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Abstract

A short but intriguing stage in the evolution of low to intermediate (∼ 0.8 to ∼ 8 �)
mass stars, the Asymptotic Giant Branch (AGB) is populated by stars with extended,
complex, shell-like structured atmospheres.

Modelling giant star atmospheres remains a challenging task in contemporary astron-
omy. Carbon-rich AGB star atmospheres have been widely studied by several authors,
who compared observations with hydrostatic and dynamic atmospheric models but rarely
in a systematic way with multi-facility observations. The methodical testing of models
with multi-technique observations has in fact emerged as the only adequate way to pro-
vide strong constraints on models.

The study of C-enriched AGB stars atmospheres, is the main purpose of this the-
sis. Advanced state-of-the-art dynamic and hydrostatic model atmospheres have been
compared with new and archive mid-infrared interferometric MIDI observations and lit-
erature spectro-photometric data. In total eight C-rich stars have been investigated:
RU Vir, R Lep, R Vol, Y Pav, AQ Sgr, U Hya, X TrA and R For.

The first part of this monograph consists of three introductory chapters, which present
general background on AGB stars, on the types of models used to interpret the data,
and on the main observational technique used in this work: optical interferometry.

Chapter 4 focuses on the study of the atmosphere of RU Vir. Hydrostatic, geometric
and dynamic models have been fit to the observations. The dynamic model Spectral En-
ergy Distributions (SED) were first fitted to the literature data, obtaining one best-fitting
model; then, for all the stellar pulsational phases of this specific model, the interfero-
metric intensity profiles and visibilities were computed. This method was adopted for
the whole thesis. Showing an SED which agrees well with the models only betwee 2 and
14 µm, this star turned out to be a peculiar, puzzling Mira.

This research was extended to a set of carbon-enriched Mira, Semi-regular and Ir-
regular variables, in Chapter 5. Characteristics of the atmospheres of these stars, such
as their extension, dust properties and mass loss, together with further constraints on
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the models, are given. Stellar parameters are derived and the stars are located in in
Hertzsprung-Russell diagram, with results showing a good accord between the main pa-
rameters obtained from the modelling and evolutionary computations of the thermally
pulsating AGB.

A substantial amount of effort was devoted to the data-reduction, quality checks,
and analysis of Very Large Telescope Interferometer/MIDI data, part of a ESO Large
Program of observations. The scientific results of this program are given in Chapter 6.

Even though encouraging results regarding the dynamic models are obtained in this
thesis, some differences between SEDs and interferometric studies persist. Chapter 7 in-
vestigates, from an observational standpoint, if removing the assumption of the small
particle limit (SPL) could improve the agreement between models and observations. A
test-case star, R Lep, is used, and its measurements are compared to the newly pro-
duced non-SPL model from the Uppsala group. Achieved improvements and remaining
differences are described.

In Chapter 8 the preliminary dynamic modelling of the spectro-photometric and in-
terferometric MIDI data of R For is presented. Finally, Chapter 9 summarizes conclusions
and future prospects on this study.



Zusammenfassung

Das AGB (Asymptotic Giant Branch) Stadium ist eine kurze aber faszinierende Phase
in der Entwicklung von Sternen mit niedriger bis mittlerer Masse (0.8 bis 8 Sonnen-
massen). AGB Sterne sind durch eine ausgedehnte Atmosphäre mit einer schalenartigen
Struktur gekennzeichnet. Das Modellieren solcher Atmosphären stellt nach wie vor eine
Herausforderung in der gegenwärtigen Astronomie dar. Kohlenstoffreiche AGB-Stern
Atmosphären wurden bereits in verschiedenen Arbeiten erforscht, welche hydrostatische
und dynamische Modelle von Atmosphären mit Beobachtungsdaten verglichen haben,
jedoch kaum auf systematische Art und Weise und durch Verwendung von Messungen
mit verschiedensten Beobachtungstechniken. Ein derartiges methodisches Testen erweist
sich tatsächlich als beste Möglichkeit, zur Einschränkung und Verbesserung der Modelle.
Ziel dieser Doktorarbeit ist die Analyse von C-angereicherten Atmosphären von AGB-
Sternen. Hochmoderne dynamische und hydrostatische Modellatmosphären wurden mit
neuen und vorhandenen interferometrischen Beobachtungen im mittleren Infrarot (MIDI
Instrument) sowie spektroskopischen und photometrischen Daten verglichen.

Insgesamt wurden acht kohlenstoffreiche Sterne erforscht: RU Vir, R Lep, R Vol,
Y Pav, AQ Sgr, U Hya, X TrA und R For. Der erste Teil dieser Arbeit besteht aus
drei einleitenden Kapiteln, welche sich im Allgemeinen mit AGB Sterne befassen und
die verschiedenen Atmosphärenmodelle sowie die wichtigste Beobachtungstechnik die in
dieser Arbeit angewendet wurde, nämlich die optische Interferometrie, beschreiben.

In Kapitel vier wird die Atmosphäre des Sternes RU Vir studiert, welche mit Hilfe
von hydrostatischen, geometrischen und dynamischen Modellen analysiert wurde. Die
spektralen Energieverteilungen (SED, Spectral Energy Distributions) der dynamischen
Modelle wurden erstmals mit Literaturdaten angeglichen, sodass ein optimales Modell
gefunden werden konnte. Danach wurden die interferometrischen Messgrößen für alle
Pulsationsphasen dieses spezifischen Modells berechnet. Diese Methode wurde für die
gesamte Doktorarbeit angewendet. RU Vir zeigte eine SED welche nur zwischen 2 und
14 µm gut mit dem Modell übereinstimmt und auch die MIDI Daten konnten nicht gut
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reproduziert werden. Der Stern erwies sich somit als etwas rätselhafter Mira.
Die Untersuchungen wurden in Kapitel fünf auf eine Reihe von kohlestoffreichen

veränderlichen Sternen (Mira, Semi-reguläre und Irreguläre Variable) ausgeweitet. Die
Eigenschaften der Atmosphären dieser Sterne wie etwa die Ausdehnung, die Staubeigen-
schaften und der Masseverlust sowie weitere Modellgrößen werden hier beschrieben. Stel-
lare Parameter werden hergeleitet und die Sterne werden im Hertzsprung-Russell Dia-
gramm lokalisiert. Die Resultate zeigen eine gute Übereinstimmung zwischen den Funda-
mentalparametern, welche durch das Erstellen des Modells erzielt wurden, und Entwick-
lungsrechnungen für thermisch pulsierende AGB Sterne. Die Datenreduktion, Qualitäts-
Überprüfung und Analyse von „Very Large Telescope“ Interferometer/ MIDI Daten, die
als Teil eines „ESO Large Programs“ erhalten wurden, machten einen beträchtlichen Teil
des Arbeitsaufwandes der vorliegenden Doktorarbeit aus. Die wissenschaftlichen Ergeb-
nisse des oben genannten Programmes werden im Kapitel sechs dargelegt. Trotz der
ermutigenden Ergebnisse bezüglich dynamischer Modelle, die durch diese Forschungsar-
beit erzielt werden konnten, bleiben Unterschiede zwischen Beobachtungen und Modellen
bestehen. Diese betreffen sowohl die SEDs als auch die interferometrischen Observablen.
In Kapitel sieben wird an Hand eines ersten Testfalls untersucht, ob die in den dynamis-
chen Modellen verwendete Näherung kleiner Staubteilchen (SPL, small particle limit) die
Übereinstimmung zwischen Modellen und Beobachtungen beeinflusst und ob durch das
Weglassen dieser Annahme eine bessere Übereinstimmung erzielt werden könnte. Die
Messwerte des Teststerns, R Lep werden mit einem neu gerechneten „non-SPL model“
der Uppsala Guppe verglichen. Verbesserungen sowie bestehende Unterschiede werden
infolge beschrieben. Der ebenfalls im Rahmen der Dissertation durchgeführte Vergleich
von dynamischen Modellen mit den der spektro-photometrischen und interferometrischen
MIDI Daten des Sternes R For wird in Kapitel acht vorgestellt. Schlussfolgerungen und
Zukunftsprospektiven zu dieser Arbeit finden sich in den Kapitel neun.
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Ṁ Mass loss rate M� · yr−1

P Period days
PA Position angle degree
R Radius R�
RRoss Rosseland radius R�
Teff Effective temperature K
u, v Spatial frequencies arcsec−1

V Visibility dimensionless
α, δ Sky coordinates degree, mas
φ Phase radians
λ Wavelength cm, µm
θ Diameter mas
χ2

red Reduced chi-square dimensionless
Units
AU Astronomical units 1.496 × 1011 m
Jy Flux density 10−26 W · m−2 · Hz−1

L� Solar luminosity 3.846× 1026 W
M� Solar mass 1.989× 1030 kg

. . .



xx LIST OF TABLES

Table 1: Symbol description.

Symbol Meaning Unit

pc Parsec 3.086× 1016 m
R� Solar radius 6.963× 108 m
Constants
c Speed of light 2.998× 108 m · s−1

k Stefan-Boltzmann constant 5.670× 10−8 W · m−2 · K−4



Abbreviations

AGB - Asymptotic giant branch
ALMA - Atacama Large Millimiter/submillimiter Array
amC - amorphous carbon
AT - Auxiliary telescope
CSE - Circumstellar envelope
C-rich - Carbon-rich
COMA - Copenhagen Opacities for Model Atmospheres
DARWIN - Dynamic Atmosphere & Radiation-driven Wind models based on Implicit
Numerics
DOF - Degree of freedom
DMA - Dynamic Model Atmospheres
E-ELT - European Extremely Large Telescope
ESO - European Southern observatory
EWS - Expert work station
FOV - Field of view
FWHM - Full width half maximum
H-R - Hertzsprung-Russell
IR - Infrared
IRAS - InfraRed Astronomical Satellite
ISM - Interstellar medium
ISO - Infrared Space Observatory
Lb - Irregular variable
LP - Large Program
LTE - Local Thermal Equilibrium
MIA - MIDI Interactive Analysis
MIDI - Mid-infrared interferometric instrument
MOD - More Of Dusty



xxii LIST OF TABLES

OPD - Optical Path Difference
OS - Opacity Sampling
O-rich - Oxygen-rich
PA - Position angle
RT - Radiative Transfer
SED - Spectral energy distribution
SiC - Silicon Carbide
SPL - Small Particle Limit
SRb - Semiregular variable
TP - Thermal Pulse
TDU - Third Dredge-Up
UD - Uniform Disk
UT - Unit telescope
VLT - Very large telescope
VLTI - Very Large Telescope Interferometer



List of Publications

This thesis is based on the following papers:

• Refereed journal papers:
I
Title: Modelling the atmosphere of the carbon-rich Mira RU Vir
Authors: G. Rau, C. Paladini, J. Hron, B. Aringer, M. A. T. Groenewegen, and
W. Nowotny
Year: 2015
Journal: A&A, 583, A106

III
Title: The carbon stars adventure - Observations and modelling of a set of C-rich
AGB stars
Authors: G. Rau, J. Hron, C. Paladini, B. Aringer, K. Eriksson, P. Marigo,
W. Nowotny and R. Grellmann
Year: 2016
Journal: submitted to A&A on the 18th of July 2016

II
Title: The VLTI/MIDI view on the inner mass loss of evolved stars from the Her-
schel MESS sample
Authors: C. Paladini, D. Klotz, S. Sacuto, E. Lagadec, M. Wittkowski, J. Hron, A.
Jorissen, A. Richichi, M. A. T. Groenewegen, F. Kerschbaum, T. Verhoelst,
G. Rau, H. Olofsson, and R. Zhao-Geisler
Year: 2015
Journal: submitted to A&A on the 19th of August 2015



xxiv LIST OF TABLES

IV
Title: Comparison of spectro- photometric- and interferometric-observations with
dynamic model atmospheres, with and without the small particle limit approxima-
tion - The observational test case of R Lep
Authors: G. Rau, K. Eriksson, B. Aringer, J. Hron, and C. Paladini
Year: 2016
Journal: A&A, in prep.

V
Title: MIDI Observations of R For compared with dynamic model atmospheres
Authors: C. Paladini, G. Rau et al.
Year: 2016
Journal: A&A, in prep.

• Conference Proceedings:
I
Title: Into the Modelling of RU Vir
Authors: G. Rau; J. Hron, C. Paladini, K. Eriksson, B. Aringer, M. A. T. Groe-
newegen, and M. Mecina
Year: 2014
Journal: 2015 ASPC, 497, 137

II
Title: Modelling a set of C-rich AGB stars: the case of RU Vir and more
Authors: G. Rau, C. Paladini, J. Hron, B. Aringer, K. Eriksson, and M. A. T.
Groenewegen
Year: 2015
Journal: MemSAIt, 87, 260

III
Title: VLTI/MIDI Large Program: AGB Stars at Different Spatial Scales
Authors: C. Paladini, D. Klotz, S. Sacuto, E. Lagadec, M. Wittkowski, J. Hron, A.
Jorissen, A. Richichi, M. A. T. Groenewegen, F. Kerschbaum, T. Verhoelst,
G. Rau, H. Olofsson, and R. Zhao-Geisler



LIST OF TABLES xxv

Year: 2014
Journal: 2015 ASPC, 497, 97

IV
Title: The carbon star adventure: modelling atmospheres of a set of C-rich AGB
stars
Authors: G. Rau, C. Paladini, J. Hron, B. Aringer, K. Eriksson and M. A. T.
Groenewegen
Year: 2015
Journal: IAU General Assembly, 22:2254798.



xxvi LIST OF TABLES



Chapter 1

Introduction to the AGB stars

Our life, human life, is the gift wherewith all the scientific discoveries in the human history
were made, until now. And, one of the most fascinating facts is that the human beings are
made of matter coming from the stars. Indeed, the production of the heaviest elements of
our body, as oxygen, carbon or iron, was possible only inside the stars. Among these, the
Asymptotic Giant Branch (AGB) stars represent one of the most important producers of
those elements. Furthermore, an AGB star’s atmosphere is the crucial interface between
the interior and the Inter Stellar Medium (ISM). This thesis is devoted to this: the study
of carbon-rich AGB stars atmospheres.

1.1 What is an AGB star?

Stars with initial masses ranging from∼ 0.8 to∼ 8.0 M� (Habing and Olofsson, 2003) will
undergo, late in their evolution, the AGB phase. This part of the stellar evolution is char-
acterized by luminous, very cool extended objects, being gigantic stars. Figure 1.1 shows
how stars with different initial masses will experience different evolutionary paths in the
Hertzsprung–Russell diagram. These giants will end their life as white dwarfs, shrouded
by planetary nebulae, after having ejected all the mass around the dense carbon-oxygen
core.

1.1.1 AGB star structure

Four main parts can be recognized in the structure of an AGB star, from the center
outward:



2 Introduction to the AGB stars

Figure 1.1: The Hertzsprung-Russell diagram, organizes stars in terms of their luminosity and
surface temperature (effective temperature). Three different evolutionary tracks are represented
by the three blue lines, for stars of 1, 5 and 10 M� as they go through H-burning, He-burning,
and beyond. Figure credit: Robert Hollow http://www.atnf.csiro.au/outreach/education/
senior/astrophysics/stellarevolution_hrintro.html.

http://www.atnf.csiro.au/outreach/education/senior/astrophysics/stellarevolution_hrintro.html
http://www.atnf.csiro.au/outreach/education/senior/astrophysics/stellarevolution_hrintro.html


1.1 What is an AGB star? 3

1. Dense core: small and very hot (up to ∼ 108 K), in which heavy elements are
produced by nucleosynthesis.

2. Stellar envelope: less dense, hot, large convective stellar envelope, where nucleosyn-
thesis products are brought to the surface.

3. Atmosphere: tenuous and warm stellar atmosphere, where molecules can form.

4. Circumstellar envelope: large, extended and cool circumstellar envelope where dust
forms and where the dust-driven stellar wind will moves outwards at a typical speed
of a few km/s.

This structure is schematically drawn in Fig. 1.2.

1.1.2 AGB star evolution

When the star is located at the horizontal branch in the HR diagram, is a giant, has
finished the H in its core, and started to burn He into C and O via the 3α process.
When this process has finished, the He-burning zone moves outward, and the core of
C+O contracts until it has a very high density, approximately the same of a white dwarf.
The contraction of the core and the expansion of the envelope lead to a rapid increase in
luminosity. This is the start of the Early-AGB: the stage at which He burns in a shell,
producing most of the energy. At some point, the envelope gets pulsationally unstable,
with a time-scale in the order of ∼ 100 days.

Then, when the star reaches luminosity ∼ 3000 L�, it becomes able to burn both He
and H in shells. Periodically, the He produced by H burning is accreted onto the He shell,
and “helium shell flashes” occur. In this way the mass of the central core is increased
by the “flashes” of the thin He-layer around the core into C, and a convective intershell
develops. These short moments (timescales of ∼ several tens of years) are called “thermal
pulses”, and the object undergoes a luminosity modulation.

The Thermally Pulsing-AGB therefore, is the stage of the AGB life, at which He
and H are intermittently burning. At the end of the early-AGB phase, the H-burning and
He-burning shells are thin and close together, which combined with the high temperature
dependence of the He-burning reactions, makes the environment thermally unstable. As
the star ascends the AGB, the burning of H and He will turn into a process called thermal
pulse cycle. However, in very massive stars (those with M > 8 M�) the temperature in the
core will be high enough for C to ignite before the thermal pulses, so they do not undergo
this phase. The thermal instability grows in strength during the AGB evolution and the
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Figure 1.2: Simplified view of an AGB star structure. Some processes are underlined, at
different scales in the star. Figure credit: Lederer (2009).
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He-shell luminosity becomes larger after each successive pulse. The luminosity generated
by the He shell grows after each pulse, reaching up to 108 L�. A star undergoing the
AGB can experience many thermal pulses. The consequences of the pulses are relevant
to both the chemistry and the structure of the stars, as explained in the following section.

1.1.3 The origin of Carbon-rich stars: the Third Dredge-up

Figure 1.3: Schematic view of the process of the third dredge-up. The dashed area shows a
convective episode, in a model of mass M = 2 M�, Z = 0.015 (metallicity) and Y = 0.275 (fraction
of the mass that is composed of helium), during and after the tenth thermal pulse. In about
200 years, the external convection penetrates inward generating the so-called third dredge-up.
Figure credit: Straniero et al. (2006).

An important process, fundamental for the creation of C-rich stars, happening during
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a thermal pulse is the dredge-up: when convection reaches the layers where nuclear
processes occured, it can bring material to the stellar surface. This matter is enriched
by products of nuclear-burning, especially “new” carbon. If this process can last long
enough, the abundance of C in the atmosphere will exceed the one of O. This is also
called third dredge-up (TDU), because it is the third important dredge-up process
for an intermediate-mass star1. This process produces the stars to which this thesis is
dedicated: the carbon-rich AGB stars (see Sect. 1.2). Also, knowing that the molecule
CO is the most strongly bound one in the atmosphere of cool stars, if C/O > 1, then
all the oxygen is locked in CO, and surplus C-atoms are available to form molecules such
as C2 and CN. The spectral appearance of C-stars is in fact dominated by bands of CN,
HCN, CO, C2H2, C2, C3 and other molecules and dust species.

The process of the TDU was discovered at the same time by Iben (1975) and Sugimoto
and Nomoto (1975). Figure 1.3 illustrates a schematic view of this process, and will be
described below. Following Iben and Renzini (1981), 4 phases can be detected in a
thermal-pulse cycle. An on-phase, when the He-shell is burning brightly, producing up
to ∼ 100 million L� and an energy that can not be transported just by radiation alone,
leading to the development of a convection zone in the He-rich intershell, exactly above
the He-burning region called “intershell convective zone” driven by the thermal pulse.
The composition of this intershell convective zone is mostly 4He (∼ 80 − 75%) and 12C
(∼ 20 − 25%), and it will survive for ∼ 100 years, depending on the core-mass size.
Then, the He-shell burning dies down, and the energy released by the flash drives the
expansion of the intershell region, which extinguishes the H-shell that is now pushed to
very low temperatures and densities (“power-down” phase). Afterwards, the third dredge-
up phase comes: the energy released by the He-shell flash escapes from the stellar core
into the convective envelope, causing the convection to penetrate inward in response to
the increasing luminosity coming out of the core. Then, the convective envelope reaches
across the extinct H-shell and into what was the intershell convective zone. Thus the
convection, named “third dredge-up”, succeeds in mixing material to the surface that
is thus enriched in 12C, 4He, 22Ne and other products (s-process elements), and this
phase lasts for ∼ 100 years. One last phase called interpulse can be identified: the star
contracts and the H-shell is re-ignited, providing most of the surface luminosity for the
next 104-105 years.

The efficiency of the TDU process can be estimated by the so-called “dredge-up
parameter” λ, defined as follows:

1The second for low-mass stars.
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λ = ∆MDU/∆Mc, (1.1)

where ∆MDU is the total mass dredged-up by the convective envelope during one
thermal-pulse and ∆Mc is the mass through which the H-shell has moved during the
interpulse-phase. The biggest difficulty encountered in estimating λ is due to the un-
certainties in calculating the amount of convective overshoot occurring at the convective
boundaries. E.g. Karakas et al. (2002) shown that the parameter λ reaches values close
to one (0.9) for stars of intermediate mass. A value of λ = 1 would mean that the core
is not growing.

In more massive stars there is another process competing with the just described
process of the TDU: C will burn into N before the stellar surface is reached, leading to
the so called hot bottom burning. The bottom of the convective envelope reaches
temperatures high enough for nuclear processing via the CNO cycle, i.e the convective
envelope reaches into the top of the H-burning shell.

1.2 The Carbon-rich AGB stars

In addition to be interesting celestial objects by themselves, AGB stars are prominent
as member of stellar populations. This is the reason for their importance in population
synthesis and models, where photometric properties from those high-luminosity stars are
needed (Aringer et al., 2009; Marigo and Girardi, 2007; Marigo et al., 2008). Thus, they
are an important tool for extragalactic studies.

In particular, carbon-rich AGB stars are the most important contributors to the to-
tal flux emitted by galaxies containing populations of (young/)intermediate ages. This
Section is inspired by the reviews on carbon stars by Wallerstein and Knapp (1998) and
Lloyd Evans (2010).

