100 3.59 ± 0.283 1.28 13.5 ± 1.0 / / 411 ± 105 / / /4 1.40 12.7 ± 1.1 / / 387 ± 105 / / /163
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Chapter 10OutlookThe proje
t presented in this thesis brought several interesting results, and determined the re-quired a

ura
y for future infrared interferometri
 observations of evolved stars. It was shownthat for answering 
ru
ial questions, it is ne
essary to obtain a

urate photometri
 observationstogether with interferometri
 observations. These interferometri
 observations should be obtainedusing well 
onsidered proje
ted baseline lengths. In the following se
tion, further steps are out-lined that may provide additional and/or more pre
ise information about the atmospheres ofevolved stars.10.1 Further infrared interferometri
 observations using MIDI &AMBER at the VLTIIn this thesis I have analyzed results of multi-epo
h observations of the oxygen-ri
h stars RR Aql,S Ori, GX Mon, and R Cn
. Similar multi-epo
h observations have been 
ondu
ted at the VLTIfor the oxygen-ri
h stars R Aql, R Aqr, W Hya, R Hya, R Leo, U Her, R Dor and the 
arbon-ri
hstars V Aql, T Sgr, U Hya, and V Hya (PI: Lopez, PI: Quirrenba
h). Some of the data has alreadybeen redu
ed and analyzed. For the oxygen-ri
h stars R Aql, R Aqr, W Hya, R Hya, and the
arbon-ri
h star V Hya the data was modeled using Fully Limb-Darkened Disk (FDD) or FDD +Gaussian geometri
al models (Zhao-Geisler - private 
ommuni
ation). O-ri
h stars of this sampleshow a moderate to low diameter de
rease from 8 to 10 µm and a strong diameter in
rease from10 to 12 µm similar to RR Aql and GX Mon investigated in this thesis. For providing su�
ientopa
ities and inner boundary radii and their dependen
e on the pulsation phase/
y
le, one wouldneed to apply dynami
 atmospheri
 models (Ireland et al., 2004b,a) 
omplemented by an ad-ho
radiative transfer model of the dust shell as used in this study (Wittkowski et al., 2007). Adetailed 
omparison of all multi-epo
h observations of oxygen-ri
h stars will give more extensiveinsights in the physi
al pro
esses taking pla
e in the pulsating stellar atmospheres of oxygen-ri
hMira stars.In order to obtain high quality results, future observations should be be 
arefully planned usingthe most bene�
ial baseline 
on�gurations based on the model simulations ( 4.4). In Se
tion 4.2the most suitable baseline lengths for individual stars are introdu
ed to pre
isely determine theopti
al depths, inner boundary radii, and density gradient of individual dust spe
ies. One of thefurther steps will be as well to simulate the mid-infrared data with dust spe
ies showing a more165



10. OUTLOOK
omplex grain size distribution using the DUSTY 
ode. The DUSTY 
ode 
an estimate the mass-loss rate as well. It is known, that other dust spe
ies may o

ur in the stellar atmosphere. The
hara
teristi
s of the dust spe
ies 
an be 
ru
ial in many respe
ts. The kind of grains su�
ient tosupport dust-driven winds in oxygen-ri
h stars is still under intense investigation. The problemof �nding grains that 
an drive the mass loss 
lose enough to the star has yet to be solved.For example, the iron 
ontent of the initial sili
ate seems to be a 
riti
al parameter a�e
tingthe observable properties, and therefore the wind driven me
hanism (Woitke, 2006). Höfner(2008) demonstrated, that winds of M-type AGB stars 
an be driven by radiation pressure onmi
ron-sized Fe-free sili
ate grains. New, more detailed observations in a range of baseline lengths
orresponding to the regions where it is possible to distinguish between individual models willgive 
lues whether the results predi
ted by theory are 
onsistent with observation. However, withthe additional dust spe
ies and grain sizes in the models also geometri
ally in
rease the requiredtime for 
omputation and �nding the adequate set of parameters.10.1.1 Image re
onstru
tionAt present, interferometri
 imaging is still an observational 
hallenge. To obtain full 
hara
teristi
of the stru
ture of a star's atmosphere, one would need to observe the star at all wavelengths atgood uv 
overage. In parti
ular, for temporally varying AGB stars one would need to observethe target at many di�erent pulsation phases 
overing the full pulsation 
y
le. Moreover sin
ethe 
y
les are not entirely periodi
 it is advisable to follow the star over several 
onse
utive
y
les (however one or two epo
hs would already provide important insight). Ful�lling all theserequirements is very ambitious as teles
ope time is very 
ostly. Unlike radio interferometri
observations o�ering many teles
opes, infrared interferometri
 observations are determined by afairly small number of teles
opes simultaneously pro
essing the in
oming light from the sour
e,and thus limited by sampling in the spatial plane. In spite of the 
omplexity of the s
ienti�
goal, most re
ent studies using the infrared interferometri
 instrument AMBER showed that it isnow feasible to use imaging to study 
omplex features of Mira variable stars. Aperture synthesiste
hniques with AMBER, whi
h o�er newly additional baselines that are more suited for imagingstudies than the ones previously used, have su

eeded for the �rst time in re
onstru
ting images ofan AGB star T Lep at ea
h of several spe
tral 
hannels at low resolution mode (Le Bouquin et al.,2009). The study showed re
onstru
ted images that 
on�rmed the general pi
ture of a 
entralstar partially obs
ured by the surrounding mole
ular shell of 
hanging opa
ity in the spe
traldomain λ = 1.5 � 2.4 µm. The data showed the shell be
oming opti
ally thin at 1.7 µm, with
orresponding emission appearing as a ring 
ir
ling the star. This observations demonstrated the�rst dire
t eviden
e of the spheri
al morphology of the mole
ular shell. This result is just a �rststep in the dire
tion of infrared interferometri
 imaging. One of the further aims will be to 
ondu
tsimilar observations 
omplemented simultaneously by mid-infrared (MIDI) and radio observations
overing several pulsation phases (at medium and high resolution). This s
ienti�
 goal will bemore feasible with the se
ond generation instrumentation (e.g. MATISSE instrument see bellow)whi
h will o�er, 
ompared to the �rst generation, the 
apability of using simultaneously up to fourteles
opes. Careful planning of the proje
ted baseline lengths along with 
on
urrent observationsin various bands will over
ome the limitation of infrared interferometry in in
omplete samplingof the aperture plane. 166



10.2. Further analysis of the RR Aql data10.2 Further analysis of the RR Aql data10.2.1 Further near-infrared interferometri
 observations at the VLTI/AMBERWe have re
ently obtained VLTI/AMBER observations of RR Aql in the H and K bands atseveral di�erent baseline 
on�gurations. The observations were obtained in medium spe
tralresolution mode (R∼1500) at pulsation phase 0.4. The observations were obtained on 06/06/2010using baseline 
on�guration H0-E0-G0, on 11/06/2010 using 
on�guration D0-I1-H0 and G1-I1-A0, and on 17/06/2010 using 
on�guration K0-I1-A0 and K0-I1-G1. These new near-infraredobservations will be 
ru
ial for a new estimate of the 
ontinuum angular diameter of RR Aql.Previous observations 
ondu
ted on 08/09/2006 with UTs resulted in low data quality and showvery low visibilities. The observations were also 
ondu
ted in the medium resolution, and only inthe K band. We determined the near-infrared 
ontinuum photospheri
 angular diameter ΘPhot=9.9 ± 2.4 mas. The new observations using the ATs will 
on�rm the estimate or determine anew estimate of the diameter. Spe
trally resolved near-infrared AMBER observations will be
ompared to dynami
 model atmospheres. The dynami
 models predi
t wavelength-dependentradii 
aused by mole
ular layers that lie above the 
ontinuum-forming photosphere (Wittkowskiet al., 2008). In addition, the new near-infrared observations are 
omplemented by simultaneousMIDI observations obtained on 17/06/2010 using baselines A0-I1 and K0-G1.Thus far, all the observations were obtained at medium spe
tral resolution and had rather largeerror bars. As a further step it would be bene�
ial to obtain a high S/N and high-pre
ision visi-bility spe
trum of the full K-band in medium resolution mode, and in addition, a high-resolutionvisibility spe
trum at 2.172 µm. This band will provide a high-pre
ision estimate of the 
ontin-uum layer near 2.2 µm, and it will as well 
over the Brγ line. It has been measured that Mirastars may show Brγ emission at post-maximum visual phases e.g., for χ Cyg by Walla
e & Hinkle(1997); for U Crt by Lançon & Wood (2000), whi
h most likely originates from the sho
k front.10.3 Future s
ienti�
 goals in the �eld of AGB starsFuture s
ienti�
 goals for AGB stars 
ould be spe
ially addressed to:
• The shaping me
hanism during the evolution from the AGB to the planetary nebulae phase.The transition sour
es of post-AGB (PAGB) stars and planetary nebulae (PNe) present agreat diversity of morphologies, su
h as bipolar with thi
k equatorial disks 
ollimating the PAGBwind. Among others, it is still not well understood how (almost) spheri
ally symmetri
 AGBstars evolve toward the asymmetri
 PN leaving the 
entral star as a white dwarf (Bali
k & Frank,2002). Various observations reveal that many AGB stars already show asymmetri
 brightnessdistribution. The shaping pro
esses leading to the asymmetri
 brightness distribution may in
ludelarge-s
ale photospheri
 
onve
tion leading to only a few, very large, starspots (S
hwarzs
hild,1975; Freytag & Höfner, 2008), external torques of a 
lose or merging binary 
ompanion, possibly
onne
ted with episodi
 dust formation events, the emergen
e of magneti
 �elds, or the intera
tionof slow and fast winds (e.g. Bali
k & Frank, 2002; Kwok, 2008). Most re
ently, AMBER 
losurephase measurements of several AGB stars have revealed wavelength-dependent deviations from0/180 deg., indi
ating di�erent morphologies of the shells at di�erent wavelength, (Wittkowskiet al., in preparation). Therefore, the aim is to use the VLTI abilities to dete
t departures167