1.2.1 A bit of history

Father Angelo Secchi, in 1868, was the first astronomer ever to recognize carbon stars
as a new spectral type, introducing them as type IV in his pioneering stellar spectra
classification. The fourth class contains red stars that show, in their spectra, bands and
lines of carbon. The prototype of carbon stars that he found was 19 Psc.

In the middle of the last century, only ∼ 60 years ago, the carbon stars were con-
sidered still an “enigma” (see e.g. Bidelman, 1956). Around that time studies on C-rich
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objects focused on their spectral type, radial velocities, proper motion and spectra. Key
molecules such as CH, CN, C2 were recognized, together with enhanced lines of light ele-
ment as Li (McKellar, 1940, on WZ Cassiopeiae), or heavy elements such as Tc (Merrill,
1952). The identification of the latter two, Li and Tc, was essential to stellar nucle-
osynthesis, showing that there is nucleosynthetic activity inside C-stars 2. 13C was also
identified, giving in this way the first chance to obtain an isotopic ratio outside the Solar
System.

Stars are classified as: Semi-regular, showing noticeable periodicity in their light
changes, accompanied or sometimes interrupted by various irregularities, with periods
ranging from 20 to more than 2000 days; irregular with no defined periodicity; Mira
variables, with periods P∼ 300 − 500 days and large amplitude of variability in the
visual, and pulsation in the fundamental mode (Samus et al., 2009b).

Only with the advent of IR instruments, in the 1970s, it was possible to reveal that
many carbon stars were extremely bright in the near-IR. Of fundamental importance was
the low resolution spectrometer on board the IRAS satellite (Olnon et al., 1986), able to
observe for the first time bright and unsuspected C-stars by the presence of the emission
feature of silicon carbide (from now on: SiC) at ∼ 11.3 µm, arising in circumstellar
material (Lloyd Evans, 2010). Furthermore, with IR and millimeter instruments the
investigation of mass loss from cool stars began. It was finally possible to investigate
the infrared emission from circumstellar dust, the vibrational-rotational and rotational-
vibrational lines of diverse molecular species and the scattering of optical and near-IR
light from the circumstellar dust.

In the last decades, interferometric measurements of C-stars have caught the at-
tention of the stellar astrophysics community. This powerful technique is undergo-
ing recently many developments: in the optical with the Very Large Telescope Inter-
ferometer (VLTI), and in the millimeter/sub-millimeter with ALMA (Atacama Large
Millimiter/sub-millimeter Array). Although being largely studied, many AGB stars are
still under investigation to properly understand processes as the mass-loss or dust for-
mation, and precious opportunities to observe them will be developed in the near future,
with the second generation instruments at VLTI, as MATISSE (Lopez et al., 2006) and
GRAVITY (Eisenhauer et al., 2008). Also, spectroscopic measurements with instru-
ments at the future largest telescope in the world E-ELT (European Extremely Large
Telescope), like METIS (e.g. Hron et al., 2015a), will open exciting perspectives to enrich

2Proton capture can destroy 6Li and 7Li at T≈ 2 · 106 K, so they can not survive in stars that later
become C-stars, such as stars on the main sequence or red giants. Also 99Tc is the isotope that can be
most synthesized in stars; its half-life is ≈ 2 · 105 yr. Both those species are essential to explain how
nucleosynthesis is active inside C-stars (Wallerstein and Knapp, 1998).
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and enlarge the knowledge on the AGB stars field and galactic evolution.

1.2.2 Dust in carbon-rich AGB stars

Carbon-enriched AGB stars are surrounded by a carbon-rich dusty envelope made of
amorphous carbon (amC), featureless in the spectra, and SiC dust which can be identified
by its typical SED emission feature at ∼ 11.3 µm (Hackwell, 1972; Treffers and Cohen,
1974; Goebel et al., 1980).

The study of the formation process of SiC grains is important to reveal the structure,
size and chemical composition of the dust grains formed in circumstellar envelopes of
C-rich stars. Historically, SiC has been predicted to exists in the atmosphere of C-rich
stars based on chemical equilibrium calculations by Gilman (1969) and Friedman (1969).
Hackwell (1972) discovered the characteristic 11.3 µm feature and Goebel et al. (1980)
identified the observed feature with that of SiC grains comparing the laboratory spectra
of powder samples measured by Dorschner et al. (1977).

Cosmic dust, after its ejection by stellar winds into the interstellar medium, can
be trapped in meteorites that are now recovered in the Solar System (Hedrosa et al.,
2013). The first presolar grains, diamond and SiC, were physically and chemically isolated
from meteorites by Ed Anders and co-workers at the University of Chicago in the 1980s
(Hoppe et al., 2010; Bernatowicz et al., 1987; Lewis et al., 1987). Isotopic anomalies of
presolar SiC grains discovered in carbonaceous meteorites strongly support the formation
of SiC grains in the envelope of C-rich AGB stars (Virag et al., 1992; Lewis et al., 1994).
However, as Kozasa et al. (1996) pointed out, the origin of the large presolar SiC grains
in the meteorites still remains unexplained. Common sizes of presolar grains vary from
0.3 to 3 µm (Amari et al., 1994), but also very large grains up to 26 µm are present
(e.g. Ávila et al., 2013). Such large grains can probably only be formed during extreme
mass-loss phases or in clumps of high density (Bernatowicz et al., 1996).3

Is was suspected by Kozasa et al. (1996) that the nucleation of SiC grains always
precedes the one of carbon grains. One first attempt of formulation of the SiC grains’
formation process around carbon-rich stars was done by Gauger et al. (1990). Recently
Yasuda and Kozasa (2012) included a theory on the formation process of SiC in hydro-
dynamic models, but their predictions on the amount and size distribution of SiC dust
grains around C-rich AGB stars are very model dependent and need to be observationally
verified.

3It is interesting to note that SiC on Earth can have several practical optical ground/space appli-
cations. E.g. the Herschel primary mirror is composed by segments formed by isostatic pressing and
sintering of SiC (Bougoin and Deny, 2004; Pilbratt et al., 2010).
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In particular, questions like where in the star does the SiC form, how it is spatially
distributed, and how the SiC abundance changes in the different layers, need to be in-
vestigated in greater details. It is necessary to cover a wide range of stellar and dust
parameters in order to reveal the grain-size distribution and the amount of SiC dust
around C-rich AGB stars, that could heavily depend on C/O ratio as well as on other
stellar parameters (Yasuda and Kozasa, 2012). Moreover, so far, there is no spectro-
scopic evidence for SiC grains in the diffuse interstellar medium. This fact is not yet
satisfactorily explained, although core-mantle, inhomogeneous, or very large grains may
offer a solution (Ossenkopf et al., 1992; Kozasa et al., 1996; Andersen, 2007).

There are two main ways to tackle the above mentioned unresolved questions: (i)
investigating the distinctive 11.3 µm feature in astronomical spectra and (ii) examining
the presolar grains found in meteorites.

In the first case, we know that the emission feature around 11.3 µm is due to SiC
grains condensed in the circumstellar envelopes of carbon stars. This emission feature
can be used as a diagnostic tool of the dust grains’ formation process. The strength
of the 11.3 µm feature indeed well reflects the difference in the mass-loss rate and the
evolutionary stage. However, the behavior of the emission feature, due to SiC’s infrared
vibrational modes, heavily depends on the size distribution and the structure of dust
grains. Thus, the 11.3 µm emission feature strength does not only reflect the abundance
of SiC condensed in the envelopes. Furthermore, the emission feature is very weak or
absent in the spectra of extreme carbon stars, probably due to self-absorption, within
optically very thick circumstellar envelope (Kozasa et al., 1996).

In the second case, isotopic analysis of meteoritic SiC makes use of the information
that may be recorded in the grains, offering a tool to explore the structure and evolution
of our galaxy. Analysis of SiC grains found in the Murchison meteorite (Hoppe et al.,
1994; Swan et al., 1989) revealed that isotopic ratios of carbon and silicon are non-solar.

Thompson et al. (2006) underline how, being the dust parameters closely linked to
each other and to stellar parameters, there exists a large free parameter space. This
implies that it is not possible to determine the parameters using exclusively optical/IR
spectra. Interferometric studies provide the possibility to examine the properties of SiC
from the stars’ upper photosphere up to the envelope, resolving different atmospheric
layers (see also Chap. 3). High-angular resolution techniques give access to to access
the layers where the dust is forming, allowing to validate and improve the theory and,
hopefully, constrain the scenario for SiC formation. The strong and broad dust feature
at 11.3 µm of SiC can be studied in the N -band with spectrally-dispersed interferometry.
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1.2.3 Stellar parameters

• Luminosities of C-rich stars vary from ∼ 103 to ∼ 104 L�. The major factor
of uncertainty is the distance of the targets. The biggest database source of dis-
tances is the Hipparcos catalogue (Perryman et al., 1997), which shows increasing
uncertainties with the increase of the angular size of the star. This is because stars
are often resolved and may indicate surface brightness spatial/temporal variations
(Feast, 1999). This affects of course also C-rich AGB stars, as Sacuto et al. (2011a);
Cruzalèbes et al. (2013a) demonstrate, and studies to find a solution to this prob-
lem are still going on. Also, the survey of the Gaia satellite (soon to be released,
Perryman et al., 2001), will furnish the possibility to estimate more accurately the
distances.

• Masses: The usual procedure to derive definitive masses of stars takes into ac-
count the binaries orbit with measured parallaxes. Unfortunately, there are no
such systems with a carbon-star member (Wallerstein and Knapp, 1998). Also, no
eclipsed carbon-giant was ever seen in a binary system (Kenyon, 1986). Therefore,
other procedures are used to estimate progenitor C-stars masses, and these could
come from stellar evolution and from the galactic distribution of stellar population.
Both of them show that a likely range of progenitor masses is ∼ 1 to ∼ 3 M� –
with uncertain lower and upper limits.

• Effective temperatures: Usually, in models of carbon-stars the effective temper-
atures vary from ∼ 2400 to ∼ 3400 K. The fundamental equation that links the
effective temperature Teff of a star to its luminosity L is:

L = 4πR2σT 4
eff (1.2)

with σ the Stefan-Boltzmann constant, and R the radius, that can be derived
from lunar occultations or interferometric methods4. For C-rich AGB stars the
angular diameter varies strongly with the wavelength, so the temperature that can
be derived is actually an “effective temperature”, and is therefore very uncertain.
Also, the optical depth profile can be very shallow and not monotonic, which adds
another uncertainty in the effective temperature determination.

• Radii: The definition of the stellar radius is widely discussed, and a complete
4What one actually can derive, is the angular diameter θ [mas]. But since both flux and angular size

depend on D2, then the effective temperature can be derived without knowing the distance.
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review on that can be found in Scholz (2003). Measurements from interferometry
or lunar occultation estimate values of few 100 R�, for C-rich AGB stars (van Belle
et al., 1997; Dyck et al., 1996; van Belle et al., 2013). Stellar radii are of particular
importance in order to derive an escape velocity, which is essentially related to the
mass-loss. Also, the intensity profiles of models with mass loss, are very different
from UD (Uniform Disk) profiles (Paladini et al., 2009).

• C/O ratio and abundances: the C/O ratio is the parameter that distinguishes
the nature of the object, i.e. C-rich if the C/O ratio is higher than 1, O-rich oth-
erwise. In AGB stars with thin CSEs the elemental composition can be estimated
via visual and near-IR high-resolution spectra (e.g. Lebzelter et al., 2010), and
detailed models describing the atmosphere. For the more extreme stars, with more
opaque CSEs, one needs to use circumstellar mm-data (e.g. Groenewegen et al.,
2002). These are also suitable for low mass loss stars, and important comparisons
are possible (e.g. Olofsson et al., 1993).
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1.3 Outline

The focus of this thesis lies in the study of C-rich AGB stars’ atmospheres, and comparing
state-of-the-art models with observations. This is done in order to constrain the models
for future generations of models, and to derive stellar parameters, that are essential in
the broader context of stellar and galactic evolution studies. The main parts of this thesis
can be summarized as follows (see also Fig. 1.4).

1. Introductions. In the present Chapter 1, an overview on the main processes
occurring inside AGB stars has been given. The next Chapters 2 and 3 will furnish
introductions respectively on the models used in this thesis and on the fundamental
principles of optical interferometry.

2. Modelling the atmosphere of the C-rich Mira RU Vir. In Chapter 4 the
atmosphere of a C-rich AGB star is investigated, combining different types of obser-
vations, and comparing them with the state-of-the-art dynamic model atmospheres.

3. Modelling of a set of C-rich AGB stars atmospheres. In Chapter 5 the
same methodology as before is applied to a larger group of C-rich AGB stars.

4. Large Program. A large portion of time and efforts dedicated to this thesis was
devoted to the reduction and quality check of interferometric MIDI/VLTI data.
Those are part of the observations described in Chapters 4, 5 and of a large program,
whose results are described in Chapter 6.

5. New model without the SPL assumption. Last but not least, the results
derived in point 3 and 4 above, are compared to one model which drops the as-
sumption of SPL. This is described in Chapter 7.

6. Preliminary comparison of the VLTI/MIDI observations of the C-rich
Mira R For, with dynamic model atmospheres. A preliminary analysis of the
MIDI interferometric data of the carbon-rich star R For is presented in Chapter 8.

7. Conclusions and outlook. Finally, in Chapter 9 an overview on the findings of
this thesis and on the possible follow-ups of this work are provided.
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Figure 1.4: Schematic view of the outline of this thesis.



Chapter 2

Modelling approaches

This chapter provides an overview on the different types of models used to analyze the
atmospheres of the sample of targets of this thesis. Those models are: the radiative
transfer code More Of Dusty (Sect. 2.1), the hydrostatic MARCS models (Sect. 2.2) and
the dynamic model atmospheres (Sect. 2.3). This chapter is thus based on the following
papers: Groenewegen (2012); Aringer et al. (2009); Höfner et al. (2003); Eriksson et al.
(2014); Gautschy-Loidl et al. (2004) and Nowotny et al. (2005a).

2.1 “More Of Dusty”

“More Of Dusty” (from now on: MOD, see Groenewegen, 2012) is an extension of the
Dusty code (Ivezić and Elitzur, 1995; Ivezić et al., 1999). DUSTY is a 1D publicly
available radiative transfer (RT) code that solves the problem of radiation transport
in a dusty environment, and was designed to solve the issues that many astrophysical
environments encounter: how the radiation coming from a source is seen after being
processed by a dusty region. Its mathematical formulation is explained in detail in Ivezic
and Elitzur (1997).

For the study of the AGB stars, useful informations on e.g. the mass-loss processes
and dust formation, are coded in several quantities. Those are: the spectral energy
distribution (SED), the density distribution of the dust in the CSE; the dust optical
depth τ that, together with the spectra, contains informations on the type of dust present
in the environment; intensity profiles, that are responsive to the density distribution, and
high-angular resolution data that can investigate the inner part of the dust shells. RT
models may offer a tool to infer properties on the dust, dust formation processes, and
mass-loss rates, but usually the solutions are not unique.
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In DUSTY, the properties of the radiation source and dusty envelope can be specified,
and with them, the code can compute the dust temperature distribution and the radiation
field. This is done via solving the radiative energy density equation, i.e. taking into
account the scattering, the absorption and the emission of dust, providing in the end an
exact solution. Following Rowan-Robinson and Harris (1982), we can consider a basic
model consisting of a black body of radius rs and temperature Ts, at the center of a
spherical cavity of radius r1 in a spherically symmetric dust cloud of radius r2. Given
Qν,abs the absorption efficiency of the grains, and assuming that the grain condensation
temperature T1 determines r1, and that rs <<r1, if the heating by other grains could be
neglected, the temperature of the grains at the radius r1 would then be given by:

∫ ∞
0

Qν,absBν(T1)dν =
r2s
4r21

∫ ∞
0

Qν,absBν(Ts)dν. (2.1)

The number density of the grains is expected to satisfy the relation n(r) ∝ r−β , with
β = 2 for a continuous steady mass-loss at a constant (terminal) velocity.

The optical depth to the center of the shell, at frequency ν is given by:

τν = (Qν,abs +Qν,sc)πa
2n2r2

∫ 1

r1/r2

[n(r)/n2] d(r/r2) (2.2)

with n2 = n(r2) and Qν,sc the scattering efficiency.

Qualitatively MOD can judge the fit, separately for the four types of observables:
spectroscopy, photometry, interferometry and intensity profiles. This is done by the χ2

analysis:

χ2 =

i=n∑
i=1

(xobs(i)− xpred(i))2/σ2xobs(i) (2.3)

where x is the observed or predicted magnitude (for photometry), flux (for spec-
troscopy), visibility at a given spatial frequency (for interferometry), or normalized in-
tensity at a radial offset (for intensity curves). σxobs are the error bars on the observations,
and n is the total number of observations.
Given f the number of free parameter, the reduced χ2 is given by:

χ2
red = χ2/(n− f). (2.4)

Optical properties of several types of dust are taken in consideration in DUSTY, and a
library with properties of many different grains is included. The density distribution can
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be added in different analytical forms. A stationary dust-driven wind around AGB stars
can be calculated, and its structure is controlled by radiation pressure on dust grains,
therefore the density distribution does not need to be prescribed in advance (Ivezic and
Elitzur, 1997), but it is instead determined from the coupling of hydrodynamics and
radiative transfer. The solution requires only the optical depth.

The SED of the central sources might be defined by the user to be a broken power-
law, or a Planckian. DUSTY also supports the reading of external files in which one can
specify arbitrary dust optical properties, density distributions and external radiation.

MOD was introduced basically for this reason: the growing number of datasets avail-
able and of parameters involved in the radiative transfer modelling lead to the need of
having a minimization procedure to derive a best fit and to estimate quantitatively the
goodness of a fit. MOD can perform the minimization of the χ2 for a set of parame-
ters: luminosity L, dust optical depth τ , temperature at the inner radius Tc, slope of
the density law p. The observables that can be used as constraints are: photometric-,
spectroscopic- and interferometric-data, plus intensity profiles. In theory, every combi-
nation of parameters that appears in a standard DUSTY input file may be minimized.
To the purpose of this thesis a one-shell structure was assumed, and the parameters L, τ ,
Tc, p were fitted, with the possibility of keeping some of them fixed to a value, or fitting
them (see Sect. 4.4.2 and Rau et al., 2015c).

Input of MOD is a file containing the following informations: the distance d of the
target, the interstellar reddening AV , the effective temperature Teff, the parameter of
the density law p, the number of shells, the outer radius of these shells, the link to a
file containing the dust absorption and scattering coefficients and the spectrum of the
central star. Other inputs of MOD are files containing the observed data.

Fig. 2.1 shows the variation of the SED depending on different optical thickness, for
two different type of dust: amorphous carbon and silicates. The shape of the SED possess
some general characteristics that are common to all solutions. Given λp the wavelength
around which the distribution peaks and Tsub the sublimation temperature, that can
not be exceeded by the dust, then dust emission is negligible for λ < λp(Tsub), and the
scattered light dominates the diffuse component at these wavelengths. Instead as τν goes
beyond 10 the external radiation and light are completely absorbed, and then the dust
emission dominates.
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Figure 2.1: SEDs variation at different optical depth values. The dust contribution is: amor-
phous carbon, in the upper panel, and silicates in the lower panel. Figure from Ivezic and Elitzur
(1997).
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2.2 COMARCS

Synthetic spectra from COMARCS hydrostatic models are used in this thesis. Those are
described in Aringer et al. (2009), for comparison with the observations of C-rich AGB
stars. Hydrostatic models do not take into account the effects of time-dependent processes
happening inside the stars, such as pulsation and dust formation. Those effects will
become instead essential as the star evolves. The COMARCS code, based on the MARCS
code (Gustafsson et al., 1975, Gustafsson et al., 2008), was used for the calculations. One
of the major differences with its predecessor is that COMARCS works with external and
more accurate opacity tables. For the opacity sampling (OS), the grid from Aringer et al.
(1997) was used. The OS technique is based on picking the value of the monochromatic
absorption coefficient in a sufficiently large number of frequency points, such that the
statistical character of the variation of a complex absorption coefficient is well represented
inside regions where the source function does not vary too much (Jørgensen, 1992).

For each combination of microturbulence and chemical abundances, the opacities
are approximated by a spline fit. This was possible using the COMA code (Copen-
hagen Opacities for Model Atmospheres, Aringer, 2000). Through COMA, the following
molecules contributing to the total absorption were covered: CO, CH, C2, SiO, CN, TiO,
H2O, C2H2, HCN, C3, OH, VO, CO2, SO2, HF, HCl, FeH, CrH, ZrO, YO. An example
of the spectra of the most important molecular species spectra is given in Fig. 2.2.

2.2.1 Parameters of the hydrostatic models

The model spectral grid used includes spectra for 746 spherically symmetric hydrostatic
model atmospheres, each described by a set of parameters of the related model atmo-
sphere. Those are: effective temperature Teff, surface gravity g, mass in solar masses
M/M�, metallicity relative to the solar one Z/Z�, carbon-to-oxygen ratio C/O and
microturbulent velocity ξ [km/s]. The parameter range of Teff, C/O and g was chosen
considering typical ranges expected for C-rich stars, from synthetic evolution calculations
presented by Marigo and Girardi (2007) and Marigo et al. (2008). Sub-grids of models
were calculated for metallicities Z/Z� = 1.0, Z/Z� = 0.33, Z/Z� = 0.1, and masses
M= 2.0 M�, M= 1.0 M�. C/O ranges from 1.05 to 2.00 and effective temperatures from
2400 to 4000 K in steps of 100 K, even if the AGB phase extends typically only up to
∼ 3500 K. log((g)[cm/s2]) varies from 0.0 to −1.0, ξ = 2.5 [km/s].

Fig. 2.3 shows the influence of the change in parameters on the overall spectral ap-
pearance of the models.
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Figure 2.2: Continuum normalized spectra for the most important molecular species. The
spectra are based on a COMARCS model, with Teff = 2600 K, log(g)= −0.2, C/O= 1.10 and
solar mass and metallicity. From Aringer et al. (2009).
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Figure 2.3: Three spectra based on COMARCS models, with different values of Teff, log(g),
C/O, and constant solar mass and metallicity. The resolution is 200. (Aringer et al., 2009).
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2.2.2 Synthetic spectra

Spectra have been calculated with the COMA07/SPHREAD03 spectral synthesis code
from COMARCS04 hydrostatic models, assuming local hydrostatic thermal and chemical
equilibrium. They extend from 0.4448 to 25.0 µm, and the molecular and atomic opacities
are treated in OS approximation. Circumstellar dust reddening is not taken into account.
Aringer et al. (2009) explain the details of the computations, the input physics and the
application of these spectra. The original resolution of those spectra is R= 10000, but
considering the statistical nature of the OS approach, only the average over a larger
number of wavelength points (∼ 20 − 100) gives a realistic view of the observed stellar
SEDs. This is why the spectra have been reduced to a resolution R = 200.