10. OUTLOOKfrom spheri
al symmetry, 
omplemented by spe
tros
opi
 observations. This 
ould help to �nd
orrelations between the asymmetries and other physi
al 
hara
teristi
s. These investigationswould help to determine for what type of AGB and PAGB stars these asymmetri
 stru
turesappear �rst.
• Investigation of mixed 
hemistry in AGB stars.The analysis of the envelopes 
an help to distinguish di�eren
es between 
arbon and oxygen-ri
h type stars. PNe are usually 
lassi�ed as C-ri
h with poly
y
li
 aromati
 hydro
arbons features(PAH) or O-ri
h with amorphous sili
ate features. A minority of stars show mixed a 
hemistryof PAHs and sili
ate features. One proposed explanation is that the star be
omes C-ri
h dueto the third dredge-up, while the O-ri
h gas is trapped in a disk during the intensive mass lossphase. Observations 
an dete
t if the mixed 
hemistry implies that the dust was stored in a disk(VLTI). These disks 
an be 
reated by rotation or an orbiting 
ompanion. Spe
tros
opy 
an dete
tpossible rotation by broadening photospheri
 absorption lines as well as to study amorphous dustfeatures, 
rystalline dust features, emission features of Poly
y
li
 Aromati
 Hydro
arbons, and(in the highest spe
tros
opi
 resolution) even mole
ular bands (MATISSE instrument see below).
• The detailed atmospheri
 strati�
ation and 
hemi
al 
omposition of evolved stars.The 
hemi
al 
omposition of evolved stars 
an be easily dete
ted from the observed spe
trawhi
h provides detailed information about the mole
ules present in the atmosphere. It 
an probeabundan
es, temperature, kinemati
s, and density. The data taken in di�erent metalli
ity envi-ronments (Spitzer) allow us to study how the metalli
ity 
an a�e
t the gas and dust 
ompositionof the star. Combining these data, one 
ould investigate whether the dust type 
an be 
onne
tedto 
ertain physi
al or/and morphologi
al 
hara
teristi
s.10.4 Radio interferometri
 observations at the VLBAOne of the further steps will be to 
ompare the mid-infrared MIDI data with our 
on
urrent radiointerferometri
 observations. The presented data (RR Aql, S Ori, GX Mon, and R Cn
) are a partof an ongoing program of long-term simultaneous observations of a sample of evolved stars bythe VLTI instruments, and the radio interferometri
 instruments VLBA (The Very Long BaselineArray), and MERLIN. VLBA is a system of ten radio teles
opes, ea
h with a dish 25 meters indiameter whi
h stret
h a
ross the United States. VLBA is operated by the National AstronomyObservatory (NRAO) at wavelengths 0.7 - 90 
m. MERLIN is the Multi-Element Radio LinkedInterferometer Network, an array of seven radio teles
opes distributed around Great Britain, withseparations of up to 217 km. It operates at frequen
ies ranging from 151 MHz to 24 GHz. At 5GHz, the resolution of MERLIN is better than 50 milliar
se
onds. MERLIN is operated by theUniversity of Man
hester as a National Fa
ility of the S
ien
e and Te
hnology Fa
ilities Coun
il(STFC).Di�erent pulsating layers and their relative position a
ross pulsating 
y
les 
an be ideallyprobed by time series of 
on
urrent multiwavelength observations. The extended CSE displayone or more of the three most 
ommon maser mole
ules: SiO, H2O, and OH. The stellar atmo-sphere is populated by SiO masers and further out at larger distan
es of the stellar wind regionlie the masing mole
ules H2O and OH. The di�erent distan
es for relative positions of maser168



10.5. Future high resolution fa
ilitiesmole
ules are based on the abundan
es of the parti
ular maser spe
ies, and on the ex
itationtemperature. Radio interferometry is 
apable of providing 
omplementary information to theinfrared interferometri
 measurements about the spatial stru
ture and kinemati
s of the maserspots. The velo
ity stru
ture of the maser spots 
ould indi
ate a radial gas expansion or 
on-tra
tion at 
ertain pulsation stellar phase. The radial maser distribution 
ould give a sign ofasymmetri
 gas distribution. Furthermore, full-polarization images and dire
t map of magneti
�eld in the stellar atmosphere appearing 
lose to the star 
an be obtained. We refer to previousresults of one of our star S Ori at four epo
hs presented by Wittkowski et al. (2007).10.5 Future high resolution fa
ilities10.5.1 Forth
oming fa
ilities at the VLTIPRIMA - the Phase-Referen
ed Imaging and Mi
ro-ar
se
ond Astrometry is the new high resolu-tion instrument at the VLTI. PRIMA (
urrently under 
ommissioning) will signi�
antly enhan
ethe VLTI 
apabilities. Infrared interferometry is limited in sensitivity by the atmospheri
 turbu-len
es. Integration time has to be very short to 'freeze' the fringe pattern. The PRIMA fa
ilitywill provide simultaneous interferometri
 observations of two obje
ts: a bright guide star near afainter obje
t (separated by up to 1 ar
min). The brighter of the two obje
ts is used as a referen
efor stabilizing the fringes and for the 
orre
tion of the atmospheri
 disturban
es. This will allow alonger integration time. Thanks to the ability to 
ombine phase referen
ing with adaptive opti
s,PRIMA will in
rease the sensitivity of VLTI instruments and thus will give a

ess to the obser-vations of many faint obje
ts within a few tens of ar
se
onds from bright stars. In
reasing thelimiting magnitude is parti
ularly important for observations of faint obje
ts with the AMBERinstrument. PRIMA will thus o�er an opportunity to observe a large sample of fainter obje
ts(AGB stars in the Magellani
 Clouds) and help to determine the size, shape, in
lination and
lumpiness of these sour
es.MATISSE - the Multi AperTure Mid-Infrared Spe
troS
opi
 Experiment is a mid-infraredspe
tro-interferometer operating in the N, L, M, and Q band. The instrument will 
ombine thelight beams of up to 4 Unit/Auxiliary Teles
opes of the VLTI (Lagarde et al., 2006; Lopez et al.,2006). Thanks to the ability of 
ombination of light beams from more then two teles
opes, itwill allow 
losure phase measurements. In 
omparison with the 
urrent mid-infrared instrumentMIDI at the VLTI, MATISSE further o�ers the L, M, and Q mid-infrared bands. It additionallyprovides the possibility to perform simultaneous observations in separate bands, tra
ing di�erentregions with 
hara
teristi
 physi
al and 
hemi
al 
onditions. The instrument will also o�er in-terferometri
 spe
tros
opi
 measurements with di�erent spe
tros
opi
 resolutions in the range ofR = 30�1000. It will allow a fundamental analysis of the 
omposition of gases and dust grainsin various environments. Along with spe
tros
opy, MATISSE will provide �rst high-resolutionimage re
onstru
tion (on angular s
ales of 10�20 mas) in the entire mid-infrared (more teles
opeso�er better uv 
overage). Thus in summary, MATISSE will extend the astrophysi
al potential ofAMBER and MIDI at the VLTI being an e�
ient instrument for image re
onstru
tion. This willamong others allow to investigate the asymmetri
 brightness distribution of AGB stars.GRAVITY is one of the forth
oming VLTI instruments assisted with adaptive opti
s. It oper-ates in near-infrared and it is designed for pre
ision narrow-angle astrometry and interferometri
phase referen
ed imaging of faint obje
ts. In 
omparison with the present goal for PRIMA, it169



10. OUTLOOKwill push the astrometri
 a

ura
y for narrow angle astrometry with the VLTI by a fa
tor of10. GRAVITY as well as MATISSE will utilize the unique 2� �eld of view of the VLTI 
on
ept.GRAVITY thus o�ers the 
ombination of sensitivity and a

ura
y in no 
ompeting worldwidefa
ility standards. It will allow to observe obs
ured targets (OH/IR) whi
h are too faint in the Vband to be observed with 
urrent instruments.All presented 
apabilities will enable us to address dire
tly a number of fundamental s
ienti�
issues that are nowadays at the top of the list of 
hallenges for future astronomi
al high resolutioninstrumentation.10.5.2 Infrared interferometri
 observations at the LBTOne of the 
hallenging te
hni
al proje
ts of present astronomi
al resear
h is the 
onstru
tion ofthe Large Bino
ular Teles
ope (LBT). The LBT represents a new era of observational astronomy.The design and observational te
hnology of the instrument have over
ome several limitations.LBT will be the worlds largest single teles
ope in the next several years. It is lo
ated on the 3190m high Mount Graham in Arizona. LBT was built by members of an international 
onsortium
onsisting of the University of Arizona, the Ar
etri Astrophysi
al Observatory (Floren
e), MPIA(Heidelberg), the MPI for Radioastronomy (Bonn), the University of Cologne, and other US-Ameri
an institutes. The LBT joins two hyperboli
 mirrors with 8.4 m diameter, ea
h on asingle 
ommon mount. The separation of the outer rims of both primary mirrors, the "baseline"relevant for interferometry, is 23 meters. The light waves re�e
ted o� both primary mirrors aresuperimposed 
oherently (in phase) to 
reate an interferometri
 pattern. By 
ombining the lightbeams 
oming from both 8.4 m mirrors the instrument 
an a
hieve the same resolving power asa single 23 m mirror. This will be a

omplished by the 
omplex LINC-NIRVANA instrument(Herbst et al., 2003; Ragazzoni et al., 2003), whi
h 
ombines adaptive opti
s (AO) and opti
alinterferometry. The distortion of the �at wavefront of light 
oming from the obje
t is measuredin LINC-NIRVANA over the total �eld of view of both primary mirrors using several wavefrontsensors. The image of a referen
e star will be analyzed up to 1000 times per se
ond. Thisinformation is used to 
ontinually deform two small �exible mirrors installed in the light path sothat the wavefront re�e
ted o� them be
omes �at and the image of the referen
e star (and thusof all obje
ts within the �eld of view) always keeps the maximum image sharpness a
hievable byan 8.4 m mirror. The LINC-NIRVANA instrument is working at wavelengths between 0.6 and2.4 µm (opti
al to near infrared), and delivers true images in the Fizeau interferometri
 mode.It is 
omplemented by MegaMIR - The Megapixel Mid-infrared Instrument, whi
h is a proposedFizeau-mode 
amera in mid-infrared and provides a full �eld of view. This relatively wide �eldof view o�ers a big advantage over the interferometry done at the Very Large Teles
ope, and willallow observations of highly 
omplex and faint sour
es.10.5.3 Infrared interferometri
 observations at the ISIThe ISI array at U.C. Berkeley is 
urrently developing a new digital spe
trometer-
orrelatorsystem whi
h is being built in 
ollaboration with the Center for Astronomy Signal Pro
essing andEle
troni
s Resear
h (CASPER). The new 
orrelator uses high-speed digital signal pro
essing ofthe heterodyne signals and the ∼3 GHz band will be divided into 64 spe
tral 
hannels giving aspe
tral resolution of ∼600000 (although the upper and lower sidebands will overlap). This newsystem will obtain visibility measurements on-and-o� individual mole
ular spe
tral lines in order170