As Aringer et al. (2009) demonstrate, the hydrostatic dust-free atmospheres fail to
reproduce the cooler, redder C-rich AGB stars, since most of the time-dependent phenom-
ena, as pulsation or dust formation, can not be included in hydrostatic models. Therefore,
as previously mentioned, this thesis extends the comparison models-observations to the
dynamic model atmospheres, as the following Section will describes.

2.3 Dynamic Model Atmospheres

AGB stars atmospheres are strongly affected by dynamical processes on local and global
scales. Hydrostatic atmospheres models are not able to reproduce those effects (pulsation,
shock-waves, winds), and the inclusion of time-dependent dynamics in the model is not
only necessary, but also essential, since they are the only consistent way to analysze the
strongly pulsating atmosphere of C-rich AGB stars.

This Section is dedicated to the description of the dynamic model atmospheres
(DMA1) used in this thesis, for C-rich AGB stars, and is based on the works of Höfner
et al. (2003), Mattsson et al. (2010), Gautschy-Loidl et al. (2004), Nowotny et al. (2005a)
and Eriksson et al. (2014).

2.3.1 Overview

Fleischer et al. (1992) and Höfner and Dorfi (1997) presented dynamic models with time-
dependent dust formation in a self-consistent way. Later, a new generation of model
atmospheres for AGB stars was presented in Höfner et al. (2003), including, in contrast
to the earlier model, also the treatment of the radiation field in a frequency-dependent

1DARWIN is the new acronym for these models. It stands for Dynamic Atmosphere & Radiation-
driven Wind models based on Implicit Numerics



2.3 Dynamic Model Atmospheres 23

way. A series of hydrodynamic equations describe the atmospheric structure: equation
of continuity, equation of motion, and energy equation. The models are spherically sym-
metric, and combine time-dependent dynamics (dust component: formation, growth,
evaporation of dust grains, Sect. 2.3.3), and frequency-dependent (non-grey) radiative
transfer (gas component, Sect. 2.3.2) that take into account the energy and momentum
balance of the radiative field. In this way the effect of pulsation, such as stellar winds
and shock waves, together with the influence of molecular opacities on the models, are
self-consistently considered. The models have an inner boundary below the stellar pho-
tosphere, but above the driving zone of the pulsation. The effects of the pulsation are
simulated by a “piston” through time dependent variations at the inner boundary.

2.3.2 Radiation

The gas component, the three conservation laws for momentum, mass and energy, to-
gether with the description of the net energy and momentum exchange between gas and
the radiation field. The radiation field is determined from the zeroth and first order
moment of the radiative transfer equation:

1
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H∇u− (κHρ+ χH)H. (2.6)

ρ is the density and c speed of light constant. κs is the frequency-integrated absorption
coefficient of the gas, Sg the source function of the gas, r the radius coordinate, t the
time, u the matter velocity, J the zeroth frequency-integrated moment of the radiation
intensity (being Jν the frequency-dependent moment of the radiative intensity), H the
first andK the second. κX (with X corresponding to J, H or S) is the frequency-integrated
opacities of gas and dust, e.g. κJ =

∫
ν κνJνdν/J and χJ =

∫
ν χνJνdν/J . κν is the mass

absorption coefficient of the gas, and χν the absorption coefficient of the dust.

To close the system (composed by Eq. (2.5) and (2.6)), the Eddington factor fedd =

K/J and a closing condition, i.e. the equation of state for perfect gas, are needed. This
system will define the gas temperature stratification, and in principle will allow for devi-
ations from radiative equilibrium, e.g., in strong shocks. These models are based on OS
data, meaning that the RT equation is solved at typically ∼ 50 frequency points which
are roughly equidistant in wavenumber but randomly distributed concerning opacity fea-
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tures of molecular opacities for: CO, CH, C2, CN, C2H2, HCN, C3, TiO, H2O, SiO
(Jørgensen, 1992; Aringer et al., 2009).

2.3.3 Dust formation

When a dense gas cools down (expanding envelope), it will reach a temperature allowing
large molecule aggregation (few tens to hundreds of atoms). This is the seed of the
nucleation process. Then, an accretion process may cause dust growing on seeds by
addition of other molecules or atoms. The dust chemistry is dictated mainly by the C/O
ratio parameter.

The dust grains growth and evaporation is included in the C-rich models via the
“method of moments” approach (Gail and Sedlmayr, 1988; Gauger et al., 1990). The dust
component is described in terms of moments Kj of the grain size distribution function,
where j is a power of the grain radius used to weigh the function.

Given the assumption of spherical amC grains, the equations that determine the
evolution of the dust component can be formulated as follows:

∂

∂t
K0 +∇ · (K0u) = J (2.7)

∂

∂t
Kj +∇ · (Kju) =

j

3

1

τ
Kj−1 +N

j/3
l J (2.8)

with J the net grain formation rate per volume, Nl the lower size limit of grains
contributing to Kj , and 1 ≤ j ≤ 3.

The grain temperature is derived by assuming the condition of radiative equilibrium:
the internal energy transferred between gas and dust is minor compared to the interaction
of the single component with the radiative field (Gauger et al., 1990). The optical
properties of the dust grains are calculated using amC data from Rouleau and Martin
(1991).

In the SPL approximation, dust opacities are fully determined by the amount and
dielectric function of condensed material, irrespective of grain sizes, which greatly sim-
plifies the modelling, because an explicit knowledge of the actual grain size distribution
in each layer is not required (Mattsson and Höfner, 2011). Without the SPL assumption
the condensation degrees are lower, which likely implies less dust extinction in the visual
region; investigations on that are described in Chap. 7.
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2.3.4 Models structure

Starting with an hydrostatic initial model described by luminosity, mass, effective temper-
ature and elemental abundances, the equations of hydrodynamics, frequency-dependent
radiative transfer and time-dependent dust formation are solved. This is done in order to
get an adequate description of the highly dynamic AGB atmospheres. This is certainly
a more realistic description, with respect to the hydrostatic case, of a dust-free pulsating
atmosphere and dust-driven stellar wind.

The stellar pulsation is simulated by a variable inner boundary Rin(t) below the stellar
photosphere (piston), and a velocity amplitude δup that changes sinusoidally with period
P . Across the inner boundary there can not be any mass flow, in this way forcing the gas
close to the inner boundary to move together with the boundary. Lin, the luminosity at
the inner boundary, together with Rin(t), define the boundary conditions and simulate
a mass-shell in the stellar interior. During the pulsation cycle the mass-shell moves
outwards if the luminosity increases, and inwards when the luminosity decreases.

Contrary to O-rich objects, for C-rich stars the formation of polyatomic molecules
and dust happens within similar temperature regimes (Loidl et al., 1999). Therefore,
opacities of molecules and dust must be simultaneously treated in the computations
of the model atmospheres, in order to get realistic atmospheric structures and near-IR
spectra.

In Fig. 2.4 the radial density structure of a DMA for several phases (colors) of one
pulsation cycle is shown. While the hydrostatic initial model (black line) is relatively
compact, the atmosphere becomes much more extended as pulsation leads to a periodic
levitation of the outer layers (see also Fig. 1, 2 of Nowotny et al., 2005a, and Fig. 2a of
Höfner et al., 2003).

A shock wave triggered by pulsation emerges during every pulsation cycle and prop-
agates outwards through the atmosphere, causing a levitation of the outer layers. At
this point, two kinds of behaviour can form: without or with wind. In the first case,
the mechanical energy input coming from the pulsation is too small: no wind will form,
and therefore no dust-driven mass loss can develop. In this case the models will un-
dergo an initial transition phase of adjusting from the initial hydrostatic structure, and
then will settle into a periodic dynamical behaviour. Models that do not develop winds
have the outer boundary located close to the photosphere, moving along with the up-
per atmospheric layers during the computations. In the second case, if the mechanical
energy input by the pulsation and the levitation of the cool outer layers of the atmo-
sphere are strong enough, i.e. the densities will be high enough and the temperatures cool
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Figure 2.4: Atmospheric DMA structure. The hydrostatic initial model (black line) is relatively
compact, the DMA become much more extended, and with a more shallow density profile than
the hydrostatic models, as pulsation leads to a periodic levitation of the outer layers. Local
density variation in the density structure are noticeable for DMAs. Also, in the inner regions
are present shock fronts due to pulsation, while further out the reader can distinguish dust shells
propagating outwards. Figure from Nowotny et al. (2011).
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enough in the cool outer layers, dust condensation can happen, e.g. amC grain formation.
Afterwards, the radiation pressure acting upon the formed dust particles results in an
outwards directed acceleration. Subsequently, momentum transfer between the grains
and surrounding gas via direct collisions leads to the development of a stellar wind (out-
flow driven by radiation pressure on dust). Models that form stellar winds have the outer
boundary located at 20−30 stellar radii, where the boundary is fixed and allows outflows
(mass-loss). An example of the difference in the structure for models with or without wind
is given in Fig. 2.5, where we show how the dust formation strongly influences the atmo-
spheric extension. In fact, the model without mass loss stays rather compact compared
to the hydrostatic initial model, and the model which develops a wind is inflated thereby
and becomes much more extended than the corresponding initial model (Nowotny, 2005).

A schematic view of the occurrence or not of a wind in the DMAs, and their parame-
ters, is given in Fig. 2.6. In Fig. 2.7 the density structure, wind velocity and wind speed
vs. stellar radii of one DMA, with Teff = 2600K, log(L)= 4 L�, M = 1.5 M�, C/O
= 1.69, fL = 1 are shown.

The temporally varying radial structure of the DMAs is significantly different from
the hydrostatic case. The atmospheric structure of the fully developed mass-losing model
changes much with respect to the initial hydrostatic model at any point in time, and it
becomes extremely extended in comparison, with strong local variations superposed on
the shallow density gradient (see Fig. 2.4).

2.3.5 Parameters

The parameters that define the models are the following: massM , luminosity L∗, effective
temperature Teff, C/O ratio, and they refer to the initial hydrostatic structure used as
an input for the calculations. From L∗ and Teff, a stellar radius R∗ can be derived
(see Eq. (1.2). Other input parameters controlling the pulsation are the piston velocity
amplitude δup and the period P . Results of the hydrodynamical computations are the
mean degree of condensation 〈fc〉 and the rate of mass-loss Ṁ . The luminosity at the
inner boundary varies as Lin ∝ fL · R2

in(t) (Gautschy-Loidl et al., 2004) , where fL is
the parameter introduced to vary the amplitude of this luminosity.
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Figure 2.5: Comparison of temperature density and velocity for a dust-free model without mass
loss (left panels) and for a dusty model which develops a stellar wind (right panels), on the same
scale in stellar radii. To be noted are the different extensions, that are evident in the structures
for several illustrative phases during one pulsation cycle. Figure from Nowotny (2005).
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Figure 2.6: Schematic view of the parameter space of the DMAs (with one solar mass), in a
diagram resembling the HR. The distinction between models with wind or without is given by
the colors of the squares. Episodic models are the ones that show an intermittent outflow. From
Eriksson et al. (2014).
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Figure 2.7: Wind speed and density structure of the DMA vs. stellar radii are shown for a
representative DMA.. Each curve corresponds to a snapshot in time, which decreases downwards.
The distance between the curves is ∼ 0.5 in phase. From Eriksson et al. (2014).
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2.3.6 Synthetic DMA spectra

In the Chap. 4 of this thesis, the models described in Eriksson et al. (2014) (that is a
sub-grid of Mattsson et al., 2010) are used. The grid contains 540 models, spanning
a wide range of fundamental stellar parameters, taken from C-star models in synthetic
stellar evolution calculations for solar metal abundances (e.g. Marigo et al., 2008; Bertelli
et al., 2008). Those models cover the two major dynamical aspects that influence the
observables of AGB stars: the dust-driven wind and the shock-waves resulting from the
pulsation. Each DMA provides a series of snapshots of radial structures, that covers
∼ 100 pulsation periods. Models are classified in “classes”: windless models, models with
steady wind, models with periodic, irregular, or episodic variation of the wind properties.

The parameter fL = 2 was introduced by Nowotny et al. (2010) to the aim of doubling
the luminosity amplitude, with respect to the original grid. The interval of time was
extended with respect to previous models in order to cover the long-term behaviour of
the models. The wind was considered existing when the outer boundary reached 25 stellar
radii, and the mass-loss was calculated from the mean value over several hundred cycles.

COMA was used a posteriori to calculate the detailed opacities (atomic, molecular
and dust – amC), for each wavelength point and atmospheric layer, assuming LTE (local
thermal equilibrium) and SPL (small particle limits). The calculations with COMA result
in a grid of synthetic spectra from 0.35 to 25 µm. From the spectra, mean photometric
magnitudes and their variation in different filters were also calculated.
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Chapter 3

Introduction to optical
interferometry

Obtaining observations at high angular resolution is possible by using optical long base-
line interferometry. This term is used to refer to not only visible light, but also to infrared
light. This thesis focuses on using data acquired trough this technique, at mid-infrared
wavelengths.

The following Sections summarize the basic principles of optical interferometry, and
introduce the VLTI/MIDI instrument used for observations as part of the PhD thesis.
The present chapter is based on the text books by Glindemann (2011) and Labeyrie et al.
(2006).

3.1 Optical interferometry

In the case of single-dish observations, a telescope of diameterD would produce a resolved
image of a source if:

θ > λ/D, (3.1)

where θ is the angular diameter of the observed source and λ the wavelength of
observations.

AGB stars have a luminosity distribution that peaks in the infrared. Indeed, the
large amount of dust surrounding them absorbs the light coming from the star and re-
emits at infrared wavelengths. A common size of the dusty shell is ∼ 50 mas at 11 µm,
and therefore to resolve the source an aperture of ∼ 45 m would be needed. The same
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can be applied to other astronomical sources, which would need even bigger apertures!
Building such huge single-aperture telescopes would be very expensive, and would only
partially solve the problem. In fact, if big apertures would on the one hand increase the
sensitivity, on the other hand increasing the dish size would lead to a resolution limit
which is defined by the Earth’s atmosphere or any adaptive optics system. This problem
could be solved by space missions, carrying telescopes out of the Earth’s atmosphere.
Again this is an expensive solution, and would have the disadvantage of making the
observations less flexible to the various observational needs of the astronomers. The use
of a ground-based technique would therefore be the best way to solve those problems.

Ground-based interferometry is the optimal way to allow observations at high-angular
resolution. Combining light from two or more telescopes, interferometry makes the reso-
lution depend not on the single dish aperture, but on the distance between the telescopes,
which is called baseline B, and thus the relation (3.1) becomes:

θ > λ/B. (3.2)

The light coming from the astronomical object is collected by the two (or more)
telescopes. For Michelson interferometers, in the case of observing not at the Zenith,
the photons will arrive first at one aperture and then at the other, and a delay line will
be needed at this wavelength to recombine the light. Fringes will be collected in the
interferometric laboratory. The fringes contrast is called “visibility”, which depends on
the size of the observed source, i.e. its brightness distribution. The visibility is 1 when
an unresolved source is observed – i.e. a point source. The lower the visibility, the more
resolved the object is.

Another important quantity that can be measured by an interferometer is the fringes
phase of the source. This gives information on the (a)symmetries of the target in the
case of an extended source, otherwise on the object position on the sky. Fringes phase
and amplitude describe respectively the real and complex part of the Fourier transform
of the source’s brightness distribution (Monnier, 2007). A two-telescope interferometer,
such as MIDI, which is the main instrument used in this thesis, can not provide an
absolute phase, because of the phase-shift caused by the instrumental setup and the
atmosphere. This shift can be removed by combining three or more telescopes (closure
phase). However, a differential phase is measurable with the correlation, in each spectral
channel, of the contribution of the atmospheric phase. Moreover, holding a large number
of observations, some methods as the image reconstruction can provide the image of the
object by an inverse Fourier transformation.
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3.2 Main principles

3.2.1 Monochromatic point source

The aim of this section is to describe the basic principles of optical interferometry in the
case of two-telescopes following Ratzka (2005). The two-pinhole experiment that Young
performed in 1804 is what inspired the current optical astronomical interferometers.
Given ~xA, ~xB the position vectors of the two telescopes, the baseline ~B is given by:

~B = ~xB − ~xA. (3.3)

Indicating with k = 2π/λ the wave vector, with ω = kc the angular frequency and
with the unit vector ~l the pointing direction of the collectors, the electric field vector
of a plane wave describes the monochromatic light coming from a celestial object at an
infinite distance:

~EA = ~EA0e
−i(k~l~xA+ωt) and (3.4)

~EB = ~EB0e
−i(k~l~xA+k~l ~B+ωt). (3.5)

The intensity measured by the optical interferometers is averaged over time, and is
given by:

I = | ~EA + ~EA|2 (3.6)

= IA + IB + 2
√
IAIBcos(k~l ~B) (3.7)

= 2Itel

[
1 + cos(k~l ~B)

]
, (3.8)

where in the last equation it is assumed that the intensities at each telescope equal
each other: Itel = IA = IB, and IA = | ~EA|2. If a phase shift is introduced, as kα, one
can modulate the signal:

I = 2Itel

(
1 + cos(k~l ~B + kα)

)
(3.9)

= 2Itel (1 + cos(kδ)) (3.10)

with δ =
(
~l ~B + α

)
the optical path difference (OPD). ~l ~B describes the external
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OPD, while α the internal one.
There exist two types of interferometers, depending on how the beams are interfer-

ometrically combined. The Fizeau (or image-plane), and the Michelson (or pupil-plane)
type. The latter one is described in the following, as it is a type of interferometer similar
to MIDI.

In a Michelson interferometer the beam combiner merges the light in the pupil-plane,
and a half-coated mirror is used to transmit only 50 % of the beam, while the rest is
reflected. The reflected beam of one telescope is combined with the transmitted beam of
the other aperture, and viceversa, leading in this way to a phase shift of ±π/2 between
the transmitted and reflected beams. Indicating the telescopes with indexes A and B,
and the beams with 1 and 2, it can be written:

I1 = | ~E1|2 = | ~EA,1 + ~EB,1e
iπ/2|2 (3.11)

= IA,1 + IB,1 − 2EA,1EB,1sin(k~δ) and (3.12)

I2 = | ~E2|2 = | ~EA,2 + ~EB,2e
−iπ/2|2 (3.13)

= IA,2 + IB,2 + 2EA,2EB,2sin(k~δ). (3.14)

Given Itel = IA = IB (equal intensities as input), IA,1 = IA,2 = IA/2 and IB,1 =

IB,2 = IB/2, when adding together the beams in a Michelson interferometer Eq. (3.11)
results:

I1 + I2 = IA + IB = 2Itel. (3.15)

The interferometric flux Iint, for a source which is monochromatic, is given by the
difference in flux of the two beams:

Iint = I2 − I1 = IA − IB + 2Itelsin(kδ) = 2Itelsin(kδ), (3.16)

where δ is the OPD between the two incoming beams can be tuned by moving the
internal delay-line.

3.2.2 Polychromatic point source

The case of a non-monochromatic light coming from the source (polychromatic light),
is the case of a real celestial object. Considering the limitation in the signal due to
instrumentation and the Earth’s atmosphere, which can be formalized by the spectral
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filter function η(λ), the interferometric flux becomes:

Iint = 2

∫
I(λ)η(λ)sin(kδ)dλ, (3.17)

where I(λ) is the wavelength dependent intensity, and the spectral filter function is
η(λ) = η0 if λ0 − ∆λ/2 < λ < λ0 + ∆λ/2, and η(λ) = 0 otherwise. Integrating the
interferometric flux one can obtain:

Iint = 2I(λ0)∆λη0sin(k0δ)sinc(πδ/Λ), (3.18)

where the sinc function sinc(πδ/Λ) = (sin(πδ/Λ)) / (πδ/Λ) is the Fourier transform
of the spectral filter function. Λ is a parameter that describes the length of coherence:

Λ ≡ λ20/∆λ, (3.19)

because if Λ is small compared to |πδ|, then also the sinc function is small. This
implies that, to perform observations with high signal, interferometric fringes should be
detected at ∼ 0 OPD and high Λ.

MIDI wavelength-dispersed signal is recorded in the wavelength range from 8 to
13 µm. Different wavelengths result thus in different interferometric fluxes; in other
words the fringe signal depends on the observational wavelength.

3.2.3 Polychromatic extended source

In order to perform science on our astronomical objects, we want to resolve them. They
need thus to be considered not as point sources but as extended objects. This can be
defined as a superposition of different coherent point objects located at ~l with I = I(~l).
Contrary to the case of point sources, the telescopes A and B measure now two fractions
of light: fA and fB:

fA =
IA

IA + IB
; (3.20)

fB =
IB

IA + IB
. (3.21)

The interferometric flux of an extended polychromatic source thus becomes:
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Iint = 2
√
fAfB

∫
I(~l)sin

[
k(δ +~l ~B)

]
d~l (3.22)

= 2
√
fAfB|I(Bλ)|sin [kδ + φ(Bλ)] , (3.23)

being φ(Bλ) the phase term, I(Bλ) the Fourier transform of the intensity of the
source, and Bλ = ~l ~B/λ the projected baseline (see Ratzka, 2005 for a detailed derivation
of Eq. (3.22)).

3.2.4 Visibilities

From the amplitude of the fringes, one can derive the normalized visibility of a source.
This is described by the vanCittert-Zernike theorem:

V (Bλ) =
|I(Bλ)|
I(0)

=
|Iint|

2
√
fAfB(IA + IB)

=
|Iint|

2
√
IAIB

, (3.24)

where IA and IB are the interferometric fluxes.

In two-dimensional planes, using coordinate vectors, ~θ in the source plane and ~B in
the plane of the difference coordinates, the vanCittert-Zernike theorem states that the
visibility of an astronomical object is the Fourier transform of its brightness distribution:

V ( ~B) =

∫
I(~θ)e−ik

~θ· ~Bd~θ

I0
(3.25)

with I(~θ) the source intensity distribution, and I0 the integral over the source inten-
sity: I0 =

∫
I(~θ)d~θ.