10.6. VISIR spe
tros
opyto tra
e the distribution of gases in extended stellar atmospheres. The stellar 
ontinuum will alsobe observed without 
onfusion due to the mole
ular gases, allowing more pre
ise determinationsof the 
ontinuum sizes and features than have been seen before in the 11 µm region. Testing ofthe system is underway and spe
tros
opi
-interferometry observations will be 
ondu
ted in 2011(Wishnov - private 
ommuni
ation).The future aim is to study the evolution of the spe
tral signatures during the pulsation 
y
leand to understand the relationships between the stellar pulsation and the opa
ity 
hanges in theCSE. This resear
h �eld is now enhan
ed by the new unique 
apability of the ISI/spe
trometer-
orrelator system. It allows visibilities to be measured at the frequen
ies of mole
ular spe
trallines. This will determine the lo
ation of mole
ules relative to the stellar 
ontinuum. The spa-tial distribution of various mole
ules will help map the temperature and density pro�le of anextended stellar atmosphere. These studies will help identify the formation pro
esses of vari-ous mole
ules and will resolve questions regarding the presen
e, 
omposition, temperature, andopa
ity of atmospheri
 layers.Future goals will be to answer the following questions: What is the temperature gradientsurrounding these stars? What are the radial distributions of di�erent mole
ular spe
ies and doesthis vary during the luminosity 
y
le? What are the velo
ities of the various gases? What is themeasurable in�uen
e of sho
ks on mole
ular spe
tral lines and visibilities? How do the lo
ationsof various spe
ies like H2O 
ompare to the lo
ations of masers in CSEs?10.6 VISIR spe
tros
opyOur model simulations indi
ated that dete
tions of pulsation e�e
ts at mid-infrared wavelengthswould, in parti
ular, bene�t from smaller un
ertainties in the photometri
 spe
trum 
omparedto our 
urrent data. Therefore additional independent photometri
 observations would 
ertainlyhelp to determine optimal model and dust shell parameters des
ribing the stellar atmosphere.The aim is to observe our targets with the VLT spe
trometer and imager for the mid�infrared(VISIR) lo
ated at the Cassegrain fo
us of UT3. VISIR provides di�ra
tion-limited imaging athigh sensitivity in the N band, and in addition, it features a long-slit spe
trometer with a range ofspe
tral resolutions between 150 and 30000. Using high resolution spe
tros
opy of emission linesin the mid-infrared, a map of gas dynami
s 
ould be obtained. With reliable �ux measurementswe 
ould pre
isely 
alibrate MIDI �ux values. As well as for MIDI observations of our variabletargets, several epo
hs of VISIR observations would be 
onvenient for proper 
on
lusions.10.7 Comparison with other multi-epo
h observations of evolvedstars10.7.1 Comparison with multi-epo
h observations of 
arbon-ri
h starsThe goal of this thesis was to help to understand the role of stellar pulsation and its 
onne
tion todust formation, and mass loss pro
ess. All presented 
on
lusions are based entirely on oxygen-ri
hMira variable stars. A further aim is to 
ompare multi-epo
h observations of O-ri
h AGB starsto multi-epo
h observations of C-ri
h stars (in parti
ular observations 
ondu
ted at the VLTI).This 
omparison study will show the di�eren
es between stars with diverse dust 
hemistry over171



10. OUTLOOKtheir pulsation periods. The physi
al properties of the outer atmosphere of 
arbon stars and theirvariations over pulsation 
y
les have not yet been well studied. So far the only observations ofC-ri
h stars R S
l and V Oph with the MIDI instrument was presented by Sa
uto et al. (2011)and Ohnaka et al. (2007). Ohnaka et al. (2007) modeled V Oph using a dust shell, 
onsistingof amorphous 
arbon (AMC) (85%) and SiC (15%), with a multi-dimensional Monte Carlo 
ode(Ohnaka et al., 2006), 
omplemented by a polyatomi
 mole
ular layer, 
onsisting of C2H2 andHCN, where the opa
ities of these mole
ules were 
al
ulated with an appropriate band modelassuming lo
al thermodynami
 equilibrium (LTE). For a better understanding of the physi
alpro
esses responsible for mole
ule and dust formation 
lose to the star, it is ne
essary as forthe oxygen-ri
h stars, to 
ompare the data to dynami
 model atmospheres (Sa
uto et al., 2011;Mattsson et al., 2010; Paladini et al., 2009). This modeling is 
ru
ial for identi�
ation of individual
omponents and their relative 
ontribution to the emission a
ross the stellar atmosphere and
ir
umstellar envelope. Sa
uto et al. (2011) modeled the data using a self-
onsistent dynami
model atmosphere to dis
uss the dynami
 pi
ture dedu
ed from the observations. Other multi-epo
h observations have been already 
ondu
ted for the 
arbon-ri
h stars V Aql, T Sgr, U Hya,and V Hya. Multi-epo
h data for V Hya has been 
ompared to the equivalent UD and FDDdiameters (Zhao-Geisler - private 
ommuni
ation).10.7.2 Comparison with multi-epo
h observations of red supergiantsIn our program, we have also obtained multi-epo
h observations of the red supergiant AH S
obetween 12/04/2004 and 04/07/2007. Red supergiant stars (RSGs) represent a similar phase instellar evolution as AGB stars, but for stars with high masses later exploding as a supernovae.Atmospheres of red supergiants, as well as atmospheres of AGB stars, be
ome very extended and
ool, even though they are not a prior supported by large amplitude pulsations as low-mass stars.RSG 
an exhibit very strong mass-loss rates of up to 104 M⊙ /yr. In 
omparison with low-massAGB stars, the atmospheri
 stru
ture of red supergiants is not yet understood to the same detail.It is very important to study the evolution phase of the strong mass-loss pro
ess and to understandfurther stellar evolution of RSG stars. For the understanding of the mass-loss pro
ess and furtherevolution of massive stars toward supernovae, it is 
ru
ial to obtain the atmospheri
 intensitypro�le. Our visibility data will be 
ompared to new available atmosphere models. The goal is toinvestigate whether the atmospheres of higher mass stars are signi�
antly di�erent 
ompared tostars with lower masses. Tsuji (2000) previously 
on�rmed the presen
e of water in these earlyM supergiant stars and suggested a possible presen
e of a gaseous 
omponent not as hot as the
hromosphere but warmer than the 
ool expanding envelope. Re
ent studies of RSG Betelgeuse(α Orionis) with MIDI at the VLTI were reported by Perrin et al. (2007). The results 
on�rmedthe MOLsphere model (a mole
ular shell, the MOLsphere) (Tsuji, 2000), and brought eviden
efor more 
onstituents and for the presen
e of spe
ies parti
ipating in the formation of dust grainsin the atmosphere of the star, i.e. well below the distan
e at whi
h the dust shell is dete
ted. Webelieve that our investigations will bring more information and will help for general understandingof mass loss in red supergiant stars.All the data will further improve our general understanding of the pro
esses leading to thefundamental mass-loss pro
ess o

urring during the last stage of stellar evolution. The data willbe also used to 
onstrain and re�ne the 
omplete models of the stars and surrounding environment.172



Chapter 11Con
lusionsThis thesis presented multi-epo
h interferometri
 observations of evolved stars on the Asymptoti
Giant Bran
h (AGB). We observed the stars over several pulsating 
y
les using the near-infraredAMBER and mid-infrared MIDI instruments at the Very Large Teles
ope Interferometer (VLTI)of the European Southern Observatory lo
ated on Cerro Paranal in Chile. We obtained multi-epo
h MIDI observations of the oxygen-ri
h Mira variables RR Aql (13 epo
hs), S Ori (14 epo
hs),GX Mon (12 epo
hs), and R Cn
 (2 epo
hs) and individual AMBER observations of RR Aql andR Cn
. We have investigated the 
ir
umstellar dust shell and 
hara
teristi
s of the atmosphere.The presented data are modeled using basi
 models of uniform disks and Gaussian pro�les. TheAMBER data, along with the basi
 models, were modeled using the dust-free self-ex
ited dy-nami
 model atmospheres in
luding the 
ontinuum forming photosphere and overlying mole
ularlayers (Ireland et al., 2004b,a). In addition to the basi
 models, the MIDI data were �tted to a
ombination of a radiative transfer model of the 
ir
umstellar dust shell and a dust-free dynami
model atmospheres based on self-ex
ited pulsation model representing the 
entral stellar intensitypro�le. The dust shell is modeled using the radiative transfer 
ode, m
sim_mpi (Ohnaka et al.,2006). The data are 
ompared to the best modeling approa
h 
urrently available.The observations were a
quired at many various proje
ted baselines lengths and position an-gles allowing us to meaningfully 
ompare the data observed with the same proje
ted baselineslengths and position angles, and to monitor the photometry and visibility spe
tra over the pulsa-tion 
y
le(s) of the stars.The investigation provided the following 
on
lusions:(i) The obtained interferometri
 data of all oxygen-ri
h Mira variable stars do not show eviden
e ofintra-
y
le visibility variations within our un
ertainties (5%�20%) and within our examined phase
overage (RR Aql phase 
overage mostly Φvis ∼ 0.45�0.85, S Ori∼ 0.90�1.20, GX Mon∼ '0.25'�'0.65', and R Cn
)∼ 0.95�1.10. (ii) The data also do not show eviden
e of 
y
le-to-
y
le visibilityvariations. (iii) The data exhibit intra-
y
le and 
y
le-to-
y
le photometry variations at 8�13with a signi�
an
e of 1�5σ. However, the photometry data exhibit large un
ertainties, therefore,based on our observations the photometry variations 
annot be 
on�rmed. Follow-up observationswith higher a

ura
y using a dedi
ated photometri
 instrument, su
h as VISIR at the VLT, areneeded to 
on�rm this result. 173



11. CONCLUSIONSThis study represented the �rst 
omparison between interferometri
 observations and a 
om-bination of a radiative transfer modeling of the dust shell with dynami
 models des
ribing the
entral intensity pro�le over an extended range of pulsation phases 
overing several 
y
les. Ourstudy shows that the photometri
 and visibility spe
tra for all stars 
an be well des
ribed bythe 
ombination of the models. We found, for all the epo
hs, the best �tting models 
onsistingof a dynami
 model atmosphere, and dust shells parameters in
luding the opti
al depth of thedust shell, the inner boundary radius, the power-law index of the density distribution, and thephotospheri
 angular diameter. We examined two dust spe
ies, Al2O3 and sili
ate grains, with�xed grain sizes of 0.1µm.We showed that the opti
ally thin dust shell of RR Aql 
an be well modeled using sili
ategrains alone, with the sili
ate inner boundary radii of 4�5 photospheri
 radii. The addition of anAl2O3 dust shell did not improve the model �t. However, the model simulations indi
ate that thepresen
e of an inner Al2O3 dust shell with low opti
al depth 
ompared to the sili
ate dust shell
an not be ex
luded. The results show that the dust shell of GX Mon 
an be well modeled usinga 
ombination of Al2O3 and sili
ate dust grains, with the Al2O3 inner boundary radii of 2�2.5and the sili
ate inner boundary radii of 4�5 photospheri
 radii. The dust shell of S Ori and R Cn

an be well modeled using only Al2O3 dust grains without a 
ontribution of sili
ates, with theinner boundary radii of 2�2.5 radii. Our results are 
onsistent with the results by Lorenz-Martins& Pompeia (2000) based on IRAS data.Our results together with the mass loss rates adopted from the literature may imply the fol-lowing dust 
ondensation sequen
e: R Cn
 with Al2O3 dust 
hemistry (Ṁ of 0.2 10−7 M⊙/year),S Ori with Al2O3 dust 
hemistry (Ṁ of 2.2 10−7 M⊙/year), GX Mon with Al2O3 and sili
ate dust
hemistry (Ṁ of 5.4 10−7 M⊙/year), and RR Aql with sili
ate dust 
hemistry (Ṁ of 9.1 10−7M⊙/year). These results would point in the dire
tion of hypothesis suggested by Little-Marenin& Little (1990) and Blommaert et al. (2006) that the dust 
ontent of stars with low mass-lossrates is dominated by Al2O3 grains while the dust 
ontent of stars with high mass-loss rates willpredominantly exhibit substantial amount of sili
ates.We performed model simulations using variations of model phase and dust shell parameters inorder to investigate the expe
ted variability of our mid-infrared photometri
 and interferometri
data. The simulations 
on�rmed that signi�
ant intra-
y
le and 
y
le-to-
y
le visibility varia-tions are not expe
ted at mid-infrared wavelengths within our un
ertainties. The e�e
ts to thepulsation on the mid-infrared �ux and visibility values are expe
ted to be less than 25% and 20%,respe
tively, and are too low to be dete
ted within the measurement un
ertainties.The results from the proje
t will allow re�nements and enhan
ements of state-of-the-art dy-nami
 model atmospheres and radiative transfer modeling 
odes, as well as new models des
ribingthe mass-loss pro
ess and the wind driving me
hanism. Future observations aiming at 
hara
ter-izing and 
onstraining su
h new models would bene�t from obtaining more pre
ise photometryvalues using a dedi
ated instrument su
h as VISIR at the VLT, the addition of most suitablebaselines derived by our simulations, and a more 
omplete phase 
overage of the pulsation 
y
le.Additional 
on
urrent spe
trally resolved near-infrared interferometry would be also needed tostronger 
onstrain atmospheri
 mole
ular layers lo
ated 
lose to the photosphere.
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Appendix AInstrument proje
t for AMBER:Sele
tion of the 'Star of the month'This se
tion des
ribes the Instrument Operation Team (IOT) proje
t, sele
ting a spe
tropho-tometri
 
alibrator 'star-of-the-month' for the AMBER instrument. The aim is to �nd 6 to 8standard spe
trophotometri
 
alibrators 
overing the full observing period. These 
alibrators willbe observed at the beginning of ea
h night, and therefore they should be uniformly distributedover the Right As
ension (RA) range from 0h to 24h. The spe
trophotometri
 
alibrators ('stars-of-the-month') have to ful�ll several 
onstrains in order to obtain a reliable response from theinstrument. These 
onstrains in
lude:
• -10 < De
lination (DEC) < -40
• uniform spread of RA from 0h to 24h
• unresolved by the AMBER instrument, vis > 0.9
• 3 < Kmag < 4
• well referen
ed star (Simbad)
• ideally already observed with the VLTIIn addition to the introdu
ed sele
tion 
riteria the 
alibrator stars should not exhibit anysigni�
ant observational features. The 
alibrators should be non-variable single stars, not a binary,without infrared ex
ess or pe
uliar spe
trum, et
. The star should not be resolved by the AMBERinstrument. Instrumental visibility is 
al
ulated from the known diameter using model of the UD.For the 
omputation of the visibility the longest of the VLTI's baselines (200 m) is used. Thelimit for the Kmag is between 3 to 4. The 
alibrator stars 
annot be too bright. Su
h stars wouldbe also too large, and they would not be unresolved by AMBER. The fringe tra
ker FINITO willbe used for all the observations. The obtained data will be trended over time. The stars willbe observed at a low resolution with the same instrumental setup and the same integration timeet
. Otherwise it would not be possible to determine whether possible modulations are 
ausedby the instrument e�e
t or the physi
al star's undergoing pro
esses. The advantage is to 
hose175



A. INSTRUMENT PROJECT FOR AMBER: SELECTION OF THE 'STAR OF THEMONTH'

Figure A.1: The histogram of the number of referen
es (Simbad) as a fun
tion of RA. The 
alibratorstars previously observed with the VLTI AMBER instrument are indi
ated in red lines. The histogramshows two thresholds: 15 referen
es (bla
k dashed line) and 10 referen
es for stars already observed bythe AMBER instrument (red dashed line). The 
alibrators are sele
ted by the De
lination Coordinates-10 < DE < -40.
alibrators with existing AMBER measurements. The star with well do
umented interferometri
observations 
an be employ for 
ross-
alibration.Sin
e no 
atalog of 
alibrator stars has been established for the AMBER instrument, thelist of potential 'stars of the month' is 
ompiled from two 
atalogs of 
alibrator stars: Catalogof 
alibrator stars for Long Baseline Stellar Interferometry (LBSI) Borde et al. +, Catalog ofinterferometri
 
alibrator for near-IR observations with baselines up to 200 m Merand et al. +(2005). Both 
ataloges are well suited for AMBER. The latter 
atalog is an update of the Borde
atalog for shortest baseline whi
h was 
reated from the Cohen 
atalog (C99) (15). Primaryobje
ts were sele
ted from IRAS PSC obje
ts with 
riteria of �ux in
luding �ux > 1 Jy at 25 µm.Spe
tral types and luminosity 
lasses between A0-G9 and II-IV; K0-M0 and III-V. Variable starsas well as 
arbon and emission-line stars were reje
ted from the sele
tion. Some of the sele
tion
riteria were later relaxed and some appended, for example reje
tion of spe
tros
opi
 binaries andfast rotators. The sele
ted stars must have an entry in Simbad with 
olle
ted photometry data.The 
alibrator star 
andidates were 
hosen using the sele
tion 
riteria des
ribed above. 224stars ful�ll the 
onstrains. These stars are shown in the Figure A.1. The histogram shows thenumber of referen
es in Simbad as a fun
tion of RA. The stars previously observed with theAMBER instrument are showed in red. The threshold is set to a minimum of 15 referen
esfor 
alibrators not previously observed with AMBER (bla
k dashed line), and 10 referen
es for
alibrators observed with AMBER (red dashed line). The preferen
e is given to the 
alibratorspreviously observed with the instrument. The �nal sele
tion 
onsists of 8 stars ful�lling all therequirements. Table A.1 lists the a
ronym of the 
alibrator, RA, DEC, Kmag, the number ofreferen
es, previous VLTI observations, visibility, and the diameter.176