Thus, the visibility of a given astronomical object is highly dependent on the projected
baseline chosen and on the morphology of the source itself. Few examples of sources
morphologies are given in the next Sect. 3.2.5.

This thesis deals with 1-D sources, and in the special case of a circular symmetric
intensity distribution, which is produced by spherical symmetric models, the visibility is
given by the Hankel transform of the intensity profile:

V (q) =

∫ φmax

0
I(φ)φJ0(2πφq)dφ, (3.26)

where q =
√
u2 + v2, given u and v the spatial frequencies in arcsec−1, φ = r/d, and

J0 Zeroth-order Bessel function.
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3.2.5 Examples of the sources morphologies

Interferometry is a powerful tool to retrieve informations on the morphology of celestial
objects. As mentioned above the visibility is proportional to the Fourier transform (in
modulus) of the brightness distribution of the object, projected into the plane that con-
tains the telescopes interferometers and the astronomical object. Considering (x, y) the
coordinates of the source in the sky, with y normal to the baselines and x parallel to it,
the brightness distribution can be written as:

I(x) =

∫
I(x, y)dy. (3.27)

The intensity distribution can assume different shapes, depending on the morpholo-
gies of the astronomical object observed. Some examples are given below. More complex
structures can be portrayed by two or more simple intensity distribution added together.
The visibilities can be then derived by multiplication of the simple structures visibilities
(Convolution Theorem).

1. Point Source: the δ-function can describe a point source placed in p and whose
intensity is I0 as following:

I(x) = I0δ(p− x). (3.28)

Its Fourier transform results in a constant, and therefore the normalized visibility
is:

V (Bλ) ≡ 1, (3.29)

where Bλ is still the projected baseline length, in units of wavelength.

2. Binary: two δ-functions can describe a binary star. Considering the two com-
ponents located at ±p/2, and the flux ratio of the components f = I1/I2, the
brightness distribution is:

I(~x) = I1δ (x− p/2) + I2δ (x− p/2) , (3.30)

and the visibility:
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V (Bλ) =

√
1 + f2 + 2fcos(2πpBλ)

(1 + f)2
, (3.31)

for a derivation please refer to Ratzka (2005).

3. Uniform disk: this can be considered the simplest model to describe a star which
is resolved. If the uniform circular disk has a diameter d, then I(x) is a semicircle.
Assuming that the disk is placed at the origin of the coordinates system, then the
intensity is constant if −d/2 < x < +d/2; otherwise is 0. Then the visibility, given
by the Fourier transform, is:

V (Bλ) =

∣∣∣∣2J1(πdBλ)

πdBλ

∣∣∣∣ , (3.32)

with J1 is the Bessel function of the first order.

4. Gaussian disk: it can be used in the case of objects which have extended struc-
tures (e.g. circumstellar disks). The FWHM (full-width-half-maximum) σ defines
the gaussian disks, and it is described as the disk’s width when one measures the
values of the intensity which is the half of the maximum. This means that at a
distance from the center of σ/2, the intensity becomes half of the peak value. The
intensity distribution and the visibility are thus given by:

I(x) = I0e
−
(

2
√
ln(2)

σ
x

)2

, (3.33)

V (Bλ) = e
−
(

πσ

2
√
ln(2)

Bλ

)2

. (3.34)

3.3 The MIDI instrument at the ESO/VLTI

The MID-infrared interferometric Instrument (MIDI) was located at the Very Large Tele-
scope Interferometer (VLTI) of the European Southern Observatory (ESO) in Paranal
(Atacama desert, Chile). This location has also been chosen for its dryness, which allow
excellent observing conditions in the infrared.

A total of eight telescopes compose the VLTI: four Unit Telescopes (UTs, 8.2 m of
aperture) and four Auxiliary Telescopes (ATs, 1.8 m of aperture), the latter used only
for interferometric observations. Indeed, while the UTs are anchored, the ATs can move
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Figure 3.1: Schematic view of the VLTI stations. Figure courtesy of ESO.

along some fixed slits on the ground. The possible baselines range from 8 to 200 m,
allowing an angular resolution up to milli-arcsec, which makes the VLTI widely used
among several astrophysical topics: from AGB stars to YSO (Young Stellar Objects)
and AGN (Active Galactic Nuclei). Depending on the observational period, different
baselines configurations are available. Figure 3.1 shows schematically the eight telescopes
configuration at VLTI, and the available ATs positions.

3.3.1 MIDI layout

The first ideation of MIDI, and its construction proposal to ESO, were made in 1997 at the
MPIA (Max Planck Institut für Astronomie; Heidelberg, Germany). Subsequently, other
institutions joined the project. After several years of tests and work, MIDI was delivered
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Figure 3.2: Schematic view of MIDI instrument. Figure courtesy of ESO.

to Chile in September 2002. MIDI’s first fringes are dated 2002, while the following year
the proposals for observations were opened to the international community. MIDI has
been decommissioned at the end of P94 (March 2015).

The MIDI instrument can combine the light coming from two telescopes. The instru-
ment itself is located in the instrumentation laboratory, at the center of the station map,
below the ground (see Fig. 3.1). In this place the optical benches that host the various in-
terferometric instruments are located. The light coming from the observed stars reaches
the telescopes, and after being corrected from the differences in optical path length by
the delay lines, arrives in the laboratory.

MIDI is composed by two main parts: the warm and the cold optics. First, the
two light beams receive the delay compensation, which is needed in order to generate
the interferograms. Up to 200 µm of optical path delay can be compensated by piezo-
driven mirrors. Afterwards, the light goes through the cold optical bench, which is cooled
down to 40 ± 5 K, in order to be able to avoid the dominating thermal background at
10 µm. The cooling is made with helium and liquid nitrogen. The light then passes the
pupil stop, which cut the edge of the beams, further reducing the thermal background
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radiation, and then goes through the field stop.
Depending on the mode chosen to be used, the light is now able to enter either a

beam-splitter or the beam-combiner. In the first case, ∼ 30 % of the light is extracted
in order to record at the same time the photometry of the observed object and the
interferometry (other ∼ 70 %). In the pupil plane, the light is combined by the beam
combiner: ∼ 50% of the light coming from beam A is transmitted and combined with
∼ 50 % of light of beam B , and vice versa. The beams now have reversed phase.
They are spectrally filtered, and with a prism or grism they are spectrally dispersed,
with a resolution of R = 30 or R = 230, respectively. With dispersion, the detector
integration time can be increased1. Indeed, the diffusion of the light over a larger area
of the detector prevents its saturation. Also, the dispersion permits the determination of
visibilities at various spectral channels within the N band. Lastly, the dispersed beams
can be focused, with a camera, onto the detector. The detector cooling temperature is
even lower (∼ 4 K) and its frame readout very fast (∼ 6 ms).

MIDI can observe in two modes: HIGH-SENS and SCI-PHOT.
In the first case (high-sensitivity mode), the beam splitter is not inserted to derive

photometry at the same time. Thus, the whole beam of light interfers, making this mode
ideal to ensure high sensitivity even for faint targets. Photometry needs to be acquired
afterwards, or before, closing and opening alternatively shutters A and B. This could
cause extra errors, due to possible atmosphere’s transmission changes between the two
observations, leading to visibility errors in the order of ∼ 10 %.

In the second case (science-photometry mode), the acquisition of photometry and
interferometry is simultaneous, which reduces the thermal background noise, thus the
error on the visibilities is decreased to ∼ 7 %. However, the use of the SCI-PHOT
mode reduces the sensitivity, because of the introduced light splitting. Also it requires
further photometry recording, in order to derive the precise instrumental light split ratio
between the interferometric and photometric channels (cross-coupling coefficients).

3.3.2 Observing strategy and data reduction

A considerable amount of time devoted to this thesis was dedicated to reduction of MIDI
data used in several publications (e.g. the papers described in Chap. 4, 5, 6). Thus,
in the following, a brief summary of the strategies to observe with MIDI and a general
description of the data reduction procedure will be given. For an extensive description,
see Klotz (2013), Ratzka (2005) and the MIDI user manual.

1Another limitation is the time of integration: should be below the atmospheric coherence time, which
is ∼ 100 ms in the mid-IR.
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To carry out the observations, scientists prepare a series of observing blocks (OB),
which contain necessary informations, e.g. on the target, mode, filter, coordinates, seeing
and baselines. Each OB is composed by a succession of calibrators and target. Each block
of observation (cal-sci) of photometry and interferometry lasts about 50 min.

Given the coordinates, the night astronomer at VLTI points the telescopes to the
chosen target. The position of the object in the sky is tracked by a guide star. The delay
line searches for the expected position of the zero-OPD. When the images from the beams
are perfectly aligned, they are acquired through the chopping-technique, which subtracts
the sky background from the target’s image to remove the background. Now the piezo-
driven mirrors scan a length of a few microns, on the warm optical bench, to search for
the fringes, which are then recorded. Afterwards, or at the same time (depending on the
observing mode chosen), the photometry is recorded. With the photometric measures
one can obtain the integrated flux. Later one records also the ratio of the correlated flux
and the integrated one, which will give the normalized visibilities.

The data used in this thesis have been reduced with the IDL and C software packages
MIDI Interactive Data Analysis (MIA) and Expert Work Station (EWS) (Jaffe, 2004;
Leinert et al., 2004; Ratzka, 2005). MIA extracts visibilities through a power spectrum
analysis, while EWS uses an off-line fringe tracking algorithm, which first aligns the
interferograms and then adds them. This is the reason why the visibility amplitude
signal-to-noise ratio is better in EWS than in MIA.

MIA uses a mask to extract the light of the target from the detector, excluding in this
way the contamination from the thermal background. The mask decides therefore which
pixel is used, giving each pixel a weight. In MIA the mask is not fixed, but adaptable,
i.e. it is new for each single observation. Its dimension, in low resolution, is 40 pixels
(spatial direction) x 100 pixels (spectral direction). In order to detect the exact position
of the interferometric and photometric channels, 1-D Gaussian fits are performed. The
two interferometric channels are then multiplied with the generated mask. At this point,
in case of observations performed in the SCI-PHOT mode, the cross-coupling-coefficients
are calculated. The OPD is then defined, and the compression of the frames (∼ 8000)
in 1-D arrays along the y-direction, is performed. Once the correlated flux modulation is
calculated, the frames can be sorted into OPD scans (∼ 200), and the scans are binned in
wavelengths. To derive the raw photometry, one needs to subtract the sky photometric
flux from the target photometric flux. Then, the raw visibility can be calculated by
dividing the interferometric flux of the scans with a factor calculated through the square
root of the photometric measures of each beam. It is important to remark that the raw
visibility should be always below one. If this is not the case, this could be an indicator
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either that something in the data reduction went wrong (in particular in the photometry
extraction because of e.g. N -band background fluctuations) or that the data are of poor
quality because of e.g. bad weather conditions.

Afterwards, from the theoretical and raw visibilities of the calibrator, the transfer
function (instrumental visibility Vins) can be calculated:

Vins =
Vraw,cal
Vtheor,cal

, (3.35)

where Vtheor,cal = 2J1(πθcalr)
πθcalr

. The more a calibrator is resolved, the larger is its
diameter θcal, the more it needs to be measured with high accuracy, in order to diminish
its error. In this thesis most of the calibrator measurements come from Verhoelst (2005).
Then, the calibrated visibility can be estimated as follows:

Vsci =
Vraw,sci
Vins

, (3.36)

and this means that the raw science visibility is corrected from instrumental and
atmospheric effects. The raw MIDI spectra need to be calibrated in flux, using cali-
brator objects of spectral type earlier than M3, and close in airmass to the science one
(Chesneau, 2007).

EWS instead has a fixed mask, which has the disadvantage not to be reactive to
changes in the beam properties. The steps in the data reduction are the same as the
ones described for MIA. In addition, to further reduce the noise signal in the data, a high-
pass filter can be used, but only if the noise varies on time-scales longer than the fringes
(i.e. at lower frequencies). The instrumental delay (dins), contained in the intensities
together with the atmospheric delay, must be removed from the data. This is done by
multiplying the intensity for e−ikdins . On the other hand, the atmospheric delay also
needs to be removed, and this can be done via estimating the group-delay, which is the
maximum value of the delay function. The delay function is calculated by a Fourier
transform of the intensity distribution. The group delay is also removed from the data.
Then, to derive the complex visibility, the frames are averaged. But first, the offset of
the phase has to be removed, i.e. the phase shift caused by the water vapor in the delay
tunnels has to be corrected. Then, the calibration of the visibilities and flux is performed
as for MIA.

Once several measurements of the visibility with different calibrators have been ob-
tained, one can calculate the final calibrated visibility by averaging them. The errors
are derived as the standard deviation of the visibility, but when the error is < 10 %, a
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conservative 10 % multiplicative error is assumed.
As stated in Chesneau (2007), the differences in the data reduction with MIA and

EWS should lie within 5 % and 10 %. When this divergence was higher, a quality check
has been performed. The MIA data were reduced with the EWS mask, and vice versa,
checking in this way if the results depend on the mask used. In fact, a small shift of the
spectra on the detector could produce such differences. Instead, if the results depend
on the routines MIA or EWS, one needs to check if differences in the photometric or
interferometric measurements are present, if some fringe signal is contained in the MIA
noise scans, or if one of the two routines excludes a high number of frame. Additional
details on the data quality check analysis can be found in Klotz et al. (2012a).



Chapter 4

Modelling of AGB stars
atmospheres: the case of RU Vir
(Paper I)

This chapter is based on the paper Rau et al. (2015c)

Title: Modelling the atmosphere of the carbon-rich Mira RU Vir
Authors: G. Rau, C. Paladini, J. Hron, B. Aringer, M.A.T. Groenewegen and W. Nowotny
Year: 2015
Journal: Astronomy and Astrophysics, DOI: http://dx.doi.org/10.1051/0004-6361/201526418

We study the atmosphere of the carbon-rich Mira RU Vir using the mid-infrared high spatial
resolution interferometric observations from VLTI/MIDI. The aim of this work is to analyse the
atmosphere of the carbon-rich Mira RU Vir with hydrostatic and dynamic models, in this way
deepening the knowledge of the dynamic processes at work in carbon-rich Miras. We compare
spectro-photometric and interferometric measurements of RU Vir with the predictions of differ-
ent types of modelling approaches (hydrostatic model atmospheres plus MOD-More Of Dusty,
self-consistent dynamic model atmospheres). A geometric model fitting tool is used for a first
interpretation of the interferometric data. The results show that a joint use of different kinds
of observations (photometry, spectroscopy, interferometry) is essential for shedding light on the
structure of a carbon-rich Mira atmosphere. The dynamic model atmospheres fit the ISO spec-
trum well in the wavelength range λ = [2.9, 25.0] µm. Nevertheless, a discrepancy is noticeable
both in the SED (visible) and in the interferometric visibilities (shape and level). A possible
explanation are intra-/inter-cycle variations in the dynamic model atmospheres, as well as in the
observations. The presence of a companion star and/or a disk or a decrease in mass loss within
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the past few hundred years cannot be excluded, but these interpretations are considered unlikely.

4.1 Introduction

The asymptotic giant branch (AGB) is the late evolutionary stage of low-to-intermediate mass
stars (typically ∼ 0.8 to ∼ 8M�). These objects are characterized by a C-O core and He/H-
burning shells, surrounded by a convective envelope, while the atmosphere consists of atomic
and molecular gas, including dust grains. Stellar pulsation can generate shock waves that run
through the atmosphere. These shocks can propagate outwards, causing a levitation of the outer
atmosphere layers and improving the conditions for the formation of dust, which may then lead
to a dust-driven wind.

At the early stages of their life, AGB stars have a carbon-to-oxygen-ratio below one. The
third dredge-up can turn the chemistry of these objects from oxygen- into carbon-rich (Iben
and Renzini, 1983). Carbon-rich AGB stars are important contributors to the enrichment of the
interstellar medium, and in their spectra there are signs of carbon-bearing molecules such as C2,
C3, C2H2, CN, or HCN, while the dust is mainly dominated by amorphous carbon dust grains
and SiC (Loidl et al., 2001; Yamamura and de Jong, 2000).

By studying the stellar atmospheres of AGB stars, we hope to better understand many
processes that can occur, such as the dust formation and mass loss via strong stellar winds or
the connection between pulsation and atmospheric structure. In the case of C-rich AGB stars
with no pronounced pulsation, most of the observables derived from hydrostatic models agree
fairly well with the observations (Aringer et al., 2009). However, as the star evolves, time-
dependent processes become more important, and the atmosphere expands, causing a decrease
in the effective temperature. As a result, model atmospheres that take those dynamic processes
into account (pulsation, dust formation, mass loss) are necessary (e.g. Bowen, 1988; Fleischer
et al., 1992; Höfner and Dorfi, 1997; Höfner et al., 2003; see also the excellent reviews from
Woitke, 2003 and Höfner, 2007).

In recent years there has been an increase in the number of works that investigate the
atmosphere of AGB stars by combining various techniques (Wittkowski et al., 2001, 2008, 2011a;
Neilson and Lester, 2008; Martí-Vidal et al., 2011). On the other hand, to date only a few
interferometric observations of carbon stars have been compared with model atmospheres (Sacuto
et al., 2011a; Paladini et al., 2011; Cruzalèbes et al., 2013a; Klotz et al., 2013a; van Belle et al.,
2013).

In this paper we intend to study the atmosphere of the carbon-rich Mira RU Vir, by means of
photometry, spectroscopy, interferometry, and model atmospheres (Mattsson et al., 2010; Aringer
et al., 2009), using the most recent grid of dynamic atmosphere models and synthetic spectra
(Eriksson et al., 2014). RU Vir is a C-rich AGB Variable Star of Mira type. It has a period of
433.2 days in the V band (Samus et al., 2009b). Its distance is 910 pc (based on the period-
luminosity relation from Whitelock et al., 2006), the amplitude of the variability in the V band
is 5.2 mag, and the average value of the magnitude in V is < V >= 11.6 mag. RU Vir is
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surrounded by a carbon-rich dusty shell made of amorphous carbon (AmC) and silicon carbide
(SiC). The latter shows its presence through the strong emission feature around ∼ 11 µm.

We present new MIDI (MID-infrared Interferometric instrument) observations (P.I. G. Rau:
ID 093.D-0708(A)) that probe regions of dust formation in the circumstellar envelope (Nowotny
et al., 2011; Danchi et al., 1994). In a forthcoming paper, we will also consider a larger sample
of carbon-rich AGB stars.

In Sect. 4.2 we present the photometry, the spectroscopy, and the interferometric observations
of RU Vir and describe the data reduction performed. Section 4.3 explores the geometry of the
environment and the fit of the geometrical models to the interferometric visibilities to constrain
the morphology and the brightness distribution of the object. In general, the visibility V as a
function of spatial frequencies u and v, as described, for example, in Winters et al. (1995), is
the two-dimensional Fourier transform of the intensity distribution I(η, ζ), where η and ζ are
the corresponding coordinates on the celestial sphere. In the special case of a circular symmetric
intensity distribution, which is produced by spherical symmetric models, the visibility is given
by the Hankel transform of the intensity profile:

V (q) =

∫ φmax

0

I(φ) φJ0(2πφq) dφ ,

where q =
√
u2 + v2 is the spatial frequency, φ the angular separation from the center of the

star (φ = r/d) with d the distance of the star, r the radius, and J0 the zeroth-order Bessel
function. Therefore, the term interferometric visibilities will from now on be referred to as
visibilities V, used to denote the normalized quantity V (q)/V (0). In Sects. 4.4 and 4.5 we
investigate the modelling of the atmosphere of RU Vir from the hydrostatic and hydrodynamic
point of view. In Sect. 4.6 we propose some of the possible scenarios that could justify the optical
excess (Sect. 4.6.2) and the discrepancy in the visibilities (Sect. 4.6.3). Moreover, a discussion
of the stellar parameters can be found in Sect. 4.6.1. Finally, we present the conclusions and
perspectives for future works in Sect. 4.6.5.

4.2 Observational data for RU Vir

4.2.1 Spectroscopy

RU Vir was observed with the Short Wavelength Spectrometer on board the ISO satellite (SWS,
de Graauw et al., 1996) once on 20 July 1996 (Sloan et al., 2003). This ISO/SWS spectrum
covers the wavelengths range from 2.36 to 45.35 µm with a spectral resolution of R ≈ 200. For
the purpose of our investigations, an error of ± 10% is assumed for wavelengths < 4.05 µm and
± 5% towards red wavelengths (Sloan et al., 2003). The ISO spectrum can be seen in black in
Fig. 4.4.
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B V R I J H K
15.95± 0.90 11.75± 0.70 8.50± 0.50 6.90± 0.50 5.50± 0.20 3.75± 0.15 2.30± 0.20

Table 4.1: RU Vir photometry in different filters adopted from Nowotny et al. (2011), in units
of mag. The photometry is interpolated to the phase of the ISO/SWS spectrum (see Sect. 4.2.2).

4.2.2 Photometry

RU Vir photometry in the filters B, V , R, I, J , H, and K is given in Table 4.1. For our study,
following Nowotny et al. (2011), we picked the B, V , R, I observations from Eggen (1975) and
J , H, K observations from Whitelock et al. (2006). The photometry is taken at the same phase
φ as the ISO/SWS spectrum, which can be calculated in the following way:

φRU V ir
ISO =

(t− T0)|P |
P

= 0.65± 0.1 (4.1)

where t is the time of the observation in Julian date, T0 the selected phase-zero point, corre-
sponding to the nearest visual light maximum of the star. The light curves were interpolated to
this phase (Nowotny et al., 2011, Fig. 8 there). The uncertainties of the different photometric
measurements are estimated from the uncertainty in the phase and the scatter of the phased
light curve data.

The visual light curve of RU Vir from AAVSO observations is shown in Fig. 4.1. The time
of the observation of the ISO spectrum and the time interval of Eggen (1975) photometry (that
covers more than one pulsation cycle) are shown. The light curves favor the presence of a
secondary period on a timescale of ∼ 30yr (Percy and Bagby, 1999).

4.2.3 Interferometry

RU Vir was observed in 2010 (ID: 085.D-0756(C)) and 2014 (ID: 093.D-0708(A)) with the 1.8 m
Auxiliary Telescopes (ATs) of the Very Large Telescope Interferometer MIDI (Leinert et al.,
2003b). MIDI provides wavelength-dependent visibilities, photometry, and differential phases in
the N band (λrange = [8, 13] µm).

The journal of the observations is available in Table A.1 of the appendix. The calibrators
used are listed below the corresponding science, and the second-to-last column identifies whether
the observations are carried out in SCI-PHOT or HIGH-SENS mode. All the observations are in
low spectral resolution (R = 30). The uv-coverage is shown in Fig. 4.2. The main characteristics
of the calibrators are listed in Table 4.2. The choice of the calibrators follows the selection criteria
described in Klotz et al. (2012a).

Data were reduced with the latest data reduction software package MIA+EWS (Jaffe, 2004).
The calibrated visibilities at different baselines are plotted in Fig. 4.3. The wavelength-dependent
visibility exhibits the typical shape of the visibilities for carbon stars with dust shells containing
SiC grains (Paladini et al. in prep.). There is a drop between 8− 9 µm caused by C2 H2 + HCN
opacities and another decline in the visibility shape at ∼ 11.3 µm due to SiC.
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Figure 4.1: AAVSO light curve of RU Vir in black. The grey shadow shows the time range
of the BV RI photometry observed by Eggen (1975). The vertical green, blue, and violet lines
denote the epoch of the ISO spectrum, JHK photometry, MIDI observation, respectively.
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Figure 4.2: uv-coverage of the MIDI RU Vir observations listed in Table A.1, dispersed in
wavelengths.

.

The difference in position angle between the two sets of the observations (in 2010 and 2014)
does not allow us to perform a check for interferometric variability because they do not probe
the same spatial frequencies. So far, interferometric variability was observed only for one star
(V Oph, Ohnaka et al., 2007); therefore, we decided to analyze the data all at the same time.
When it comes to studying the geometry below (Sect. 4.3) we keep in mind that if these two
points push for an asymmetric solution, then variability could still be an explanation.

The MIDI differential phase is zero, and the MIDI spectra are shown in Fig. 4.4. The shape
of the MIDI spectra agree within the errors with the ISO spectrum. The difference in flux level
between the two sets of MIDI observations is typical for C-rich Miras (Hron et al., 1997).

4.3 Geometrical models

Before comparing the model atmospheres and the data, we studied the morphology of the cir-
cumstellar environment, interpreting the MIDI interferometric data with geometric models. This
has been done by using the geometrical model-fitting tool GEM-FIND (GEometrical Model Fit-
ting for INterferometric Data) of Klotz et al., 2012b. The program fits geometrical models to
wavelength-dependent visibilities in the N band, to constrain the morphology and brightness
distribution of an object. A detailed description of the fitting strategy and of the χ2 minimiza-
tion procedure can be found in Klotz et al. (2012a).
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Figure 4.3: RU Vir calibrated visibilities at different baselines and projected angles.

Table 4.2: Parameters of the calibrator targets.

Target Spectral type F12
a Diameter b

[Jy] [mas]
HD120323 M4.5III 255.4 13.25± 0.060
HD133216 M3/M4III 200.7 11.154± 0.046
HD81797 K3II-III 157.6 9.142± 0.045

(a)IRAS Point Source Catalog.
(b)http://www.ster.kuleuven.ac.be/~tijl/MIDI_calibration

http://www.ster.kuleuven.ac.be/~tijl/MIDI_calibration
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Figure 4.4: Comparison of observational data with modelling results. The black line shows
the ISO/SWS spectrum of RU Vir, the green line the SED corrected from dust emission. The
orange and violet shadows indicate the MIDI spectra, while the grey one denotes the hydrostatic
models grid. The best-fitting hydrostatic model is shown in cyan.
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Figure 4.5: Comparison of observational data with the best-fitting geometrical model. The cal-
ibrated visibilities are shown versus baseline length for two different wavelengths (left: 8.5 µm;
right: 11.5 µm). The symbols represent MIDI observations at three different baseline config-
urations. The lines show the best-fitting model that consists of a circular UD and a circular
Gaussian.

Different models with optically thick (models with one component) or thin (models with two
components) circumstellar envelopes were tested. In Table 4.3 we list the corresponding reduced
χ2 values and the parameters fitting best. In the case of elliptic models, the ratio of major and
minor axes is shown. The brightness ratio is indicated for the two-component models with a
circular uniform disc (UD) and a circular Gaussian. In the latter case, the fit was performed
with a fixed value of the angular diameter, to avoid having too many free parameters in the fit.
We started the fit of the composite model by imposing that the diameter is equal to the one
derived from the θ/(V −K) relation of van Belle et al. (2013): θ = 2.18 mas. Then we increased
the diameter by steps of 2 mas until a θmax = 20 mas.

One-component spherically symmetric and elliptical models have large reduced χ2 and are
not able to reproduce the data. A better fit to the data is obtained by a two-component model,
including a circular UD plus a Gaussian distribution of the circular dusty envelope. This yields
a reduced χ2

min of 0.96 for a central star simulated by a UD with angular diameter at 11 µm
of 18 mas (see Table 4.3), probably because of molecular opacities. In Fig. 4.3 we show the
the visibilities vs. wavelength and in Fig. 4.5 the fit of the visibility vs. baseline at different
wavelengths.

In general, the geometric models show that, for the u-v covered by our RU Vir observations,
there is no major asymmetry detected.
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Table 4.3: GEM-FIND results. For each fit (one or two components), the full width at half
maximum and angular diameter at 11 µm are given. When applicable also the ratio of minor
and major axis and the brightness ratio are given. The best fitting model is shown in bold face.

Geometric model χ2
red FWHM11 θ11 a/b Bratio

[mas] [mas]
One component
Circular UD 40.10 · · · 38.10± 0.17 · · · · · ·
Circular Gauss 15.42 28.44± 0.24 · · · · · · · · ·
Elliptic UD 12.31 · · · 177.34± 0.77 0.2 · · ·
Elliptic Gauss 5.41 · · · 56.62± 0.44 0.3 · · ·
Two components
Circ UD+Circ Gauss 1.59 37.88± 0.99 2.81 a · · · 0.12± 0.01
Circ UD+Circ Gauss 1.57 38.02± 1.01 6.00 a · · · 0.12± 0.01
Circ UD+Circ Gauss 1.53 38.18± 1.02 8.00 a · · · 0.13± 0.01
Circ UD+Circ Gauss 1.49 38.38± 1.05 10.00 a · · · 0.13± 0.01
Circ UD+Circ Gauss 1.43 38.65± 1.08 12.00 a · · · 0.15± 0.01
Circ UD+Circ Gauss 1.35 39.01± 1.12 14.00 a · · · 0.15± 0.01
Circ UD+Circ Gauss 1.27 39.47± 1.18 16.00 a · · · 0.17± 0.01
Circ UD+Circ Gauss 1.15 40.08± 1.12 18.00 a · · · 0.19± 0.01
Circ UD+Circ Gauss 1.01 40.90± 1.38 20.00 a · · · 0.21± 0.01

Notes. (a): Models with central star diameter fixed at the values indicated above
during the fit.
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4.4 Hydrostatic model atmospheres

4.4.1 COMARCS models

Following Sacuto et al. (2011a), we perform the first step of our study first by fitting the ISO
spectrum with hydrostatic model atmospheres (COMARCS models, Aringer et al., 2009). Each
hydrostatic model is identified by the following initial parameters: mass, effective temperature,
C/O, log(g), metallicity. Details about these model atmospheres and the computed spectra are
described in Aringer et al. (2009). The resolution of each synthetic spectrum1 is R = 200 to
match the resolution of ISO in the spectral range: [0.4, 45.0] µm.

4.4.2 MOD: More Of Dusty

Since RU Vir is a dust-enshrouded carbon-Mira, we included dust by using the radiative transfer
code MOD-More Of Dusty(Groenewegen, 2012). This code is based on DUSTY, which is a
publicly available 1D dust radiative transfer code (Ivezić and Elitzur, 1995), whose mathematical
formulation is described in detail in Ivezić et al. (1997). MOD tries to optimize a set of parameters
(e.g. luminosity, dust optical depth, dust condensation temperature, and slope of the density law)
with some constraints as spectro- photometric-data, 1D intensity profiles and visibility curves. A
quantitative measure of the quality of the fit is obtained through performing a χ2 minimization,
where the χ2 are computed separately for all the four types of observations (see Table 4.4). We
note at this point that the dust condensation temperature in this context actually is the dust
temperature at the inner boundary of the dust shell. Following previous work (e.g. Groenewegen,
2012) we call it the dust condensation temperature.

Following Sacuto et al. (2011a), we use a mixture of 90 % AmC and 10 % SiC for the dust
composition. This ratio gave the best results for the ISO/SWS spectrum of the carbon star R Scl.
Fits for RU Vir with a lower SiC fraction were not as good. The optical constants for the opacities
of silicon carbide are taken from Pitman et al. (2008) and of amorphous carbon from Rouleau
and Martin (1991). Since the standard grain size distribution of DUSTY produced SiC features
that were much too peaked, we used the distribution of hollow spheres (DHS, Groenewegen, 2012
and references therein) with a mean grain size of the dust mixture of 0.2 µm. This grain size is
similar to the typical sizes found from models for dust-driven mass loss (Mattsson and Höfner,
2011). However, we note that these models only include amorphous carbon grains. On the other
hand, the SiC grains found in presolar meteorites have sizes of the order of 1 µm (e.g. Gail and
Sedlmayr, 2013), indicating that our mean size falls in the range of laboratory data. The chosen
grain size distribution then gave a good fit of the SiC feature.

4.4.3 The fitting procedure

The hydrostatic models alone are not able to reproduce the ISO spectrum. This is because the
hydrostatic models do not include dust, while the dust content in the atmosphere of RU Vir is

1Available at http://stev.oapd.inaf.it/synphot/Cstars/

http://stev.oapd.inaf.it/synphot/Cstars/
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Table 4.4: Output values of MOD fitting for three different cases. The parameters are lumi-
nosity L, optical depth τ , dust condensation temperature Tc, and parameter of the slope of the
density law p. The last four lines show the reduced χ2 for the fit of: photometry, spectroscopy,
interferometric visibilities, and then the total one.

T∗c = 1000 K T∗c = 1300 K all free
L [L�] 6118.05± 32.54 5770± 28.02 6322.66± 51.07
τ 7.96± 0.10 12.52± 0.15 7.11± 0.24
Tc [K] 1000 1300 1008.68± 12.27
p 2.54± 0.01 2.19± 0.01 2.28± 0.01
χ2
red[pho] 22.41 63.31 9.86
χ2
red[spe] 3.35 3.66 5.63
χ2
red[int] 60.13 161.77 65.88
χ2
red[TOT] 6.12 11.56 7.90

Notes. Parameters without errors were fixed (not fitted) in MOD. See Sect 4.4 for
details.

quite prominent, as the spectral energy distribution from ISO/SWS shows (see Fig. 4.4, black
line). In the following, we use the hydrostatic model atmosphere as the inner radiation source for
MOD. The model parameters are selected as described below. Considering that RU Vir is located
in the vicinity of the Sun, a first selection of the hydrostatic models was made by choosing only
those models with solar metallicity. With the aim of being independent of the distance, each
hydrostatic model spectrum was normalized to the ISO flux at 2.9 µm. We chose this wavelength
because the local minimum of the molecular absorption resides here (Aringer et al., 2009).

We constrained the effective temperature of RU Vir by fitting the ISO spectrum with the
synthetic spectra and by performing a χ2 minimization in the range [2.9, 3.6] µm. The molecular
features in this wavelength range are good temperature indicators for hydrostatic C stars (Jør-
gensen et al., 2000), and they provide a first approximation for our case. The result obtained
in this way is T = 3100 ± 100 K. The C/O is set to C/O= 2.0, because this value is the one
corresponding to the lowest χ2 in the wavelength region above. Figure 4.6 illustrates the χ2 vs.
Teff in the wavelength range chosen as the best for the parameter determination; the best-fitting
value is located at the minimum of the χ2.

We proceed by including the dust component with MOD a posteriori, as described below.
With MOD we fit the photometry (see Sect. 4.2.2), spectroscopy (see Sect. 4.2.1), and interfer-
ometry (see Sect. 4.2.3) of the star. The input parameters of MOD are effective temperature
(determined with the hydrostatic model atmosphere fit), distance, and the dust properties. The
optical depth τ , the parameter that governs the shape of the density law p, and the dust con-
densation temperature Tc can be fitted or set to a fixed value.

An iterative procedure was used to assess how much the spectrum used for the inner radiation
source is affected by dust emission. We determined a "corrected” ISO spectrum by performing
a MOD fit using the 3100K spectrum (see Fig. 4.4) derived above. We then subtracted the
contribution of the dust emission at each wavelength from the total flux, in this way obtaining
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Figure 4.6: Results of the χ2 fitting for the effective temperature and of the synthetic spectra
based on COMARCS models with the ISO spectrum. The fit is done in the range of [2.9, 3.6] µm.
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a stellar photospheric contribution. Repeating the effective temperature determination results
in a best-fit model atmosphere with an effective temperature of 3000K, i.e. only slightly cooler
than the first estimate. This model spectrum was then used for the remaining calculations. We
note that the corrected ISO spectrum has its maximum flux at a longer wavelength than the
hydrostatic model, but the depth of the 3 µm feature is very similar to the model. This indicates
that any difference between the corrected and the original ISO spectrum is caused by residual
dust emission and not by an incorrect model temperature.

As there is no generally agreed value of the dust condensation temperature in the literature,
we performed the fit using three different Tc values: (i) Tc = 1000 K, based on the theoretical
equilibrium condensation temperature from Gail and Sedlmayr (2013); (ii) Tc = 1300 K, an
average of the dust condensation temperature values from Nowotny et al., 2011 and from Lobel
et al., 1999; (iii) finally we allowed all the input parameters to vary freely in order to verify the
behaviour of the models. The results are shown in Table 4.4.

To check the relevance of the ISO spectrum for the final result of the MOD fit, we made some
experiments using a coarser sampled ISO spectrum and artificially increasing the error associated
with the ISO spectrum. These tests show that the full ISO spectrum is essential for constraining
the parameters of the dust envelope. Nevertheless, the real uncertainties of the dust parameters
are considerably higher than their formal errors.

In Fig. 4.7 we present the comparison between the photometry (violet circles), the spec-
troscopy (blue line), and the SED of the best-fitting model. We note that the photometry short-
wards of 1 µm cannot be well reproduced even if a maximum of free parameters is allowed. A
hotter effective temperature cannot solve this discrepancy because it would be incompatible with
the strength of the molecular features in the ISO spectrum. Figure 4.8 shows the comparison be-
tween MOD visibilities (lines) and observed visibilities (circles). Since RU Vir observed visibilities
do not depend strongly on the wavelength, we selected only the two wavelengths corresponding
to the maximum and minimum visibility (Fig. 4.3).

Comparing the spatial frequencies at a given visibility level, one can conclude that the model
is roughly a factor 2 too small. The visibilities could be brought to agreement by assuming a
distance of ∼ 300 pc, but this is unrealistically small. Therefore we have to conclude that the
model is not extended enough or is missing a component. Another possibility is a difference
between the observed and synthetic brightness contrast of multiple shells.

In the following we compare the observations with the dynamic model atmospheres (DMAs),
which in principle would provide a more complete and physically consistent description of RU Vir.

4.5 Dynamic model atmospheres

In this section we present the analysis made by using the DMAs from Mattsson et al. (2010)
and model spectra from Eriksson et al. (2014). For a detailed description of the modelling
approach see Höfner and Dorfi (1997), Höfner (1999), Höfner et al. (2003), Mattsson et al.
(2010), and Eriksson et al. (2014)). For applications to observations we refer the reader to Loidl
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Figure 4.7: Comparison of observed photometry (Table 4.2.2) and spectroscopy with the best-
fitting synthetic spectrum based on hydrostatic model atmospheres and a dusty envelope (see
Table 4.4 + Sect. 4.5.1).
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Figure 4.8: Comparison of MOD visibilities (lines) compared with the VLTI/MIDI observations
of RU Vir (circles) at 9.8 µm (blue) and 11.4 µm (violet).



4.5 Dynamic model atmospheres 63

et al. (1999), Gautschy-Loidl et al. (2004), Nowotny et al. (2010), and Nowotny et al. (2011).
Those models are the result of solving the system of equations for hydrodynamics, frequency-
dependent, and spherically symmetric radiative transfer, plus a set of equations that describe the
time-dependent dust grains formation, growth, and evaporation. The dynamic model starts from
an initial hydrostatic structure. The stellar pulsation is introduced by a "piston”, i.e. a variable
inner boundary below the stellar photosphere, while the dust formation (only amorphous carbon)
is evaluated by the “method of moments” (Gauger et al., 1990; Gail and Sedlmayr, 1988).

The main parameters that characterize the DMA are luminosity L, effective temperature Teff

(corresponding Rosseland radius, defined by the distance from the center of the star to the layer at
which the Rosseland optical depth equals unity), [Fe/H], C/O, as well as for the dynamical aspects
period P, piston velocity amplitude ∆u, and the parameter fL used to adjust the luminosity
amplitude of the model. The resulting proprieties of the hydrodynamic calculations are the
mean degree of condensation, wind velocity, and the mass-loss rate. Each model provides a set
of ”time steps”, representing the different phases of the stellar pulsation.

We computed synthetic spectra using the COMA code and the associated radiative transfer
(Aringer, 2000; Aringer et al., 2009). The abundances of all the relevant atomic, molecular,
and dust species were computed, starting from temperature-density structure and considering
the equilibrium for ionization and molecule formation. Both the continuous gas opacity and the
intensities of atomic and molecular spectral lines are subsequently calculated assuming LTE. The
corresponding data are consistent with the ones used for constructing the models and are listed
in Cristallo et al. (2007) and Aringer et al. (2009). SiC is added a posteriori with COMA by
dividing the condensed material from the model into 90 % amorphous carbon using data from
(Rouleau and Martin, 1991) and 10 % silicon carbide based on (Pegourie, 1988).

To be consistent with the model spectra from Eriksson et al. (2014), we have treated all grain
opacities in small particle limit2 (SPL). The temperature of the SiC particles was assumed to
be equal to the one of amorphous carbon. This is justified, since the overall distribution of the
absorption is quite similar for both species, except for the SiC feature around 11.4 µm. As a
consequence, the addition of SiC would also not cause significant changes in the thermal model
structure. It should be noted that the effects of scattering are not included, since the SPL is
adopted.

4.5.1 The fitting procedure

Given the difficulties of MOD to reproduce the photometry, and the fact that the ISO/SWS
spectrum provides the strongest constraints for gas and dust, we decided to first base the com-
parison with DMA only on the ISO/SWS spectrum. Thus we performed a χ2 minimization in
the wavelength range: 2.9− 25 µm between spectroscopic observation (ISO/SWS spectrum) and
each of the 540 models of the grid (with a total of ∼ 140 000 time steps). Based on the χ2 we
obtain a best-fitting time step for each model.

2An inconsistent treatment of grain opacities causes larger errors in the results than does neglecting
the grain sizes.
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Table 4.5: The table shows the parameters values for the selected models from the grid of
Mattsson et al. (2010).

Teff [K] lg L?[L�] M [M�] log g C/O ∆up fL Ṁ [M�/yr] χ2
[2.9−25.0]

2600 3.85 1 -0.81 2.38 6 1 5.74E-06 17.5
2600 4.00 1.5 -0.79 1.69 6 1 6.75E-06 37.4
2600 4.00 1.5 -0.79 2.38 6 1 1.05E-05 10.2
2600 4.00 1 -0.96 1.69 6 1 7.32E-06 15.5
2600 4.00 1 -0.96 2.38 4 1 9.13E-06 10.9
2600 4.00 1 -0.96 2.38 6 1 1.07E-05 9.8
2600 3.85 1.5 -0.64 1.69 6 1 2.60E-06 69.3
2600 3.85 1.0 -0.81 1.69 6 1 3.34E-06 74.2
2800 3.85 1.0 -0.51 1.69 6 1 2.25E-06 82.9
2800 4.00 1.5 -0.66 1.69 6 1 2.02E-06 115.2
2800 4.00 1.0 -0.84 1.69 4 1 3.25E-06 113.2
2800 4.00 1.0 -0.84 1.69 6 1 4.77E-06 82.8
2600 3.85 1.0 -0.81 1.69 4 2 2.43E-06 92.7
2600 3.85 1.0 -0.81 1.69 4 2 2.43E-06 76.9
2600 3.85 1.5 -0.64 1.69 4 2 3.11E-06 94.5
2600 3.85 1.5 -0.64 1.69 4 2 3.11E-06 93.7
2800 4.00 1.0 -0.84 1.69 4 2 2.98E-06 78.3
2800 4.00 1.0 -0.84 1.69 4 2 2.98E-06 69.4
3000 3.85 1.0 -0.57 2.38 6 1 3.85E-06 96.7

First, based on the parameters determined in the previous analysis, a subgrid from the grid of
models (Eriksson et al., 2014; Mattsson et al., 2010) was selected. We also consider only models
with solar metallicity. We present in Table 4.5 the results of this fit in the wavelengths region
[2.9− 25.0 µm].

Since the choose of the subgrid, i.e. the range of the parameters, was not correct, we perform
as a second approach the analysis over the whole grid of models.
In Fig. 4.9, the χ2 vs. average outflow velocity at the outer boundary and vs. mass loss are
shown. In Table 4.6 we list the parameters of the best three time steps of the whole grid and the
corresponding χ2. These time steps cover the 68% confidence region of χ2. The relevant SEDs,
without SiC added, are shown in the left-hand panel of Fig. 4.10. The right-hand panel shows in
grey all the time steps of the model that belong to the best-fitting time step (χ2 = 9.79). This
best fitting time-step is marked in pink, now with the artificial inclusion of SiC (see also inset in
Fig. 4.10).

There is good agreement between models and observations in the spectral range of the ISO
spectrum. Even based on this broad range of ∼ 140 000 time steps, it is not possible to reproduce
the photometry shortwards of 1µm. Possible explanations for this disagreement are discussed in
Sect. 4.6.
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Figure 4.9: Reduced χ2
red vs. average outflow velocity at the outer boundary and vs. mass

loss. Different symbols and colours are used for different piston velocities: 2, 4, 6.