Table A.1: The 'star of the month' sele
tion
alibrator RA DE Kmag Ref. VLTI vis. diam.star [mas℄HR 693 02 22 05.0 -17 39 43.8 3.28 31 yes 0.95 1.21HD 38054 05 42 14.5 -17 31 49.4 3.17 10 yes 0.95 1.31HD 99923 11 29 37.5 -28 01 50.1 3.85 17 yes 0.97 1.00HR 4558 11 54 42.5 -25 42 50.0 3.06 20 yes 0.96 1.13HD 108110 12 25 18.4 -27 44 56.4 3.16 22 yes 0.96 1.14HR 5973 16 03 54.7 -24 43 34.7 3.11 10 yes 0.95 1.29HD 193302 20 20 51.9 -35 40 25.2 3.52 10 yes 0.96 1.08HD 223428 23 49 31.6 -15 51 40.6 3.21 17 yes 0.96 1.11
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Appendix BMIDI CalibratorsThe 
alibrators of the MIDI observations used for this study are shown in this appendix. Cal-ibrated s
ien
e target visibility spe
tra were 
al
ulated using the instrumental transfer fun
tionderived from the transfer fun
tions of all available 
alibrator data sets. The number of availabletransfer fun
tion measurements depends on the number of 
alibrator stars observed per spe
i�
night, in
luding 
alibrators observed by other programs. The Tables B.1� B.4 show all 
alibratorstaken during the same night with the same baseline and instrumental mode as our s
ienti�
 tar-gets RR Aql, GX Mon, S Ori, and R Cn
. The Tables list: the identi�
ation of the 
alibrator, thespe
tral type, the Limb-Darkened angular diameter ΘLD [mas℄, the e�e
tive temperature Teff inK, the �ux at 12µm in Jy, the Cohen repla
ement for 
alibrators where the absolutely 
alibratedspe
trum was not dire
tly available, and the days of observations.
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B. MIDI CALIBRATORSTable B.1: Main MIDI 
alibratorsName Spe
tral ΘLD Teff F12 Cohen repla
ement days of observationsType [mas℄ [K℄ [Jy℄HD 169767 G9III 2.15±0.01 4787 8.19 HD 61935 18042005HD 187642 A7V 3.31±0.02 7544 32.99 18062006, 14092006HD 216386 M2III 7.58±0.03 3710 23062006, 08082006, 09082006, 14092006HD 169916 K1IIIb 3.99±0.02 4730 29.55 09042004, 29072004, 01082004, 18042005,19042005,20072005, 22072005, 16092006,03072007, 04072007HD 67582 K3III 2.30±0.01 4247 8.95 09042004HD 220704 K4III 3.44±0.02 4089 22072005HD 211416 K3III 5.99±0.06 56.12 23062006, 10082006, 13082006HD 168723 K0III-IV 2.91±0.01 4930 16.23 10042004, 19042005HD 122451 B1III 2.58±0.13 11.42 18042005, 19042005HD 146051 M0.5III 10.03±0.10 142.85 18042006, 19042006, 25052006, 18062006,20062006, 21062006, 23062006, 11082006HD 218594 K1III 3.19±0.01 4500 22072005HD 9053 M0IIIa 7.44±0.37 69.75 14092006, 16092006HD 124897 K1.5III 20.03±0.08 4325 713.73 HD 220009 22062007, 03072007, 04072007HD 189577 M4III 5.44±0.05 3726 47.51 HD 112213 23062006HD 187076 M2II 7.80±0.39 102.0 21062006, 22062007, 04072007HD 176411 K1III 2.20±0.01 4820 8.71 HD 16815 10042004HD 178345 K0II 2.49±0.01 4619 10.70 01082004HD 152786 K3III 6.88±0.04 4116 76.06 HD 98262 09042004, 23062006HD 189319 M0III 5.94±0.03 3931 55.24 23062006HD 81797 K3II-III 9.14±0.05 4189 149.72 HD 10380 09042004, 10042004, 19042006,25052006HD 139997 K5III 3.67±0.02 3996 18.91 HD 59381 10042004HD 151249 K5III 5.52±0.02 3954 44.27 25052006, 20062006, 23062006HD 4128 K0III 5.23±0.03 4871 51.71 18062006, 08082006, 09082006, 11082006HD 142804 M1III 2.82±0.02 3726 11.38 HD 95578 18042005, 19042005HD 107446 K3.5III 4.427±0.02 4139 30.81 HD 10380 10042004, 21022005HD 165135 K0III 3.47±0.02 4850 20.17 HD 4128 09042004, 09072004, 28072004HD 206778 K2Ib 7.59±0.05 4242 83.97 HD 188603 21062006, 23062006, 08082006,09082006, 10082006, 11082006, 13082006,14092006, 16092006, 04072007HD 161892 K2III 3.84±0.02 4557 22.90 HD 85503 29072004HD 37160 K0IIIb 2.20±0.02 9.37 19042005HD 213009 G7III 2.11±0.01 4932 8.99 22072005HD 134505 G8III 2.51±0.01 5046 12.95 HD 23249 09042004, 01082004HD 157236 K5III 2.51±0.01 4007 9.99 HD 133774 19042005HD 160668 K5III 2.26±0.01 4134 7.93 HD 126927 19042005, 22072005HD 123139 K0IIIb 5.34±0.02 4804 54.71 28072004, 18042006, 19042006, 25052006,21062006, 03072007HD 188512 G8IV 2.07±0.01 5161 8.63 HD 23249 09072004, 01082004, 18042005,20072005HD 82668 K5III 7.13±0.08 72.37 09052007, 22062007HD 120404 K7III 2.96±0.02 3838 11.59 HD 80493 18042005HD 152885 M1III 2.89±0.03 3726 11.68 HD 196917 10042004, 19042005HD 168454 K3IIIa 5.87±0.03 4321 58.95 HD 224889 25052006, 23062006, 10082006,22062007, 04072007HD 102461 K5III 2.98±0.01 3885 12.60 09052007HD 50778 K4III 3.90±0.02 4049 23.27 HD 20644 21022005HD 129456 K5III 3.37±0.01 4275 19.73 HD 130694 10042004HD 177716 K1IIIb 3.75±0.02 4523 25.41 09072004, 28072004, 09052007HD 152820 K5III 2.63±0.01 3947 9.22 HD 151249 20072005HD 150052 K5 2.47±0.12 8.86 18042005, 19042005, 20072005HD 150798 K2II-III 8.91±0.05 4305 132.43 21062006, 23062006, 10082006, 13082006HD 167618 M3.5III 11.67±0.04 3612 201.52 HD 127093 21062006, 11082006, 09052007,22062007, 03072007, 04072007180



Table B.2: Main MIDI 
alibratorsName Spe
tral ΘLD Teff F12 Cohen repla
ement days of observationsType [mas℄ [K℄ [Jy℄HD107446 K3.5III 4.427±0.021 4139 30.692 HD9138 22022006HD89388 K3IIa 5.181±0.025 4163 42.77 16022006HD12929 K2-IIIab 6.9±0.074 78.229 10012008, 11012008HD25025 M0.5IIIb 8.74±0.088 108.883 16022006, 22022006, 21092006, 17102006,18102006, 19102006, 20102006, 14112006,17122006, 19122006, 21122006, 11012007,13012007, 17012007, 18012007, 19012007,20012007, 21012007, 10022007, 11022007,12022007, 12032007, 14032007HD45348 F0II 6.869±0.027 7779 167.597 17012007HD224935 M3III 7.245±0.029 3584 81.948 HD127093 19102006, 02122007HD4128 K0III 5.227±0.029 4871 51.712 21092006HD81797 K3II-III 9.142±0.045 4189 157.703 HD83425 19122006, 21122006, 13012007,18012007, 20012007, 21012007, 11022007,12032007, 02122007, 11012008, 12012008,06032008, 13032008, 01042008, 25122008,31122008, 26022009, 04032009HD48915 A1V 6.088±0.03 9889 193.074 22022006, 21092006, 02122007, 10122007,29122007, 10012008, 11012008, 12012008,06032008, 13032008, 01042008, 25122008,31122008, 26022009, 04032009HD167618 M3.5III 11.665±0.043 3612 201.522 HD127093 06032008HD206778 K2Ib 7.59±0.046 4242 99.216 HD31767 18102006HD29139 K5III 20.398±0.087 3885 644.882 HD1632 18102006, 20102006, 13012007,17012007, 18012007, 19012007, 21012007HD20720 M3/M4III 10.138±0.036 3596 153.428 HD127093 18102006, 19102006, 21122006HD120323 M4.5III 13.248±0.062 3388 240.845 HD127093 13012007, 20012007, 21012007,10022007, 11022007, 14032007, 13032008,01042008Kappamat 100.0±0.0001 0.1 17102006HD18884 M1.5IIIa 12.275±0.0049 3744 218.473 17122006, 19122006, 21122006, 11012007,13012007, 17012007, 18012007, 19012007,20012007, 21012007
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B. MIDI CALIBRATORS

Table B.3: Main MIDI 
alibratorsName Spe
tral ΘLD Teff F12 Cohen repla
ement days of observationsType [mas℄ [K℄ [Jy℄HD89388 K3IIa 5.181±0.025 4163 42.77 16022006HD12929 K2-IIIab 6.9±0.074 78.229 10012008, 11012008HD25025 M0.5IIIb 8.74±0.088 108.883 16022006, 18032006, 18102006, 11112006,14122006, 16122006, 17122006, 19122006,20122006, 11012007, 13012007, 18012007,19012007, 21012007, 09022007, 10022007,11022007, 12022007HD81797 K3II-III 9.142±0.045 4189 157.703 HD83425 11112006, 14122006, 16122006,19122006, 13012007, 18012007, 21012007,09022007, 11022007, 11012008, 12012008,06032008, 13032008, 28032008, 01042008HD20720 M3/M4III 10.138±0.036 3596 153.428 HD127093 18102006, 16122006HD167618 M3.5III 11.665±0.043 3612 201.522 HD127093 06032008HD206778 K2Ib 7.59±0.046 4242 99.216 HD31767 18102006HD29139 K5III 20.398±0.087 3885 644.882 HD1632 18102006, 14122006, 16122006,13012007, 18012007, 19012007, 21012007HD48915 A1V 6.088±0.03 9889 193.074 18032006, 10122007, 29122007, 10012008,11012008, 12012008, 13012008, 22022008,06032008, 13032008, 14032008, 28032008,01042008HD120323 M4.5III 13.248±0.062 3388 240.845 HD127093 13012007, 21012007, 09022007,10022007, 11022007, 13032008, 14032008,01042008HD18884 M1.5IIIa 12.275±0.0049 3744 218.473 17122006, 19122006, 20122006, 11012007,13012007, 18012007, 19012007, 21012007
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Table B.4: Main MIDI 
alibratorsName Spe
tral ΘLD Teff F12 Cohen repla
ement days of observationsType [mas℄ [K℄ [Jy℄HD81797 K3II-III 9.142±0.045 4189 157.703 HD83425 25122008, 31122008, 26022009,03032009, 04032009HD48915 A1V 6.088±0.03 9889 193.074 25122008, 31122008, 26022009, 04032009
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B. MIDI CALIBRATORS
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Appendix CRR Aql epo
hs 1 � 13In the following all the observational epo
hs are presented. The plots show VLTI/MIDI inter-ferometri
 observations of RR Aql at 8-13µm. The panels show (a) the �ux, (b) the visibilityamplitude, (
) the 
orresponding UD diameter, (d) the 
orresponding Gaussian FWHM diameteras a fun
tion of wavelength. Panel (e) shows the visibility amplitude as a fun
tion of spatialfrequen
y for three averaged bandpasses of 8-9 µm, 10-11 µm, and 12-13 µm. The gray shadeindi
ates the wavelength region around 9.5µm that is a�e
ted by atmospheri
 absorption. Theepo
h of observations and the stellar phase is indi
ated in the panel (a). The 
rosses with errorbars denote the measured values. The solid lines indi
ate our best-�tting model, as des
ribed inSe
t. 5.3.5. It 
onsists of a 
ombination of a radiative transfer model des
ribing the surroundingdust shell and a dust-free dynami
 model atmosphere representing the 
entral star. The 
ontri-butions of the stellar and dust 
omponents alone are indi
ated by the dotted and the dashed line,respe
tively. The best �tting M model and dust shell parameters for ea
h epo
h together withproje
ted baseline length (Bp) and position angle (P.A.) are listed below the panel (e). Symbolsand 
olors 
orrespond to the individual observations.
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C. RR AQL EPOCHS 1 � 13

Figure C.1: RR Aql epo
h A (left) and epo
h B (right)186



Figure C.2: RR Aql epo
h C (left) and epo
h D (right)187



C. RR AQL EPOCHS 1 � 13

Figure C.3: RR Aql epo
h E (left) and epo
h F (right)188



Figure C.4: RR Aql epo
h G (left) and epo
h H (right)189



C. RR AQL EPOCHS 1 � 13

Figure C.5: RR Aql epo
h I (left) and epo
h J (right)190



Figure C.6: RR Aql epo
h K (left) and epo
h L (right)191



C. RR AQL EPOCHS 1 � 13

Figure C.7: RR Aql epo
h M192



Appendix DS Ori epo
hs 1 � 14In the following all the observational epo
hs are presented. The plots show VLTI/MIDI interfero-metri
 observations of S Ori at 8-13µm. The panels show (a) the �ux, (b) the visibility amplitude,(
) the 
orresponding UD diameter, (d) the 
orresponding Gaussian FWHM diameter as a fun
-tion of wavelength. Panel (e) shows the visibility amplitude as a fun
tion of spatial frequen
yfor three averaged bandpasses of 8-9 µm, 10-11 µm, and 12-13 µm. The gray shade indi
atesthe wavelength region around 9.5µm that is a�e
ted by atmospheri
 absorption. The epo
h ofobservations and the stellar phase is indi
ated in the panel (a). The 
rosses with error bars denotethe measured values. The solid lines indi
ate our best-�tting model, as des
ribed in Se
t. 7.3.4.It 
onsists of a 
ombination of a radiative transfer model des
ribing the surrounding dust shelland a dust-free dynami
 model atmosphere representing the 
entral star. The 
ontributions ofthe stellar and dust 
omponents alone are indi
ated by the dotted and the dashed line, respe
-tively. The best �tting M model and dust shell parameters for ea
h epo
h together with proje
tedbaseline length (Bp) and position angle (P.A.) are listed below the panel (e). Symbols and 
olors
orrespond to the individual observations.
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D. S ORI EPOCHS 1 � 14

Figure D.1: S Ori epo
h A (left) and epo
h B (right)194



Figure D.2: S Ori epo
h C (left) and epo
h D (right)195



D. S ORI EPOCHS 1 � 14

Figure D.3: S Ori epo
h E (left) and epo
h F (right)196



Figure D.4: S Ori epo
h G (left) and epo
h H (right)197



D. S ORI EPOCHS 1 � 14

Figure D.5: S Ori epo
h I (left), the photometry was due to the poor quality of the data omitted fromthe analysis. Epo
h J (right) 198



Figure D.6: S Ori epo
h K (left) and epo
h L (right)199



D. S ORI EPOCHS 1 � 14

Figure D.7: S Ori epo
h M (left) and epo
h N (right)200



Appendix EGX Mon epo
hs 1 � 12In the following all the observational epo
hs are presented. The plots show VLTI/MIDI inter-ferometri
 observations of GX Mon at 8-13µm. The panels show (a) the �ux, (b) the visibilityamplitude, (
) the 
orresponding UD diameter, (d) the 
orresponding Gaussian FWHM diameteras a fun
tion of wavelength. Panel (e) shows the visibility amplitude as a fun
tion of spatialfrequen
y for three averaged bandpasses of 8-9 µm, 10-11 µm, and 12-13 µm. The gray shadeindi
ates the wavelength region around 9.5µm that is a�e
ted by atmospheri
 absorption. Theepo
h of observations and the stellar phase is indi
ated in the panel (a). The 
rosses with errorbars denote the measured values. The solid lines indi
ate our best-�tting model, as des
ribed inSe
t. 8.3.4. It 
onsists of a 
ombination of a radiative transfer model des
ribing the surroundingdust shell and a dust-free dynami
 model atmosphere representing the 
entral star. The 
ontri-butions of the stellar and dust 
omponents alone are indi
ated by the dotted and the dashed line,respe
tively. The best �tting M model and dust shell parameters for ea
h epo
h together withproje
ted baseline length (Bp) and position angle (P.A.) are listed below the panel (e). Symbolsand 
olors 
orrespond to the individual observations.
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E. GX MON EPOCHS 1 � 12

Figure E.1: GX Mon epo
h B202



Figure E.2: GX Mon epo
h C (left) and epo
h D (right)203



E. GX MON EPOCHS 1 � 12

Figure E.3: GX Mon epo
h E (left) and epo
h F (right)204



Figure E.4: GX Mon epo
h G (left) and epo
h H (right)205



E. GX MON EPOCHS 1 � 12

Figure E.5: GX Mon epo
h I (left) and epo
h J (right)206



Figure E.6: GX Mon epo
h K (left) and epo
h L (right)207



E. GX MON EPOCHS 1 � 12
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Appendix FR Cn
 epo
hs 1 � 2In the following all the observational epo
hs are presented. The plots show VLTI/MIDI inter-ferometri
 observations of R Cn
 at 8-13µm. The panels show (a) the �ux, (b) the visibilityamplitude, (
) the 
orresponding UD diameter, (d) the 
orresponding Gaussian FWHM diameteras a fun
tion of wavelength. Panel (e) shows the visibility amplitude as a fun
tion of spatialfrequen
y for three averaged bandpasses of 8-9 µm, 10-11 µm, and 12-13 µm. The gray shadeindi
ates the wavelength region around 9.5µm that is a�e
ted by atmospheri
 absorption. Theepo
h of observations and the stellar phase is indi
ated in the panel (a). The 
rosses with errorbars denote the measured values. The solid lines indi
ate our best-�tting model, as des
ribed inSe
t. 9.3.2. It 
onsists of a 
ombination of a radiative transfer model des
ribing the surroundingdust shell and a dust-free dynami
 model atmosphere representing the 
entral star. The 
ontri-butions of the stellar and dust 
omponents alone are indi
ated by the dotted and the dashed line,respe
tively. The best �tting M model and dust shell parameters for ea
h epo
h together withproje
ted baseline length (Bp) and position angle (P.A.) are listed below the panel (e). Symbolsand 
olors 
orrespond to the individual observations.
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F. R CNC EPOCHS 1 � 2