Table 4.6: Three best-fitting time-step dynamic models from the whole grid from Eriksson
et al. (2014) resulting from comparison in Sect. 4.5.2. Listed are the corresponding values of the
χ2 for the best-fitting time steps, the parameters, and the phase φ.

Teff lg L? M log g C/O ∆up fL Ṁ φ χ2
red[0.4−25]

[K] [L�] [M�] [M�/yr]

2800 4.00 1.5 -0.66 2.38 6 2 3.68E-06 6.50 9.79
2800 4.00 1 -0.84 2.38 6 2 7.56E-06 0.53 11.44
2600 4.00 1 -0.96 2.38 6 2 1.44E-05 3.40 12.72
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Figure 4.10: Left: Observational data (ISO spectrum in black line and photometry in violet
circles) compared with synthetic spectra of the three best-fitting time steps (belonging to different
DMA). Right: Best-fitting time step (pink) compared with ISO (black). The grey lines are the
various other phases (time steps) of the same model.
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4.5.2 MIDI data vs. DMA

Following Paladini et al. (2009), we calculated the intensity and visibility profiles for all the
time steps of the best-fitting DMA derived in Sect. 4.5.1.We combined all the interferometric
data (even though they are taken at different epochs, see Sect. 4.2.3), and we performed a χ2

test to obtain the best-fitting visibility profile. We obtained a new best-fitting time step for the
visibilities observations of RU Vir, different from the one fitting the ISO spectrum best.

The time step best fitting the visibility is shown in Fig. 4.11. The upper panels illustrate the
behaviour of the intensity profiles at two wavelengths (8.5 and 11.4 µm), while the lower panels
show the visibility vs. spatial frequencies. The phase of the best-fitting time step is 0.24, i.e.
slightly different from that one best fitting the SED (see Sect. 4.6). The best-fitting time step
has a Rosseland radius of 2.561 mas (500.9 R�) and a luminosity of 3982.8 L�.

The intensities are characterized by a first lobe (the photosphere with the hotter molecular
gas) followed by two shells. The first shell is brighter at 11.4 µm, where SiC contributes. While
at short wavelengths (lower left panel) the visibility can reproduce the data, at long wavelengths
(lower right panel) the model is off. The size of the model stays the same (∼ 20 AU), but the
flux ratio between the different components is changing.

The discrepancy between the model and the data is also observed when plotting the wave-
length dependent visibility for the three baseline configurations (Fig. 4.12). While at short
wavelengths (8 − 9 µm), the synthetic visibilities match the level of the observations, at longer
wavelengths there is a slope in the model that is not observed in the data. The differences
between model and observations are more pronounced when the baselines are shorter.

4.6 Discussion of the results and outlook

While all our attempts to reproduce the SED (ISO spectrum + photometry) and interferomet-
ric MIDI data by different models showed some agreement, three major discrepancies remain:
(1) No model can describe both the optical part and the infrared part of the SED. This may
be interpreted either as an excess in the optical or beyond 2 µm. (2) The model visibilities
show higher values and/or a different behaviour as a function of wavelength than the MIDI data.
(3) The DMA predict fluxes that are too low beyond 14 µm.

Since (1) and (2) apply to all model approaches, we believe that this is mostly caused by
properties of the object that can be described neither by the rather flexible MOD approach nor
by the physically consistent DMA (see Sects. 4.6.2 and 4.6.3). In the following, we compare our
results with previous work and discuss possible reasons for the discrepancies.

4.6.1 Stellar parameters

As described in Sects. 4.4 and 4.5, stellar parameters were derived from the fit of synthetic
spectra based on COMARCS hydrostatic models + MOD to the observations (see Fig. 4.7) and
from the study of the SED and MIDI data with the DMAs. The best-fitting optical depth
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Figure 4.11: Comparison of interferometric observational data for RU Vir with the modelling
results based on the DMA that best-fit the visibilities. Up: intensity profile at two different
wavelengths: 8.5 µm and 11.4 µm. Down: visibility vs. baseline; the black line shows the
dynamic model, and the coloured symbols illustrate the MIDI measurements at different baselines
configurations.
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Figure 4.12: Wavelength-dependent visibilities in the MIDI range. The different panels show
the three different baseline configurations of our observations. Models are plotted in full line and
observations in dashed lines at different projected baselines (see colour legend).
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value resulting from this work is τ0.55 = 7.96±0.10 at λ = 0.55 µm. Lorenz-Martins et al. (2001)
find τ = 2.5 at 1 µm. Ivezić and Elitzur (1995) indicate an optical depth value at the wavelength
λ = 2.2 µm of τ2.2 = 0.47. Assuming τλ ∝ 1/λ and scaling the above literature results to 0.55 µ,
we arrive at 4.5 and 1.9, respectively. Our value is significantly higher, but our result is based
on a broader and much better sampled SED, which should explain the differences.

The Rosseland radius of the best-fitting time step(s) of ∼ 2.6 mas is close to the ones
derived from the diameter (V − K) relations of van Belle (1999) and van Belle et al. (2013):
2.7mas and 2.81mas, respectively. The intensity distribution of the DMA (Fig. 4.11) has a radius
of ∼20mas, which is comparable to the half width half maximum (HWHM) resulting from
the GEM-FIND fit. If we adopt these numbers for the photospheric (stellar) and outer envelope
radius, we can conclude that we are observing the stratification of the star out to ∼ 6 − 7 R?.
Moreover, the agreement of the GEM-FIND radius with the DMA radius supports the fact that
the discrepancy between the MIDI data and the DMA are due to different flux ratios between
the various shells in the photosphere and envelope, rather than a global difference in size.

The effective temperature is a parameter that distinguishes the different DMAs. Lit-
erature values for RU Vir are in the range: [1945 − 2200] K (Bergeat and Chevallier, 2005;
Lorenz-Martins et al., 2001). These values agree with the one derived from the Rosseland radius
of the time step that fits the SED (Teff = 2050 K), while the value obtained for the MIDI fit is
slightly higher (Teff = 2545 K). Both temperatures are lower than the ones derived from fitting
a static model to the C2H2 feature in the [2.9, 3.6] µm region (3000 K) and than the static initial
model of the best-fitting DMAs (2800 K). As elaborated in Nowotny et al. (2005b), dynamic ef-
fects can cause the atmospheric structure of DMAs to be fundamentally different from any static
model, including the static initial model of the DMAs. Therefore, a Teff derived from fitting a
static model atmosphere to observations is only very indirectly linked to the Teff of the static
initial model of the best-fitting DMA, so a comparison between the two is somewhat misleading
in general. In the case of the strongly pulsating atmosphere of RU Vir and especially for the
[2.9, 3.6] µm region that we are fitting, this is particularly relevant (Loidl et al., 1999). We also
note that DMAs with Teff = 3000 K often do not yield the outflow required to reproduce the
SED of RU Vir (e.g. Eriksson et al., 2014). Given the highly non-static atmospheric structure
of the DMA, there is no straightforward relation between these different temperatures, but the
results indicate that the [2.9, 3.6] µm region is a reasonable indicator for the (static) effective
temperature.

Finally, the mass of the best-fitting dynamic model is 1.5 M�. This value agrees with the
1.48 M� obtained from the period-mass-radius relation of Vassiliadis and Wood (1993).

4.6.2 Shape of the SED

Given the success of both models in reproducing the IR part of the SED, we consider an optical
excess flux to be more likely than an IR excess and will discuss this option first. The flux
difference between observed photometry and the models (spectroscopy) in the V band is at least
a factor of ∼ 10 in the SED. The quality of those used BV RI data appears to be high as judged
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from later measurements, such as Alfonso-Garzón et al. (2012). This author shows a light curve
that, at the phase of the ISO spectrum, has V ≈ 11.6. This value is even brighter than the one
used in the SED (see Table 4.1); moreover, the amplitude in the same band is ∼ 2 mag, and
this can still not justify our excess in V .

A much hotter temperature of the Mira photosphere can be ruled out as the origin of the
excess on the basis of the strength of the molecular features around 3 µm. Assuming a con-
tribution from a companion would thus be the most obvious possibility. However, the optical
spectrum (e.g. Barnbaum, 1992) shows no signatures from another star and no emission lines as
is typical of a symbiotic system (Welty and Wade, 1995). RU Vir has a GALEX NUV-flux but
no FUV-flux (Bianchi et al., 2014). Based on this flux and the predictions for white dwarf models
(Bianchi et al., 2011), one can exclude the presence of a white dwarf. One may also use the V
and I magnitudes to assess the properties of a possible companion. However, after correcting V
and I for the contribution from the dusty envelope as fitted with MOD, the resulting (V − I)

andMV cannot be reconciled with any main sequence companion. Therefore a stellar companion
cannot explain the SED shape.

The presence of a sub-stellar companion that is not seen in the optical spectrum may, however,
imply the presence of a dusty disk that would produce excess emission in the IR. A star like V Hya
would be a possible template (Sahai et al., 2008). The above-mentioned GALEX flux is, however,
a few orders of magnitude lower than what is expected for such an evolved star with an accretion
disk. As is evident from the MOD fit, the optical and near-IR parts of the SED do not show the
amount of reddening as expected from the dust emission seen at longer wavelengths. Therefore
any disk must not obscure the stellar photosphere, meaning it should be seen almost face on.
This would also be the only disk orientation compatible with the lack of evidence for asymmetries
from the MIDI data. We thus consider a disk as a very unlikely explanation.

One aspect that has not been discussed so far is that the optical photometry and the ISO
spectrum were obtained many different pulsation cycles apart. While we have interpolated the
optical and IR photometry to the pulsation phase of the ISO spectrum, this cannot correct for
any cycle-to-cycle differences. As mentioned in Sect. 4.2.2, RU Vir has a long secondary period in
the optical, which could be an indication for such inter-cycle variations. Interestingly, our best-
fitting DMA also has notable inter-cycle variations. However, the optical and ISO data were
obtained at similar phases of the long-term optical changes. Therefore, to explain the full SED
with our best-fitting DMA model, inter-cycle variations and a rather large phase uncertainty
within a cycle have to be combined.

It is known that there are differences between visual phases and DMA model phases and
that these differences, as well as the effects of cycle-to-cycle variations, increase towards shorter
wavelengths (Nowotny et al., 2011). Therefore intra-cycle variations, together with phase assign-
ment uncertainties, might improve the agreement between the observed and the DMA SEDs but
are probably not enough. Obtaining a broad SED within one pulsation cycle would be the only
way to verify this.
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4.6.3 The visibilities

While the shape of the MOD visibilities are similar to the observations, the systematically lower
observed level cannot be achieved by assuming a reasonable smaller distance (Sect. 4.4). Reducing
the dust condensation temperature can lower the visibilities but produces the wrong shape.
Therefore we believe that a simple two-component MOD model (star plus envelope with a single
power law for the density) cannot reproduce the visibilities.

With regard to the slope of the DMA visibilities, we identify two possible explanations for
the discrepancies observed.

(i) The first one is related to the model. The models with high mass-loss rates produce
a shell-like gas (and dust) component that is not observed in the data, i.e. the actual density
distribution is smoother. This explanation is supported by the fact that models that do not
produce a wind also do not exhibit the kind of slope seen in the best-fit DMA. An example of the
visibility of this kind of model is shown in Sacuto et al. (2011a). A comprehensive comparison
of the dynamic model grid with interferometric observations of dusty and dust-free objects will
be able to exclude or confirm this hypothesis.

(ii) Besides this explanation, another possibility is that the environment around the star
is clumpy. This might also explain the lack of reddening mentioned in Sect. 4.6.2. Because
of the presence of clumps, the shells appear fainter than what is predicted by the model. On
the other hand, we do not observe any signal of clumps (i.e. departure from asymmetries) in
the MIDI differential phases. Future observations with the second-generation VLTI instrument
MATISSE will provide differential phases but also closure phases that will be more sensitive to
small asymmetries. This kind of observation will be able to confirm the presence of clumps.

The differences between synthetic visibilities based on the DMA and MIDI visibilities around
the SiC feature are most pronounced for the longest baselines, i.e. closest to the star. Since the
formation process of SiC is not really known, the calculations assume that the SiC abundance
scales with the amorphous carbon abundance as provided by the DMA. The above differences
indicate that SiC could form farther in and/or in a smaller amount, but this has to be confirmed
by comparisons based on a larger sample of stars.

That the model phases best fitting the SED and the visibilities are different is probably caused
by the above-mentioned cycle-to-cycle variations of the best DMA model. In the MIDI-range
these variations are comparable to the intra-cycle variations, meaning that a certain pulsation
phase within one cycle may give similar visibility profiles as a different phase in another cycle.
To investigate on those cycle-to-cycle and intra-cycle variations, we perform an analysis of the
synthetic visibilities grouping them by phases and epoques. This is shown in Appendix A.1.1.

4.6.4 The flux beyond 14 µm

The long-wavelength region of the SED can be reproduced well with MOD, while the DMA al-
ways predicts too steep a decline in flux towards the longest wavelengths. Tests have shown that
an extension of the DMA farther out cannot account for this difference. Assuming a smoother
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density distribution of the DMA, as already argued from the visibilities and as present in the
MOD model, should increase the dust emission at longer wavelengths. A more extensive com-
parison between DMA and a larger sample of C-rich Miras (Rau et al., in prep.) is needed to
check whether the difference beyond 14 µm is found only in RU Vir or is a general characteristic
of DMAs.

A higher mass loss in the past might be an explanation for this, although the shell parameters
from MOD are close to a stationary wind solution. If the mass loss has even stopped in the recent
past, this might also account for the overall differences in the shape of the SED because a very
small mass loss now should shift the emission from circumstellar dust to longer wavelengths.
However, besides the good fit with a stationary wind, a higher mass loss in the past would affect
the visual light curve. But the average visual magnitude and the period have been stable over
the past ∼ 100 years, and therefore such a scenario is also not very likely.

4.6.5 Conclusions and outlook

As demonstrated in this study, the joint use of photometry, spectroscopy, and interferometry
and a comparison with models is essential to achieve a full understanding of the atmospheres of
AGB stars. In this work we presented a study of the atmosphere of the Mira C-rich star RU Vir.
We combined spectroscopic photometric and interferometric observations and hydrostatic and
dynamic model atmospheres, as well as simple geometrical models. Until now, the only studies
with a similar approach to the one in the present study are those by Sacuto et al. (2011a) on
R Scl and RT Vir Sacuto et al. (2013) on RT Vir. While R Scl is a semi-regular pulsating star
and RT Vir an M-type star, RU Vir is the first carbon-rich Mira variable for which photometry,
spectroscopy, and interferometry are compared to DMAs. Studying C-rich stars is particularly
important since DMAs are more advanced for the C-rich stars than for the O-rich stars, because
the dust formation process is considered to be simpler and better understood in the C-rich case
(Nowotny et al., 2010, 2011).

The HWHM derived by the GEM-FIND fitting shows overall agreement with the DMA size in
the N band (see Sect. 4.6.1). Furthermore, the Rosseland radius corresponding to the time step
that best fits the interferometric data is in agreement with the diameter derived via the (V −K)

relation by van Belle (1999) and van Belle et al. (2013). The fitted effective temperature of the
best-fitting DMA time steps is in the range of previous observational estimates but much lower
than the temperature of the hydrostatic model of Sect. 4.4.3 and of the initial model of the
best-fitting DMA.

The shape of the SED in the ISO range can be reproduced well with both MOD and DMA,
and some discrepancies remain shortwards of 2 µm and longwards of 14 µm. A similar situation
exists with regard to the interferometric data, both in the shape and in the visibility level. Some
of the discrepancies might be explained by a combination of intra- and inter-cycle differences since
the observations are spread over many pulsation cycles and both the star and the best-fitting
DMA show inter-cycle variations. Other possible reasons could be a decrease in mass loss over
the last few hundred years or a sub-stellar companion associated with a dusty disk. However,
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these scenarios are not considered to be very likely, and to check them, further observations and
modelling are both necessary. Based on the current work, we suspect that RU Vir is a somewhat
peculiar object. Extending the comparison between models and observations to a larger sample
of C-rich Mira variables (Rau et al., in prep.) will be necessary to clarify this, and will provide the
general characteristics of the atmospheres of these stars and further constraints for the models.



Chapter 5

Dynamic atmospheres and C-rich
AGB stars: comparison of models
with spectro-interferometric
observations (Paper II)

This chapter is based on the paper Rau et al. (2016b) (see also Rau et al., 2015a,b)

Title: The adventure of carbon stars - Observations and modelling of a set of C-rich AGB
stars
Authors: G. Rau, J. Hron, C. Paladini, B. Aringer, K. Eriksson, P. Marigo, W. Nowotny, and
R. Grellmann
Year: 2016
Journal: Astronomy and Astrophysics, submitted on the 18th of July 2016

Modelling stellar atmospheres is a complex, intriguing task in modern astronomy. A system-
atic comparison of models with multi-technique observations is the only efficient way to constrain
the models.

We intend to perform self-consistent modelling of the atmospheres of six carbon-rich AGB
stars: R Lep, R Vol, Y Pav, AQ Sgr, U Hya and X TrA, with the aim of enlarging the knowl-
edge on the dynamic processes occurring in their atmospheres. We used VLTI/MIDI interfer-
ometric observations, in combination with spectro-photometric data, and compared them with
self-consistent dynamic models atmospheres.

We found that the models can reproduce SED data well at wavelengths longward of 1 µm, and
the interferometric observations between 8 µm and 10 µm. Discrepancies observed at wavelengths



76
Dynamic atmospheres and C-rich AGB stars: comparison of models with

spectro-interferometric observations (Paper II)

shorter than 1 µm in the SED, and longwards of 10 µm in the visibilities, could be due to a
combination of data- and model-related effects. The models best fitting the Miras are significantly
extended, and have a prominent shell-like structure. On the contrary, the models best fitting the
non-Miras are more compact, showing lower average mass-loss rate.

The SiC feature in the models is narrower and sharper. We adopted the general 10% of
SiC dust, and increasing this percentage does not lead to major changes in the fit. We found a
satisfying fit in the wavelength-dependent visibilities for all the stars but X TrA, which appear
to be compact but with an higher mass loss, configuration that can not be reproduced by any of
the models and is discussed in the text.

A number of stellar parameters were derived from the model fitting: Teff, Leff, M , C/O,
Ṁ . Our findings agree well with literature values within the uncertainties. Teff and Leff are
also in good agreement with the temperature derived from the angular diameter θ(V-K) and the
bolometric luminosity from the SED fitting Lbol, except for AQ Sgr. The possible reasons are
discussed in the text. Finally, θRoss and θ(V-K) agree with each other, better for the Miras targets
than for the non-Miras, which is probably connected to the episodic nature of the latter models.

We also located the stars in the H-R diagram, comparing them with evolutionary tracks. We
found that the main derived properties (L, Teff, C/O ratios and stellar masses) from the model
fitting are in good agreement with TP-AGB evolutionary calculations for carbon stars carried
out with the COLIBRI code.

5.1 Introduction

Stars less massive than ∼ 8 M� and more massive than ∼ 0.8 M�, after moving from the Main
Sequence through the Red Giant Phase and past the Horizontal Branch, will spend part of their
life on the Asymptotic Giant Branch.

At the beginning of the AGB, the stars are characterized by a C-O core, surrounded by two
nuclear burning layers: the inner one consisting of He, and the outer one of H. Those layers are
in turn wrapped by a convective mantle and, further, by an atmosphere consisting of atomic and
molecular gas, which is surrounded by a circumstellar envelope of gas and dust.

The third dredge-up is the mechanism responsible for turning the abundance of AGB stars
from O-rich into C-enriched (Iben and Renzini, 1983). Carbon-rich AGB stars are one of the most
influential contributors to the enrichment of the interstellar medium, with dust made of amor-
phous carbon (amC) and silicon carbide (SiC). In their atmospheres carbon-bearing molecules,
such as C2, C3, C2H2, CN, HCN, can be found.

The evolution of the stars on the AGB is characterized by cooling, expansion and grow-
ing in brightness, burning the nuclear fuel faster and faster, and the star eventually begins to
pulsate. The pulsation generates shock waves running through star’s atmosphere, creating con-
ditions of pressure and temperature suitable for dust formation. The sequence of pulsation and
dust formation may drive a wind off the surface of the star into the interstellar space: when
the opacity of amorphous carbon dust is high enough, the radiative pressure can provide enough
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momentum to the grains to accelerate them and to drag along the gas by collisions, causing an
outflow from the star (e.g. Fleischer et al., 1992; Höfner and Dorfi, 1997).

Höfner et al. (2003) describes this scenario with the solution of the coupled equations of
hydrodynamics, together with frequency-dependent radiative transfer, including as well the time-
dependent formation, growth, and evaporation of dust grains. The Dynamic Atmosphere &
Radiation-driven Wind models based on Implicit Numerics (from here on: DARWIN models,
Höfner et al., 2016) that come from this code have successfully reproduced observations, e.g. line
profile variations (Nowotny et al., 2010) and time-dependent spectroscopic data (Gautschy-Loidl
et al., 2004; Nowotny et al., 2013) of carbon-rich stars.

In our previous work (Rau et al., 2015c) we studied the atmosphere of the C-rich AGB star
RU Vir, comparing in a systematic way spectroscopic-, photometric- and interferometric-data
with the grid of DARWIN models from Mattsson et al. (2010) and Eriksson et al. (2014) .

The investigation of AGB stars using a combination of different techniques has been increas-
ing over the last few years, while to date only a few interferometric observations of carbon stars
have been directly compared with model atmospheres (Ohnaka et al., 2007; Paladini et al., 2011;
Cruzalèbes et al., 2013a; Klotz et al., 2013a; van Belle et al., 2013). From those, only very few
have made use of time-dependent self-consistent dynamic models (Sacuto et al., 2011a; Rau et al.,
2015c). As suggested by Höfner et al. (2003), this is the only way to acquire knowledge about
the influence of the dynamic processes on the atmospheric structure, at different spatial scales.

The purpose of this paper, is to extend our previous one on RU Vir, investigating the dynamic
processes happening in the atmospheres of a set of C-rich AGB stars. To pursue this goal, we
will compare predictions of DARWIN models with observations, by meaning of photometry,
spectroscopy, interferometry. Indeed, long-baseline optical interferometry is an essential tool to
study the stratification of the atmosphere, allowing to scan the regions of molecules and dust
formation.

The targets object of this study are the C-rich AGB stars: R Lep, R Vol, Y Pav, AQ Sgr,
U Hya, X TrA, whose observations and parameters are described in Sect. 5.2.
Section 5.3 explores the geometry of the targets. Sect. 5.4 introduces the self-consistent dynamic
model atmospheres used, and presents their comparison with the different types of observables.
In Sect. 5.5 we present our results. Sect. 5.6 is a discussion of our results, including a comparison
with the evolutionary tracks, and we conclude in Sect. 5.7 with perspectives for future work.

5.2 Observational data

5.2.1 The sample of targets

Our sample consists of stars observed with the Very Large Telescope Interferometer (VLTI) of
ESO’s Paranal Observatory with the mid-infrared interferometric recombiner (MIDI, Leinert
et al., 2003b) instrument, showing (1) an SiC feature in the visibility spectrum and (2) no
evidence of asymmetry from differential phase. The stars can be grouped into: Mira variables
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Table 5.1: Main parameters of our target sample, adopted from the literature.
. . . indicates that no literature value is given.

Name Variability P a d b Lbol Ṁ c Ṁ d Ṁ ∆V a

Typea [d] [pc] [L�] 10−6[M�/yr] 10−6[M�/yr] 10−6[M�/yr]

R Lep M 427 470+301
−122 8514 2.0± 0.68 0.70± 0.35 0.93± 0.19 e 6.2

R Vol M 454 880+149
−176 8252 2.9± 0.68 1.80± 0.90 1.99± 0.34 e 5.2

Y Pav SRb 233 400+125
−77 5076 2.8± 0.96 0.16± 0.08 0.23± . . . f 1.7

AQ Sgr SRb 200 330+95
−60 2490 2.5± · · · 0.25± 0.12 0.77± . . . f 2.3

U Hya SRb 450 208+35
−41 3476 0.5± 0.05 0.14± 0.07 0.21± . . . f 2.4

X TrA Lb 385 360+67
−49 8599 0.5± 1.05 0.13± 0.06 0.18± . . . f 1.4

Notes. (a): Samus et al. (2009b) (b): the distances measurements come from van Leeuwen
(2007), except from R Vol and U Hya, which distances come from Whitelock et al. (2006). (c):
Loup et al. (1993) (d) Schöier and Olofsson (2001) (e) Whitelock et al. (2006) (f): Bergeat and

Chevallier (2005).

(R Lep, R Vol), Semiregular (Y Pav, AQ Sgr, U Hya) and Irregular (X TrA) stars (Samus et al.,
2009b).

The main parameters of the stars, namely variability class, period, amplitude of variability,
distance, and mass-loss rates, are presented in Table 5.1. For two stars, namely R Vol and
U Hya, we are presenting new VLTI/MIDI data observed within the programs 090.D-0410(A),
086.D-0899(K). For the remaining stars, our data come from archive observations (Paladini et
al. submitted).

5.2.2 Photometry

We collected light curves for the V -band (Pojmanski, 2002; Henden et al., 2016), and the bands
J , H, K, L (Whitelock et al., 2006; Smith et al., 2004; Le Bertre, 1992). A mean value was
derived for each filter, with amplitudes taken from the variability (see Table A.5 for details). For
the filters where no light curves are available (mainly B, R, and I), we averaged data collected
from the literature. The errors were calculated as the standard deviation from those values.
For the filters with only one value without any literature associated error, an error of 20 % was
assumed.

5.2.3 Spectroscopy

Ideally, one would like to constrain the DARWIN models spectroscopically at least from 0.4

to 25 µm. Only few visible spectra are available in the literature. For R Lep we collected a
NASA/IRTF spectrum presented in Rayner et al. (2009). The star was observed on 18 January
2007. The IRTF spectrum extends from 0.8 to 2.5 µm with a resolution R ∼ 2000 until 2.5 µm
and R ∼ 2500 afterwards (see Fig 5.5).

We also considered R Lep spectra from Lançon and Mouhcine (2002). But the observations
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Table 5.2: Calibrator list.

HD Spectral typea Fa12 θb

[Jy] [mas]
32887 K4III 56.82 5.90± 0.06
81797 K3II-III 157.6 9.14± 0.04
82668 K4/5III 73.10 6.95± 0.05

(a)IRAS Point Source Catalog: http://simbad.u-strasbg.fr/simbad/.
(b)www.eso.org/observing/dfo/quality/MIDI/qc/calibrators

are poorly flux calibrated, moreover they were obtained during a dust obscuration event White-
lock et al. (1997). For both these reasons this Lançon and Mouhcine (2002) spectrum was not
used.

5.2.4 Interferometry: MIDI data

All the targets of this study have been observed with the Auxiliary Telescopes (ATs) at VLTI.
The observations were carried out with MIDI, which provides wavelength-dependent visibilities,
photometry, and differential phases in the N band ( λrange = [8, 13] µm).

Details on R Lep, Y Pav, AQ Sgr, X Tra can be found in Paladini et al. (submitted). In the
latter the reader will also find the uv-coverage and the journal of the observations.

The journal of observations of R Vol and U Hya is available in Appendix (Table A.3 and A.4),
together with the uv-coverages (Fig. A.3). The calibrators used are listed below the corresponding
science observation. The selection criteria for calibrators stars described in Klotz et al. (2012a)
were applied. The list of calibrators and their main characteristics are in Table 5.2.

The data reduction was made with software package MIA+EWS (V2.0 Jaffe, 2004; Ratzka
et al., 2007; Leinert et al., 2003b). The size of the error bars is based on the calculated error in the
visibilities. A conservative error of 10% on the visibilities is assumed in the case of a calculated
error < 10 %. The wavelength-dependent visibilities, shown in Figs. 5.3 and 5.4, exhibits the
typical shape of carbon stars with dust shells containing SiC grains, which manifests its presence
in the visibility minimum around ∼ 11.3 µm. The typical drop in the visibility shape between
8− 9 µm is caused by C2 H2 and HCN molecular opacities.

5.3 Geometry of the environment

As a first step, the MIDI interferometric data are interpreted with geometric models. To this
purpose we used the GEM-FIND tool (GEometrical Model Fitting for INterferometric Data of
Klotz et al., 2012b) to fit geometrical models to wavelength-dependent visibilities in the N band,
allowing the constraint of the morphology and brightness distribution of an object. The detailed
description of the fitting strategy and of the χ2 minimization procedure can be found in Klotz
et al. (2012a).

http://simbad.u-strasbg.fr/simbad/
www.eso.org/observing/dfo/quality/MIDI/qc/calibrators
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Figure 5.1: Photometric observations of Mira stars: R Lep (left) and R Vol (right). Observa-
tions (violet circles), compared to the DARWIN models synthetic photometry (grey diamonds).
Orange diamonds show the best fitting time-steps of the two stars.

Figure 5.2: Photometric observations of SRb and Lb stars: Y Pav (upper left) and AQ Sgr
(upper right), U Hya (lower left) and X TrA (lower right). Observations (violet circles), compared
to the DARWIN models synthetic photometry (grey diamonds). Orange diamonds show the best
fitting time-steps of the four stars.
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Two MIDI data points are available for R Vol (uv-coverage shown in Fig. A.3, left side). The
angular diameters derived from the fit are: θ8 = 26.38± 0.17 mas and θ12 = 33.45± 0.36 mas for
a circular UD fit, and θ8 = 17.88± 0.36 mas and θ12 = 24.48± 0.60 mas for a fit with a circular
Gaussian model.

U Hya has only one visibility spectrum available (see uv-coverage in Fig. A.3, right side)
therefore only Uniform Disc (UD) and Gaussian models can be applied. By fitting the data we
derived a UD-equivalent diameter at 8 and 12 µm, of respectively θ8 = 23.89 ± 2.54 mas and
θ12 = 39.26 ± 2.64 mas. The Gaussian full width half maximum (FWHM) at 8 and 12 µm of
14.60± 1.68 mas and 24.48± 1.87 mas respectively.

Geometric modelling for the other stars of our sample are presented in Paladini et al. (sub-
mitted). For the discussion and interpretation we refer the reader to the values published in their
Table 4.

5.4 Dynamic Models Atmospheres

5.4.1 Overview on the dynamic models

Our observational data are compared with synthetic observables obtained from the grid of DAR-
WIN models presented in Mattsson et al. (2010) and Eriksson et al. (2014), and model spectra. A
detailed description of the modelling approach can be found in Höfner and Dorfi (1997), Höfner
(1999), Höfner et al. (2003) and Höfner et al. (2016). Applications to observations are described
in Loidl et al. (1999), Gautschy-Loidl et al. (2004), Nowotny et al. (2010), Nowotny et al. (2011),
Sacuto et al. (2011a) and Rau et al. (2015c).

Those models result from solving the system of equations for hydrodynamics, and spherically
symmetric frequency-dependent radiative transfer, plus equations describing the time-dependent
dust formation, growth, and evaporation. The initial structure of the dynamic model is hy-
drostatic. A “piston” simulates the stellar pulsation, i.e. a variable inner boundary below the
stellar photosphere. The "method of moments” (Gauger et al., 1990; Gail and Sedlmayr, 1988)
calculates the dust formation of amorphous carbon.

The main parameters characterizing the DARWIN models are: effective temperature Teff,
luminosity L, mass M, carbon-to-oxygen ratio C/O, piston velocity amplitude ∆u, and the param-
eter fL used in the calculations to adjust the luminosity amplitude of the model. The emerging
proprieties of the hydrodynamic calculations are: the mean degree of condensation, the wind
velocit, and the mass-loss rate. A set of “time-steps” describe each model, corresponding to the
several phases of the stellar pulsation.

The synthetic photometry, synthetic spectra and synthetic visibilities are computed using
the COMA code and the subsequent radiative transfer (Aringer, 2000; Aringer et al., 2009).
The synthetic photometry is derived integrating the synthetic spectra over the selected filters
mentioned in Sect. 5.2.2. Starting from the radial temperature-density structure at a certain
time-step taken from the dynamical calculation, and considering the equilibrium for ionization
and molecule formation, all the abundances of the relevant atomic, molecular, and dust species
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were computed. The continuous gas opacity and the strengths of atomic and molecular spectral
lines are subsequently determined assuming local thermal equilibrium (LTE). The corresponding
data, listed in Cristallo et al. (2007) and Aringer et al. (2009) are consistent with the data used
for constructing the models.

The amount of carbon condensed into amorphous carbon (amC), in g/cm3, as a direct output
of the calculations, is taken from the models. amC dust opacity is treated consistently (Rouleau
and Martin, 1991, in SPL), and further details on the dust treatment are given in Eriksson et al.
(2014). SiC is added, artificially, a posteriori with COMA.

We assume that the percentage of condensed material is distributed in this way: 90 %
amorphous carbon and 10 % silicon carbide, based on Pegourie (1988). Some experiments that
change this configurations are presented in Sect. 5.6.

All grain opacities are calculated for the small particle limit (SPL), in order to be consistent1

with the model spectra from Eriksson et al. (2014). The assumed temperature of the SiC particles
equals the one of amC; this is justified, since the overall distribution of the absorption is quite
similar for both species, except for the SiC feature around 11.3 µm. As a consequence, the
addition of SiC would also not cause significant changes in the thermal structure of the models.
Since the SPL is adopted, the effects of scattering are not included, as they are negligible in the
infrared.

5.4.2 The fitting procedure

Generating one synthetic visibility profile for each of the approximately 140 000 time-steps of
the models grid, and for each baseline configuration of our observations, would be extremely
time-consuming from a computational point of view. Therefore a simultaneous fitting of the
three types of observables was excluded a priori, instead implementing the procedure described
as follows.

First, the photometric observations were compared to the synthetic models photometry. A
χ2 minimization was performed over the available literature photometric data, for each of the 540

models of the grid, with a total of approximately 140 000 time steps. The best-fitting photometry
model, with a corresponding best-fitting-photometry time-step is listed in Table 5.3.

Second, we produced the synthetic visibilities, following the approach of Davis et al. (2000)
and Tango and Davis (2002). They are calculated as the Fourier transformation of the inten-
sity distribution I, which results from the radiative transfer. We then compared them to the
interferometric MIDI data of each star. For the time-computational reasons mentioned before,
we produced the synthetic visibilities only for the best-fitting photometric model, i.e. for all the
time-steps belonging to that model.

In the following paragraphs we present the results of the comparison of the DARWIN models
with the spectro-photometric and interferometric data for each single star. One example of the
confrontation of the intensity profile and visibility vs. baseline at two different wavelengths,

1An inconsistent treatment of grain opacities causes larger errors in the results than does using the
small particle limits approximation.
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namely 8.5 µm for the molecular contribution and 11.3 µm for the SiC feature, is shown in
Fig. 5.6 (see Appendix for the other stars).

Figure 5.3: Visibility dispersed over wavelengths of R Lep and R Vol. Models are plotted in
full line, observations in dashed lines, at the different projected baselines (see color legend). The
stars are identified in the title. The six panels show R Lep dispersed visibilities at the baseline
configuration D0-A1 (a), D0-B2 (b), H0-I1 (c) and A1-G1 (d), as also marked in the plot titles.
R Vol dispersed visibilities are at the baseline configuration A1-G1 (e) and A1-K0 (f). Error
bars are of the order of 10%.

5.5 Results

The DARWIN models fits with our three different types of observations, lead to results which
are described in this section, for Mira, Semiregular and Irregular stars. Please refer to Sect. 5.6
for a detailed discussion on our results.

The results of the fit, namely the χ2, are shown in Table 5.3. The main parameters that
characterize the models, as described in Sect. 5.4, are listed together with the resulting properties
of the DARWIN models, such as the mean mass-loss rate Ṁ . The table also contains the model
phases of the single time-steps that best fit the interferometric observations, and the observational
MIDI phases for the Mira stars. No assignment of MIDI phases can be done for the Semi-regular
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Figure 5.4: Same as Fig. 5.3, for the Semiregular and Irregular stars of our sample: Y Pav in
panels (a), (b), (c); X TrA in panels (d), (e), (f); U Hya in panel (g) and AQ Sgr in panel (f).
Error bars are of the order of 10%.
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and Irregular variables, due to the irregular nature of their light curves and also the sometimes
poor phase coverage of the light curves. For the Miras, the MIDI observations were combined
for the fit and therefore a comparison between observed and model phases is not appropriate for
any of our targets.

The best fitting models of Y Pav, AQ Sgr, U Hya and X TrA resulted, at first, in models
without mass-loss. Since those stars are instead highly pulsating and show presence of mass-loss
in the literature (see Table 5.1), we decided to perform a selection a priori, choosing from the
whole grid of 560 models, only the ones allowing for wind formation, i.e. having a condensation
factor fc > 0.2. This results in a sub-grid of 168 models, among which we performed our analysis
for the Semiregular and Irregular stars.

Based on our findings, some general statements can be made: overall, the χ2 from SED fitting
of non-Miras is higher than the one obtained for Mira variables (Table 5.3). We also found that
the Miras interferometric observations show the SiC feature shallower than the one produced by
the models. Also, the visual phase of the models does not match the one of the interferometric
observations.

5.5.1 Mira stars

In summary, the Mira stars exhibit a visibility vs. wavelength profile always flatter than the
models, which agrees better at wavelengths shorter than 10 µm. A similar finding was reported
by Sacuto et al. (2011a) for R Scl.

R Lep

The spectroscopic and photometric data of R Lep agree well with the model predictions, as can be
seen in Fig. 5.5 (in which the IRAS spectrum has been over-plotted for qualitative comparison
reasons) and Fig. 5.1, left panel. The small differences at wavelength shorter than 1 µm are
discussed later in Sect. 5.6.1. The good fit is confirmed by a χ2 of 0.99 and 1.01 for photometry
and interferometry respectively (Table 5.3). R Lep interferometric data (see Fig. 5.3, upper
panels) show the typical SiC shape around 11.3 µm. This shape is reproduced by the models,
and their difference in level at wavelength longwards of 10 µm is discussed in Sect. 5.6.1.

R Vol

R Vol photometric data show good agreement at all wavelength ranges, well within the error
bars (see Fig. 5.1, right panel). The interferometric data of R Vol are taken with long baselines
(Bp = 74 m and Bp = 126 m), and cover visibility values between 0.05 and 0.15. Overall, the
observations taken with the 126 m baseline (Fig. 5.3) are reproduced good by the model in the
wavelength range between 11 and 13 µm. However the model predicts higher visibilities for the
74 m baseline.
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Figure 5.5: Observational spectro-photometric data of R Lep, compared with the synthetic
spectrum of the best-fitting time-step (violet). Photometry is plotted in green circles, while IRAS
(Olnon et al., 1986) and NASA/IRTF (Rayner et al., 2009) spectra are plotted in black lines, to
the purpose to check qualitatively the photometric fit. The spectrum of the model for which the
synthetic photometry fits best the corresponding observational data is shown, in violet.
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Interferometric variability

The data of Y Pav, U Hya and AQ Sgr, have been taken at single epochs, therefore no inter-
ferometric variability can be assessed for those stars. The observations of R Vol are one year
apart, but very different in projected baseline (Bp) and projected angles (PA), a configuration
that makes the variability check impossible to perform. The X TrA observations are numerous
and taken at the same time, but they are different in PA, thus the time-variability can not be
evaluated.

The only target for which a variability check could be performed is the Mira star R Lep.
R Lep observations show a cycle-to-cycle variation, observed in the level of the visibility spectrum
(Paladini et al., subm), which is more pronounced in the molecular dominated region between
9 µm and 10 µm, while no variation between 11 and 12 µm is observed.

This variation in the visibility level among the two datasets at Bp = 40 m, is noticeable
between 9 µm and 10 µm (see Fig. 5.3, panel (c)). The highest visibility difference in level is
found at 9.7 µm, where the variation of visibility is δV = 0.072: the visibility level decreases,
moving from pre-minimum (φ = 1.43 at Bp = 40, PA = 147) to post-minimum (φ = 0.66 at
Bp = 40, PA = 142). This result goes in the same direction as the studies of the Mira star
V Oph by Ohnaka et al. (2007), who observed the star to be smaller in the proximity of the
visual phase minimum, but with a stronger variation of the visibility level: δV = 0.25 between
dataset #3 (phase φ = 0.49) and #6 (φ = 0.69) at 8.3, 10.0 and 12.5 µm - see Fig 2 in (Ohnaka
et al., 2007).

Also, there are two R Lep observations which belong to two different cycles, i.e. are taken one
year apart, but have the same projected baseline and similar projected angles. An independent
fit of those two observations to our models has been performed, leading to the same best fitting
time-step. This could indicate that the models do not differ (enough) in the observed quantities
from phase to phase, i.e. the comparison between models and observations is not sensitive enough
to study the temporal variation.

Moreover, we notice that the long baselines observations of R Lep (namely Bp = 48 corre-
sponding to phase φ = 0.23, and Bp = 79 corresponding to phase φ = 0.22, see also Fig. 5.6), are
very low in visibility with respect to the other points. A comparison with the baselines of Ohnaka
et al. (2007) datasets #1 (phase φ = 0.18) and #5 (phase φ = 0.61), which show variability,
could be in principle discussed. Indeed, those baselines are roughly comparable with our long
baselines datasets. But the distance of the Mira star V Oph is d = 237 pc (van Leeuwen, 2007),
i.e. about half the distance of R Lep. Thus our long baselines point would not increase much
their visibility level in Fig. 5.6.

5.5.2 Semi-regular and Irregular Variables

In general, the χ2 of the photometry of the Semi-regular and Irregular stars is higher than for
the Miras (see Table 5.3).
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Figure 5.6: Interferometric observational MIDI data of R Lep, compared with the synthetic
visibilities based on the DARWIN models. Up: intensity profile at two different wavelengths:
8.5 µm and 11.4 µm. Down: visibility vs. baseline; the black line shows the dynamic model,
the colored symbols illustrate the MIDI measurements at different baselines configurations.
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Y Pav

The problem of having the B filter photometric data off the fit, also appearing for some of the
other targets, manifests itself also in the SED of Y Pav, and a likely reason of this is discussed
in Sect. 5.6. The interferometric data show high visibility level at all three Y Pav baseline
configurations. The models agree in level with the MIDI observations, and their difference in
shape is discussed in Sect. 5.6.

AQ Sgr

The synthetic photometry of AQ Sgr fits the data well within the error bars. The models are in
good agreement with the MIDI data in level, but the SiC feature shape is not as pronounced in
the models as in the observations.

U Hya

The synthetic model SED of U Hya is in good agreement with the observations. The small
discrepancy shorter than 1 µm is discussed in Sect. 5.6. The synthetic visibilities seems to
reproduce well, within the error bars, the shape and level of the MIDI U Hya observations.

X TrA

Since at first the photometry of X TrA (in Fig. 5.2 lower right panel), had the value in the filter
I particularly offset compared to the overall fit, we performed a new fit excluding those values.
The results are shown in Table 5.3 and Fig. 5.2. There is a good agreement between models and
MIDI observations, and the discrepancy in shape is examined in Sect. 5.6.

5.6 Discussion

5.6.1 The SEDs and visibilities

Our attempts to reproduce the SED (photometry + IRTF spectrum in the R Lep case) and
interferometric MIDI data with DARWIN models show a strong improvement with respect to
our previous study of RU Vir. The models can fit the SEDs of all stars longward of 1 µm
quite well and also the visibilities between 8 µm and 10 µm. The observed faster decline and
leveling off of the Miras visibility profiles, compared to the non-Miras, is also predicted by the
models which are significantly more extended for the Miras and have a more pronounced shell-
like structure. This can be best seen by comparing R Lep and Y Pav (Fig. 5.6, Fig. 5.7 which
have similar distances. It is also supported by the fact that the best fitting models (with wind)
for the non-Miras have a lower average mass loss rate and show only episodic mass loss. We
remind the reader that actually the best fitting models for the non-Miras were those without a
wind, but we excluded those because of the known mass loss for these stars (Sect. 5.4). Both
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Figure 5.7: Interferometric observational MIDI data of Y Pav, compared with the synthetic
visibilities based on the DARWIN models. Up: intensity profile at two different wavelengths:
8.5 µm and 11.4 µm. Down: visibility vs. baseline; the black line shows the dynamic model,
the colored symbols illustrate the MIDI measurements at different baselines configurations.
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Figure 5.8: Y Pav wavelength dependent visibilities in the MIDI range, for the only baseline
configuration D0-H0, in the case of the amount of SiC increased to 50% in the models.
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the windless and episodic models are characterized by rather compact atmospheres and weakly
pronounced gas and dust shells.