Figure F.1: R Cn
 epo
h A (left) and epo
h B (right)210



Motivation
La motivation générale de 
e travail est d'apporter des réponses à des questions qui résistentdepuis longtemps et 
on
ernent la dernière étape de l'évolution des étoiles de masse intermédiaireet faible qui se trouvent sur la bran
he asymptotique des géants � AGB � du diagramme HR.Ces étoiles subissent alors une importante perte de masse par expulsion de gaz et de poussièredans le milieu interstellaire, l'enri
hissant ainsi du produit de la nu
léosynthèse qui s'est dérouléeauparavant dans leur 
÷ur. Environ, 80% de toutes les étoiles traversent 
ette phase évolutive.Les étoiles AGB sont ainsi la prin
ipale sour
e de poussière dans notre Galaxie (>50%), enri
his-sant le milieu interstellaire de matériau pour la formation d'étoiles et de planètes des générationssuivantes.Les étoiles AGB sont 
ara
térisées par une importante perte de masse, qui se traduit par laformation d'une enveloppe 
ir
umstellaire autour du 
÷ur de l'étoile. Les mé
anismes respon-sables de 
ette perte de masse ne sont pas en
ore bien 
ompris, et sont évidemment très étudiés.Les intera
tions entre pulsation, propagation d'onde de 
ho
, formation de poussière et pressionde radiation sont 
omplexes, et il n'existe pas aujourd'hui de modèle de 
es étoiles ri
hes enoxygène 
apable de dé
rire l'ensemble du phénomène. Il est don
 important de 
ontraindre tousles pro
essus en 
ause au moyen de toujours plus de données d'observation. La stru
ture internedes étoiles AGB est 
onstituée d'un 
÷ur inerte de 
arbone et d'oxygène (C/O) entouré de deux
ou
hes bien séparées de matériel en fusion nu
léaire. La 
omposition molé
ulaire photosphériqueest déterminée par l'abondan
e de C/O (Höfner, 2009). Les étoiles sont quali�ées ou bien de ri
hesen 
arbone si C/0 ou de ri
hes en oxygène dans le 
as 
ontraire. Le rapport C/O doit norma-lement augmenter au 
ours de l'évolution de l'étoile qui transporte vers la surfa
e les élémentssynthétisés dans le 
÷ur. La partie la plus externe de l'atmosphère, soumise à des pulsations degrande amplitude qui produisent des ondes de 
ho
, voit température et densité diminuer, 
e quifournit les 
onditions requises pour la formation de molé
ules et la 
ondensation de grains. Lapartie externe de 
ette enveloppe est alors très opaque, ne laissant pas é
happer le rayonnementde l'étoile, et on pense don
 que 
'est le vent produit par la pression de radiation sur les grainsde poussière qui pousse l'enveloppe vers l'extérieur. Cette perte de masse peut atteindre un tauxélevé jusqu'à 10−4M⊙ par an (Matsuura et al., 2009) ave
 des vitesses d'expansion de 5 à 30 km/s(Höfner, 2005). Il reste 
ependant une in
ertitude sur l'e�
a
ité de l'opa
ité de la poussière pourgénérer les vents importants des enveloppes ri
hes en oxygène (Woitke, 2006; Höfner & Andersen,2007). Environ 70% de la matière stellaire �nit par se disperser dans l'espa
e au 
ours d'une phasedénommée � super-vent � qui ne dure que quelques dizaines de milliers d'années, et l'étoile AGBévolue alors vers l'état de nébuleuse planétaire (Sedlmayr, 1994). Le but du travail présenté dans
ette thèse est d'analyser les enveloppes 
ir
umstellaires des AGB a�n de mieux 
ontraindre le211



Motivationphénomène de perte de masse.Une grande partie du �ux lumineux des AGB est émis dans l'infrarouge. Les observations ausol sont limitées à quelques fenêtres spe
trales dans le pro
he infrarouge (bandes J, H, K) et dansl'infrarouge moyen (bandes L, M, N, Q), le reste étant absorbé par des bandes molé
ulaires del'atmosphère, et de plus gêné par l'émission thermique de la même atmosphère, qui produit unbruit de fond s'ajoutant à l'émission de l'étoile et de son enveloppe. Cependant les téles
opesterrestres permettent bien plus fa
ilement que les instruments spatiaux d'observer les variablesAGB à grande amplitude à de nombreuses phases di�érentes de leur 
y
le d'a
tivité. La résolutionangulaire d'un téles
ope est limitée par son ouverture de diamètre d, et au sol par la turbulen
eatmosphérique. Pour l'observation de sour
es 
omplexes telles que les étoiles AGB, la haute ré-solution angulaire (HRA) est essentielle, le diamètre angulaire typique étant d'environ 10 mas(milli-ar
-se
onde). La résolution d'un diamètre angulaire aussi petit né
essiterait un diamètrede téles
ope qui n'existe pas aujourd'hui. L'interférométrie est l'unique te
hnique qui o�re unealternative réalisable en 
ombinant les fais
eaux lumineux de deux ou plusieurs téles
opes dedimensions individuelles relativement modestes, réalisant l'émulation d'un téles
ope virtuel dontla dimension (distan
es D entre les téles
opes qu'on appelle les lignes de base) peut alors allerjusqu'à plusieurs 
entaines de mètres. L'augmentation de 
es bases permet alors d'a

éder à destrès hautes résolutions angulaires, qui seraient 
elles d'un téles
ope virtuel de diamètre D. Unetelle résolution de quelques mas permet de mesurer les diamètres stellaires et même des pro�lsd'intensité le long du diamètre des étoiles pro
hes. A partir de 3 téles
opes interférométriquesutilisés en mode � 
l�ture de phase �, il est possible d'obtenir des premiers éléments d'imagerie,tels que des informations sur une asymétrie de forme de l'étoile. La luminosité et l'atmosphèretrès étendue de 
es étoiles en font des 
ibles privilégiées pour les observations en HRA.Les instruments AMBER (pro
he infrarouge) et MIDI (infrarouge moyen) du VLTI de l'ESOau Cerro Paranal au Chili nous permettent d'étudier les enveloppes de molé
ules er de poussièresle long des 
y
les d'os
illation. Les observations en pro
he infrarouge donnent a

ès à l'estimationdu diamètre photosphérique, la température e�e
tive, les variations 
entre bord de l'intensité,alors que les observations MIDI en infrarouge moyen a

èdent aux informations sur l'enveloppe etla zone de formation des poussières. En parti
ulier, le but de 
e projet est d'étudier la 
onnexionentre le mé
anisme de pulsation et la 
ondensation des grains de poussière a�n de pouvoir, enretour, mieux 
omprendre la perte de masse. En e�et, malgré des progrès théoriques et obser-vationnels remarquables, bien des aspe
ts du fon
tionnement des étoiles AGB demeurent maldé
rits. Ce travail de thèse s'attaque aux questions suivantes : (i) Quel est le r�le joué par lapulsation de l'étoile et sa 
onnexion ave
 le pro
essus de formation de poussière et de perte demasse ? (ii) Quelle est la strati�
ation de la 
omposition 
himique de l'atmosphère de 
es étoiles ?(iii) Quelles sont les types de poussières dominantes dans une étoile donnée ? (iv) La nature de lapoussière 
hange-t-elle au 
ours d'un 
y
le de pulsation ? (v) La quantité de poussière varie-t-elleau 
ours d'un 
y
le de pulsation ? et (vi) Quel est le mé
anisme de formation géométrique au
ours de l'évolution de la phase AGB vers 
elle de nébuleuse planétaire ?Pour tenter d'apporter des réponses à 
es questions, nous avons étudié au moyen de multiplesobservations interférométriques 4 étoiles Mira ri
hes en oxygène : RR Aql, S Ori, GX Mon etR Cn
. Les observations ont été e�e
tuées ave
 diverses 
on�gurations du VLTI. Ce
i permet de
omparer des données obtenues à des phases di�érentes de leur pulsation mais dans des 
ouver-212



Motivationtures similaires du plan uv . Les observations testent ainsi les mêmes profondeurs d'atmosphère.Cet é
hantillonnage de données interférométriques, d'une ri
hesse unique, permet de suivre lavisibilité et la photométrie le long des 
y
les de pulsation. Les données peuvent ensuite être 
om-parées au modèle d'atmosphère dynamique (sans poussière) représentant la sour
e 
entrale, ave
le modèle de transfert radiatif qui représente l'enveloppe de poussière. Les modèles d'atmosphèredynamique qui in
luent la formation d'une enveloppe de poussière sont en
ore très rares, nosdonnées sont don
 
omparées à la meilleure appro
he de modélisation aujourd'hui disponible. Ilva en sortir les résultats suivants :
• Etude pré
ise de la visibilité et de la photométrie en infrarouge moyen sur plusieurs 
y
lesd'os
illation (2 séries de mesures pour R Cn
, 12 pour GX Mon, 13 pour RR Aql et 14 pourS Ori).
• Suivi détaillé de la variabilité sur plusieurs 
y
les
• Analyse d'observations en pro
he infrarouge pour RR Aql
• Estimation du diamètre stellaire (modèles uniforme et gaussien) pour 
haque série de don-nées dans 
haque 
anal spe
tral.
• Estimation du diamètre photosphérique par ajustement des données au moyen d'un modèled'atmosphère dynamique libre de poussière
• Estimation du diamètre angulaire (infrarouge moyen) par ajustement d'un modèle ad ho
de transfert radiatif pour l'enveloppe de poussière, la sour
e 
entrale étant dé
rite par lemodèle dynamique libre de poussière.
• Etude de la 
himie des poussières pour 
ha
une des 4 étoiles.
• Suivi des variations de l'épaisseur optique, du rayon interne de l'enveloppe de poussière etde la distribution de densité pour 
haque type de poussière.
• Etude de l'é
art éventuel à la symétrie sphérique
• Simulation des variations attendues de la visibilité et de la photométrie de 
y
le en 
y
le età l'intérieur d'un 
y
le.Les résultats obtenus permettent de ra�ner l'état de l'art des 
odes d'atmosphère dynamiquede transfert radiatif, qui en retour nous aide à mieux 
omprendre les pro
essus physiques à l'÷uvre.Les deux premiers 
hapitres de la thèse sont dédiés à une introdu
tion générale. Tout d'abordune introdu
tion générale sur les étoiles AGB (1.1), 
omprenant l'évolution (1.1.1 et 1.1.2), la va-riabilité (1.1.4), la formation de molé
ules et de poussières (1.1.5) et la perte de masse (1.1.7). Le
hapitre 2 traite de l'interférométrie infrarouge. Après une brève introdu
tion sur les bases théo-riques de l'interférométrie optique (2.1) le 
hapitre est dédié aux instruments AMBER et MIDIdu VLTI. Des
ription des instruments eux-mêmes (2.2.4 et 2.2.5), suivie de se
tions traitant dela préparation des observations (2.3), des observables (2.3.2 et 2.3.2) ainsi que des pro
éduresspé
i�ques de traitement des données AMBER et MIDI (2.5 et 2.4). Le 
hapitre 3 
ommen
e lapartie � pratique � par la des
ription des données VLTI exploitées dans la suite. Tous les 
ha-pitres suivants représentent mon travail personnel e�e
tué dans le 
adre de 
ette thèse. J'ai pris en
harge la rédu
tion des données, leur appli
ation à l'appro
he de modélisation, la déterminationde tous les paramètres stellaires, et les simulations destinées à interpréter les résultats en termede physique stellaire. L'ex
eption est le développement des 
odes (
omplexes) de transfert radiatifet de modèle dynamique d'atmosphère sans poussière (4.1 et 4.2) qui sont dus à Ireland et al.(2004a,b) et Ohnaka et al. (2006). 213



MotivationLe 
hapitre 3 traite de la théorie de la 
alibration des données et dé
rit un peu en détailles pro
édures d'exploitation de l'important volume de données obtenues pour 
e travail. Ce
iin
lut le suivi des 
onditions ambiantes des observations (3.2) ainsi que les di�érentes appro
hesde rédu
tion et 
alibration, ave
 leur impa
t sur les résultats (3.4 et 3.5).Le 
hapitre 4 explique l'analyse par modélisation e�e
tuée ensuite. Les modèles de Hofmannet al. (1998); Bessell et al. (1996); Ireland et al. (2004a,b). Le modèle ad ho
 de transfert radiatifmpi_m
sim (Ohnaka et al., 2006) est dé
rit en ( 4.2) et la se
tion (4.3) dé
rit l'appro
he propo-sée par Wittkowski et al. (2007) de la modélisation, radiative de l'enveloppe de poussière ajoutée àla sour
e 
entrale dé
rite par une atmosphère dynamique sans poussière. La se
tion (4.4) détailleles étapes du pro
essus de simulation, dans l'investigation des variations théoriquement préditesde 
y
le à 
y
le et à l'intérieur d'un 
y
le.Les 
hapitres 5 à 9 dé
rivent les observations interférométriques des 4 étoiles 
itées. 13 époquesd'observation MIDI de RR Aql dans le 
hapitre 5, les observations AMBER de la même étoiledans le 
hapitre 6. Les 
hapitres 7, 8, et 9 traitent des observations MIDI des 3 autres étoiles.La se
tion 9.5 
ontient des résultats préliminaires de mesures de l'étoile R Cn
 ave
 d'autresinstruments, dans le 
adre d'un programme de 
oopération.Le 
hapitre 10 mentionne la prospe
tive qu'annon
ent les nouveaux instruments à venir dans le
adre du VLTILe 
hapitre 11 résume l'ensemble du travail et des résultats présentés.La thèse se termine par six annexes, sur la séle
tion de � l'étoile du mois � pour la 
alibrationdes mesures AMBER (Annexex A), les tables de 
alibration MIDI (B), et la liste des époquesd'observations e�e
tuées ave
 MIDI pour 
ha
une des 4 étoiles (C, D, E, F).
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Con
lusions
Cette thèse présente des résultats d'observations multi-époques d'étoiles évoluées de la bran
heasymptotique des géantes (AGB). Les étoiles ont été observées au VLTI au Chili au 
ours de plu-sieurs 
y
les de pulsation au moyen des interféromètres AMBER en pro
he infrarouge et MIDIen infrarouge moyen. Nous avons exploité de telles mesures ave
 MIDI sur plusieurs 
y
les des 4étoiles Mira ri
hes en oxygène RR Aql (13 époques), S Ori (14 époques), GX Mon (12 époques)et R Cn
 (2 époques), ainsi que des mesures pon
tuelles ave
 AMBER sur RR Aql et R Cn
.Nous avons pu ainsi étudier les 
ara
téristiques de l'atmosphère et de l'enveloppe de poussière
ir
umstellaire. Les données exploitées ont été modélisées au moyen de modèles de base de disqueuniforme et de pro�l gaussien. Les données AMBER ont été modélisées au moyen de modèles d'at-mosphère dynamique auto-ex
itée et sans poussière in
luant la région de formation du 
ontinuphotosphérique et la 
ou
he supérieure molé
ulaire (Ireland et al., 2004a,b). En supplément de
es modèles de base, les données MIDI ont été ajustées au moyen de la 
ombinaison d'un mo-dèle radiatif de l'enveloppe de poussière 
ir
umstellaire au dessus d'un modèle d'atmosphère sanspoussière et pulsante par auto-ex
itation qui représente le pro�l de la sour
e 
entrale. L'enveloppede poussière utilise le 
ode de transfert radiatif m
sim_mpi (Ohnaka et al., 2006). Les donnéesinterférométriques sont ainsi 
omparées à la meilleure appro
he de modélisation a
tuellement dis-ponible. Les mesures interférométriques ont été e�e
tuées au moyen de nombreuses 
on�gurationsdes bases interférométriques permettant de 
omparer utilement les di�érentes observations entreelles, en utilisant les mêmes longueurs et angles de base, pour pouvoir suivre les visibilités etla photométrie sur plusieurs 
y
les de pulsation des étoiles. Ces études aboutissent aux 
on
lu-sions suivantes : (i) Les données interférométriques obtenues sur les 4 étoiles Mira oxygénées nemontrent au
une éviden
e signi�
ative de variabilité intra-
y
le dans nos four
hettes d'in
erti-tude (de 5 à 20%) et dans notre four
hette de phase 
ouverte par les mesures (0.45 � 0.85 pourRR Aql, 0.9 � 1.20 pour S Ori, 0.25 � 0.65 pour GX Mon et 0.95 � 1.10 pour R Cn
). (ii) Lesdonnées n'ont pas non plus mis en éviden
e de variabilité signi�
ative d'un 
y
le à l'autre. (iii)Des variations photométriques plus ou moins signi�
atives (de 1 à 5 σ) sont par 
ontre visiblesaussi bien en intra-
y
le qu'entre 
y
les di�érents entre 8 et 13µm. Ces données photométriquessont 
ependant enta
hées de trop d'in
ertitude pour que leurs variations puissent être 
onsidé-rées 
omme 
on�rmées sur la base de nos mesures. Des mesures 
omplémentaires au moyen d'unphotomètre dédié, 
omme VISIR, seront né
essaires pour 
on�rmer 
ette tendan
e. Cette étudeest la première 
omparaison entre des mesures interférométriques et une 
ombinaison de modèlesd'intensité 
entrale et d'enveloppe radiative, le tout 
ouvrant une large four
hette de valeurs dela phase de pulsation et pendant plusieurs 
y
les. Notre étude démontre que les spe
tres de vi-sibilité et de photométrie peuvent être bien dé
rits par une telle 
ombinaison de modèles. Pour
haque époque étudiée, nous pouvons 
hoisir le meilleur modèle d'atmosphère dynamique, et les215



Con
lusionsparamètres de l'enveloppe de poussière tels que son épaisseur optique, son rayon intérieur, la loide puissan
e de sa distribution de densité, ainsi que le diamètre angulaire photosphérique. Nousavons exploré deux types de poussière, des grains de sili
ate ou bien de Al2O3 ave
 une dimension�xe de grains 
hoisie égale à 0.1µm. Nous avons montré que l'enveloppe optiquement min
e deRR Aql peut être modélisée au moyen des seuls grains de sili
ate ave
 un diamètre interne del'ordre de 4 à 5 rayons photosphériques. L'addition d'une enveloppe de Al2O3 n'améliore en rienl'ajustement du modèle aux données. On ne peut 
ependant pas ex
lure l'existen
e d'une enve-loppe poussiéreuse interne de Al2O3 ave
 une épaisseur optique moindre que 
elle des sili
ates.L'enveloppe de poussière de GX Mon est bien modélisée par une 
ombinaison des deux types degrains, ave
 un rayon interne de Al2O3 de l'ordre de 2 à 2.5 rayons photosphériques, et un rayoninterne de sili
ate environ deux fois plus grand, de 4 à 5 rayons photosphériques. Les enveloppesde poussière de S Ori et R Cn
 peuvent être modélisées au moyen des seuls grains de Al2O3sans au
une 
ontribution de sili
ate, ave
 un rayon interne de 2 à 2.5 rayons photosphériques.Nos résultats sont 
ompatibles ave
 
eux de Lorenz-Martins & Pompeia basés sur des donnéesIRAS (2000). De nos résultats et des taux de perte de masse déjà publiés, on peut en déduireune possible séquen
e de 
ondensation de poussière : R Cn
 ave
 une 
himie de grains de Al2O3,au taux de 0.2 × 10−7 M⊙/an, S Ori ave
 également une 
himie de grains de Al2O3, au tauxde 2.2 10−7 M⊙/an, GX Mon ave
 une 
himie des deux types de poussière ensemble au taux de5.4 10−7 M⊙/an, et RR Aql ave
 une 
himie de poussière de sili
ate au taux très rapide de 9.1
10−7 M⊙/an. Ces résultats vont dans le sens de la suggestion de Little-Marenin & Little (1990)et Blommaert et al. (2006) selon laquelle la poussière des étoiles de faible perte de masse est do-minée par des grains de Al2O3 alors que 
elle des étoiles à taux de perte de masse plus importantest plut�t dominée par les grains de sili
ate. Nous avons e�e
tué des simulations des variationsattendues de nos données photométriques et interférométriques en fon
tion de la phase du 
y
leen faisant varier les paramètres des modèles ave
 la phase. Ces simulations 
on�rment que dansnos barres d'in
ertitude, on ne peut pas espérer déte
ter de variation signi�
ative, ni intra-
y
le nid'un 
y
le à l'autre. Les ordres de grandeur des variations attendues en �ux photométrique et envisibilité sont inférieurs à 25 et 20% respe
tivement, trop faibles pour être 
lairement mis en évi-den
e par nos mesures. Les résultats de 
e travail permettront d'améliorer et de ra�ner les 
odesde transfert radiatif et d'atmosphères dynamiques, et de progresser dans les modèles dé
rivant lepro
essus de perte de masse et le mé
anisme de vent stellaire. Les observations à venir dans lebut de mieux 
ontraindre 
es modèles né
essiteront une meilleure pré
ision photométrique, parexemple en utilisant l'instrument dédié VISIR au VLT, ainsi qu'une 
ouverture plus 
omplète desphases des 
y
les de pulsation. Plus de mesures interférométriques en pro
he infrarouge serontégalement né
essaires pour mieux 
ontraindre les 
ou
hes molé
ulaires atmosphériques pro
hesde la photosphère.
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