In spite of these encouraging results in reproducing the observations, some notable (and
partly systematic) differences remain. Therefore, our discussion will focus on three major parts:
(1) differences at wavelengths shorter than 1 µm; (2) differences in the visibilities longward of
10 µm and (3) differences related to SiC dust.

Differences at wavelength shorter than 1 µm

The difference in the R Lep SED fit at the short wavelengths, appearing in Fig. 5.1 left panel
and Fig. 5.5, could be caused by a possible combination of data related and model related effects.
The data related ones are due to the stars variability, i.e. lack of light curves, especially in B, R
and I and partly in the IR. As mentioned above, the best fitting models for the Semiregular and
Irregular stars are episodic models and thus show no regular light curve behavior. These two
effects in combination introduce a larger uncertainty in the determination of mean magnitudes
for the observations and models and are also responsible for the higher χ2 of the SED fits for
non-Miras in comparison with the Miras. Deviations may also be due to the assumption of SPL
in the models or uncertainties of the used data set for amC (Nanni et al., 2016).

Differences in the visibilities longward of 10 µm

Comparing the wavelength dependence of the visibilities for the Miras and the non-Miras with
the models, and ignoring for the moment the differences in the SiC feature which will be discussed
in the next section, one notices that at shorter baselines the Mira-models show an increase of
visibility with wavelength which is not observed. A similar difference was also noticed by us
for RU Vir. In Rau et al. (2015c) two explanations for this were discussed: (i) a smoother
density distribution than in the models and (ii) a clumpy environment. A smoother density
distribution with less pronounced dust shells seems possible as the models for the non-Miras do
not show this slope in the wavelength-dependent visibilities, and these models generally have
weakly pronounced shells (see Fig. 5.7). A clumpy environment is not excludable, but from our
data we do not have any evidence of deviations from spherical symmetry. Furthermore, the
slopes agree quite well for the long baselines, where clumps should be more prominent.

In this work we extended our search for other possible origins of the slope in the models.
Using different opacity laws for amC (Zubko et al., 1996 and Jager et al., 1998) did not change
the slope. Also changing the distance within the expected uncertainties did not lead to a better
agreement.

The models are known to poorly reproduce the SED around the 14 µm feature of C2H2

and HCN, mostly due to uncertain opacity and chemistry data (Gautschy-Loidl et al., 2004).
Spectra should be more affected than interferometry since they contain contributions from the
whole stellar disk. Nevertheless we have checked the possible influence on the visibilities, by
artificially removing the C2H2 and HCN contributions from the opacity, in the outer parts of the
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model. But also this experiment did not affect the slope. Thus, a smoother density distribution
than the one produced by the models is the most likely explanation for the slope difference in
the Mira models.

Except for U Hya, all the non-Miras show high visibility levels but no increase with wave-
length. The differences to the models are partly related to SiC (see below). For Y Pav they
could be also due to calibration problems at the longest wavelengths (Paladini et al., subm.).
The high visibility levels also reduce the sensitivity to the differences in the models parameters.

Differences related to SiC dust

Lacking a consistent description of SiC formation in the models, the spectra and visibilities
were calculated from the DARWIN models with the assumption that SiC condenses together
with amorphous carbon (see Sect. 5.4). This means that the amount of SiC is proportional
to the amount of amC grains and assumed SPL is adopted. This assumption did not lead to
major inconsistencies with the observations. However, SiC is likely to condense before amC (e.g.
Ferrarotti and Gail, 2006) but a verification of this hypothesis would require modifications in
the models in a similar way as currently done for M-type stars (Höfner et al., 2016). This will
be subject of future work.

In this context, we would like to underline that the visibilities level, lower in the SiC feature
than around this feature, has not to be interpreted as a larger extension of SiC with respect to
amC and the molecular gas. This conclusion is only true for simple intensity profiles, while our
stars have rather complex profiles and the contrast between the different shells containing dust
and gas contributes to the influence on the level of visibility. This is illustrated in the comparison
of the synthetic intensity and visibility profiles at 8.5 µm and 11.4 µm in Fig. 5.6. The lower
visibility level around 11.3 µm is solely due to the higher SiC opacity with respect to the one of
amC.

Whenever the MIDI observations show a clear SiC dust feature, the feature in the models
is more peaked and narrower. A similar effect was noted for RU Vir, both for the spectra and
the visibilities. For RU Vir the spectral fit with hydrostatic models and More Of Dusty (MOD)
could be improved by using the distribution of hollow spheres (Groenewegen, 2012; Rau et al.,
2015c). However, this distribution is not yet available for the dynamic model atmospheres used
in the present work, and thus it could not be tested.

Another free parameter for the fits is the fraction of Si condensed onto SiC. As explained in
Sect. 5.4, we generally adopted a fraction of 10 %. Increasing this fraction to up to 50 % slightly
improves the agreement for R Lep and possibly also Y Pav (see Fig.5.8). Although for the latter
star, the shape of the observed wavelength dependent visibilities is quite different and might not
be due to SiC at all. A complete test of the SiC fraction for our stars has to await the above
mentioned full implementation of SiC in the DARWIN models.

X TrA is the only star for which no satisfactory fit of the wavelength dependent visibilities
could be found. The shape of the model visibility vs. wavelength shows almost no SiC, while
this is quite prominent in the data. Scaling the distance and increasing the SiC fraction did not
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remove this discrepancy. Also, we checked the two models closest in χ2 to the best fitting model
(i.e. within 68 % of confidence level), and for those ones, the predicted SiC feature improves
slightly, but the increase with wavelength is too steep, as in the case of Miras. The star is thus
compact but apparently has a significant mass-loss. This combination cannot be reproduced
by any of the models, and probably this is caused by the fact that the star is located in the
parameter region of the models with episodic mass loss.

5.6.2 Fundamental stellar parameters compared to literature, and evo-
lutionary tracks

The best fitting DARWIN models yield a number of parameters as listed in Table 5.3.
For a comparison of temperature and luminosity with the literature values, we did not use

the values given in Table 5.3 as these refer to the hydrostatic initial model and thus not to
the dynamic structure of the model at the time-step (i.e. phase) best fitting the interferometric
data (see also Nowotny et al., 2005b). Instead, we calculated for these time-steps a Rosseland
diameter (θRoss). The temperature of the time-step at this radius (TRoss) is the corresponding
effective temperature, i.e. the temperature at the Rosseland radius, defined by the distance from
the center of the star to the layer at which the Rosseland optical depth equals 2/3. From this
and θRoss the luminosity LRoss is calculated. From the photometry of our stars we also derive
the bolometric luminosity Lbol, a diameter θ(V-K) and an effective temperature T(θ(V-K)) using
the diameter/(V-K) relation of van Belle et al. (2013). The error on the luminosity is assumed
to be about 40 %, on the basis of the distance uncertainty. The errors of the temperature are
estimated through the standard propagation of error.

The above various resulting stellar parameters are listed in Tab. 5.4 together with diameters
at 8 µm and 12 µm from geometrical models (see Sect. 5.3). In Fig. 5.9 the temperatures
and luminosities are compared to thermally-pulsing (TP) AGB evolutionary tracks from Marigo
et al. (2013). Starting from the first thermal pulse, extracted from the PARSEC database
of stellar tracks (Bressan et al., 2012), the TP-AGB phase is computed until all the envelope
is removed by stellar winds. The TP-AGB sequences are selected with an initial scaled-solar
chemical composition: the mass fraction of metals Z is 0.014, and the one of helium Y is 0.273.
In order to guarantee the full consistency of the envelope structure with the surface chemical
abundances, that may significantly vary due to the third dredge-up episodes and hot-bottom
burning, the TP-AGB tracks are based on numerical integrations of complete envelope models
in which, for the first time, molecular chemistry and gas opacities are computed on-the-fly with
the ÆSOPUS code (Marigo and Aringer, 2009). The results are shown in Fig. 5.9, where the
TP-AGB tracks for two choices of the initial mass on the TP-AGB,M = 1.0M�, andM = 2M�,
are compared with the stars considered in this work.

We note the the TP-AGB model for M = 1.0M� does not experience the third dredge-up,
hence remains with C/O<1 until the end of its evolution. Conversely, the model withM = 2M�

suffers a few third dredge-up episodes which lead to reach C/O > 1, thus causing the transition
to the C-star domain. The location of the observed C-stars in the H-R diagram, as well as their
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C/O ratios, appear to be nicely consistent with the part of the TP-AGB track that corresponds
to the C-rich evolution. It is worth remarking that the current mass along the TP-AGB track is
reduced during the last thermal pulses, which supports (within the uncertainties) the relatively
low values of the mass (∼ 0.75− 1.0M�) assigned to some stars through the best-fitting search
on the DARWIN models dataset.

Except for Y Pav, the model luminosities and temperatures place the stars in the C-rich
domain of the tracks. The model masses are all 1 M� or less except for X TrA. Such low current
masses are in agreement with the tracks if the stars are in an advanced stage of the TP-AGB
(when log(L) > 3.8). This seems plausible for the Miras but not really the non-Miras. We
note, that Hinkle et al. (2016) also found C-star masses of the order of 1 M� from 1.5 M�. One
should however keep in mind the uncertainties in the masses derived from the DARWIN models,
and the ones predicted by the tracks.

The differences between the luminosity and temperature estimations derived from the models
(LRoss, TRoss) and the observations (Lbol, T(θ(V-K)) are well within the error bars. Only for
AQ Sgr the difference in luminosity exceeds the error. This may be related to the above mentioned
episodic mass-loss of the best fitting model. Literature values of luminosities can be found for
three stars in McDonald et al. (2012) and they all agree within the uncertainties and considering
the differences in the used data sets and the methods used. We underline the surprisingly good
agreement between TRoss and the purely empirically determined T(θ(V-K)).

Temperature estimates in the literature are all based on fitting photometry with a combina-
tion of black bodies or spectra from hydrostatic model atmospheres and a dust envelope around
it (Lorenz-Martins et al., 2001, Bergeat and Chevallier, 2005, McDonald et al., 2012). For each
star different estimates typically differ by several hundred degrees and our values always are
within the range of literature values. For R Vol only one determination is found in the literature
(Lorenz-Martins et al., 2001) which gives a temperature 900K lower than our estimated TRoss.
This apparently large difference can be understood by the method used in Lorenz-Martins et al.
(2001) which cannot take into account the very non-static character of a Mira variable and the
strong radial overlap of photosphere and dusty envelope in C-rich atmospheres (for a detailed
discussion on the concept of an effective temperature for these stars, see also Sect. 3 of Nowotny
et al., 2005b).

The diameters, θRoss and θ(V-K) agree very well for the Miras, while the differences are larger
for the non-Miras. This is probably again caused by the structure of models with episodic mass
loss. Only R Lep, U Hya and AQ Sgr have available observed K-diameters (see Table 5.4).
The values agree only roughly and there is no clear systematics in the differences between the
three types of parameters. This can be understood by the fact that the K-diameter is not a
purely photospheric diameter but also influenced by dust opacity (Paladini et al., 2009) and the
non-static structure of the atmosphere.

The mass-loss values of the best-fitting DARWIN models of the Miras are in reasonable
agreement with the literature (see Table 5.1), while for the non-Miras we find large differences
for AQ Sgr and X TrA. Again, the episodic mass loss of the models is the probable cause.
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Figure 5.9: AGB region of the H-R diagram. The lines display solar metallicity evolution-
ary tracks from Marigo et al. (2013): grey lines mark the regions of Oxygen-rich stars with
C/O < 1.0; yellow lines denote the region of C-rich stars with 1.0 < C/O 6 1.5, while black
lines with C/O > 1.5. The numbers indicate the mass values at the beginning of the thermal
pulsing (TP)-AGB. For better visibility, the track with 2 M� is plotted with a dotted line. Differ-
ent symbols and colors refer to the luminosity and effective temperature, estimated through the
comparison in this work of the the models with spectro-photometric-interferometric-observations.
A typical error-size bar is shown in the lower side of the figure.
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Table 5.4: Observed and calculated temperatures and diameters.

Target θ(V-K)
a θK θ8/FWHM8 θ12/FWHM12 θRoss

e TRoss Tθ(V-K) TθK
[mas] [mas] [mas] [mas] [mas] [K] [K] [K]

R Lep 7.30 12.0± 1.92 b 15/30.13±0.93 15/44.53±2.16 7.64 2860 2890± 350 2250
R Vol 3.60 . . . 32.01± 0.32 36.77± 0.48 3.80 3140 2980± 360 . . .
Y Pav 6.26 . . . . . . /5.29±1.08 . . . /12.06±1.07 4.00 3090 2970± 360 . . .
U Hya 9.62 10.87± 3.16 c 23.89± 2.54 101.87± . . . 8.30 3260 3020± 370 2840
AQ Sgr 5.31 6.13± 0.52 d 16.58±2.7 32.92±2.82 10.18 2824 2970± 360 2770
X TrA 9.78 . . . 21.89±2.46 38.76±3.04 13.82 2650 2860± 350 . . .
Notes. (a) Relation from van Belle et al. (2013). (b) van Belle et al. (1997). (c) VINCI

unpublished data. (d) Richichi et al. (2005). (e) θRoss is the Rosseland diameter of the best
fitting time-step of the corresponding best-fitting model. (f) paper in prep. based on AMBER

and PIONIER data; see also Paladini (2011), PhD thesis.

5.7 Conclusions

In this work we presented a study on the atmospheres of six C-rich AGB stars, combining pho-
tometric and interferometric observations, comparing them consistently with a grid of dynamic
model atmospheres.

Overall, we found that the fit of DARWIN models SEDs with the photometric and inter-
ferometric observations presented in this work show a strong improvement with respect of the
one of RU Vir. The best agreement is found for Mira stars, while for non-Miras the DARWIN
models have more difficulties to reproduce the photometric observations at wavelengths shorter
than 1 µm.

This could be related to the stars variability, since the photometric data in that wavelength
region come from various studies, therefore a difference in phase is likely. There is a slight
improvement in the agreement of the interferometric data with the models in level, but the
difference in shape still remains and is probably due to the amount of condensed dust included
in the models, as the experiments mentioned in Sect. 5.6 prove. Also, the observations show a
consistency with the model assumption that SiC and amC condense together.

From our interferometric analysis, it resulted that models for Miras appear to have steeper
slope, and a larger extension, than the models for Semi-regular and Irregular stars. The models
for the non-Miras don’t show this slope in the wavelength-dependent visibilities, and these models
generally have weakly pronounced shells.

We derived stellar parameters through the comparison of photometric and interferometric
observations with dynamic models atmospheres and geometric models. Those parameters are
summarized in Table 5.4 and Table 5.3. In the latter, errors on the temperatures are of the order
of ±400 K and on the luminosity of the order of 2000 L�.

Models without the small particle limit assumption have lower condensation degrees, which
probably implies less dust extinction in the visual region. Those models will represent a good
test to verify the visual excess shown by some of the stars analyzed in this study. Indeed, ex-
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clusion of the SPL assumption in a dust-shell changes the mid-IR interferometric shape and the
temperature-structure. Thus, models without the SPL assumption, compared with our observa-
tions, will be tested in a follow-up of this work (Rau et al. in prep).

The second generation VLTI instrument MATISSE (Lopez et al., 2006), will allow imaging
at the highest angular resolution. It will therefore be a perfect tool to better reconstruct the
intensity profiles of the objects in this study, and to investigate the small scale asymmetries, in
order to confirm or deny the asymmetric nature of the objects studied in this work. MATISSE will
also help to improve the variability study of those stars and the global distribution of molecules
and dust.

Additional interferometric observations of those targets will help us also to constrain the
models better, e.g. VLTI/PIONIER (H-band, Le Bouquin et al., 2011), GRAVITY (K-band,
Eisenhauer et al., 2008) or Millimeter/sub-millimeter interferometric e.g. ALMA measurements
and VISIR observations could provide further constraints to solve the open questions.
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Chapter 6

The VLTI/MIDI large program
(Paper III)

My contribution to the study presented in this chapter focused on the data reduction, analysis,
and quality check of the MIDI interferometric data of all the carbon-rich AGB stars of this pub-
lication.
The work described in this chapter is part of the submitted paper:

Title: The VLTI/MIDI view on the inner mass loss of evolved stars from the Herschel MESS
sample
Authors: C. Paladini, D. Klotz, S. Sacuto, E. Lagadec, M. Wittkowski, J. Hron, A. Jorissen,
A. Richichi, M. A. T. Groenewegen, F. Kerschbaum, T. Verhoelst, G. Rau, H. Olofsson, R.
Zhao-Geisler
Year: 2016
Journal: Astronomy and Astrophysics, submitted on the 19th of August 2015.

The mass-loss process from evolved stars is a key ingredient for our understanding of many
fields of astrophysics, including stellar evolution and the chemical enrichment of the interstellar
medium (ISM) via stellar yields. Nevertheless, many questions are still unsolved, one among them
being the geometry of the mass-loss process. Taking advantage of the results from the Herschel
mass-loss of Evolved StarS (MESS) program, we initiated a coordinated effort to characterise
the geometry of mass loss from evolved red giants at various spatial scales. For this purpose
we used the MID-infrared interferometric Instrument (MIDI) to resolve the inner envelope of 14
asymptotic giant branch stars (AGBs) in the MESS sample. In this contribution we present an
overview of the interferometric data collected within the frame of our Large Program, and we
also add archive data for completeness. The geometry of the inner atmosphere is studied by
comparing the observations with predictions from different geometric models.
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Asymmetries are detected for 5 stars: R Leo, RT Vir, π1 Gruis, omi Ori, and R Crt. All
the objects are O-rich or S-type, suggesting that asymmetries in the N−band are more common
among stars with such chemistry. We speculate that this fact is related to the characteristics of
the dust grains. Except for one star, no interferometric variability is detected, i.e. the changes
in size of the shells of non-Mira stars correspond to changes of the visibility of less than 10%.
The observed spectral variability confirms previous findings from the literature. The detection of
dust in our sample follows the location of the AGBs in the IRAS color-color diagram: more dust
is detected around oxygen-rich stars in region II, and in the carbon stars in region VII. The SiC
dust feature does not appear in the visibility spectrum of the U Ant and S Sct, two carbon stars
with a detached shell. This finding will have implication on the theory of SiC dust formation.

6.1 Introduction

Most of the material processed during the lifetime of low- to intermediate-mass stars is returned
to the interstellar medium (ISM) during the asymptotic giant branch (AGB) stage. This material
is crucial for the chemical evolution of galaxies (perhaps even at high redshift; Valiante et al.,
2009), and it contributes to build new generations of stars and planets.

The general picture which explains the mass-loss process assumes that stellar pulsation trig-
gers shock waves in the atmosphere. These shocks lift the gas above the stellar surface, creating
dense cool layers where dust may form. Depending on the chemistry of the star, theory predicts
that the radiation pressure on dust, or the scattering on micron-size dust grains drive the stel-
lar material away (Höfner and Dorfi, 1997; Woitke, 2006; Höfner, 2008). An important aspect
of the mass loss process which is poorly understood is its geometry, i.e., the deviation of the
density distribution from spherical symmetry on different spatial scales. The assumption on the
geometry of the circumstellar environment affects calculations of mass-loss rates and other fun-
damental parameters (Ohnaka et al., 2008b). Over the last years several observing campaigns
were carried out with the purpose of investigating the geometry of the envelope of AGB stars
(references below). Observations suggest that the wind mechanism may depend on the initial
mass of the objects, and on the evolution along the AGB (Habing and Olofsson, 2003). Despite
first evidences in favor of overall spherical symmetry, some observations (Knapp et al., 1997, e.g.
V Hya) show very complicated geometry at various spatial scales, and no consensus on its origin
has been reached so far (Habing and Olofsson, 2003). Understanding how the mass loss shapes
the envelope of AGB stars is crucial also for the progeny. Although a binary companion is cur-
rently the most accepted explanation, other mechanisms such as rotation velocity and magnetic
fields might still play a role (De Marco, 2009). Investigating the morphology of the atmosphere
of AGB stars at different spatial scales and evolutionary stages (early-AGB and Thermal-Pulse
AGB) will help to clarify the picture on the follow-up stages.

By scanning the envelope of an AGB star from the inside to the outside one can distinguish
the following:

Inner Circumstellar Envelope (CSE). At milliarcsecond scales (1-2.5 stellar radii), close to the
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photosphere of the stars, asymmetries are frequently detected with lunar occultation (Richichi
et al., 1995; Meyer et al., 1995) and optical interferometry (Ragland et al., 2006; Le Bouquin et al.,
2009; Pluzhnik et al., 2009; Chiavassa et al., 2010; Wittkowski et al., 2011b; Cruzalèbes et al.,
2013b; van Belle et al., 2013; Mayer et al., 2014; van Belle et al., 2013; Cruzalèbes et al., 2015).
The asymmetric structures are often ascribed to convective patterns, but other interpretations are
also invoked (mainly the effect of stellar rotation and binarity). It is observed that asymmetries
in the brightness distribution are more frequent for Miras (Cruzalèbes et al., 2015, i.e., towards
the end of the AGB life), and Irregular variables (Ragland et al., 2006), asymmetries are more
frequent in C-rich stars than in the O-rich ones.

Intermediate CSE. Between 2 and 10 stellar radii, asymmetries and clumpiness are also
observed for several objects (Weigelt et al., 1998; Tuthill et al., 2000; Weigelt et al., 2002; Leão
et al., 2006; Tatebe et al., 2006; Chandler et al., 2007; Paladini et al., 2012; Sacuto et al., 2013).
In a very few cases the asymmetries have a clear pattern resembling a spiral or a disc. These
cases are usually related to the presence of a hidden binary companion (Mauron and Huggins,
2006; Deroo et al., 2007; Ohnaka et al., 2008a; Maercker et al., 2012; Mayer et al., 2013; Decin
et al., 2015; Kervella et al., 2014; Ramstedt et al., 2014; Lykou et al., 2015; Kervella et al.,
2015). On the other hand many other authors detect time variability but no clear signatures of
asymmetries (Danchi et al., 1994; Ohnaka et al., 2005; Wittkowski et al., 2007; Karovicova et al.,
2011; Sacuto et al., 2011b; Zhao-Geisler et al., 2011, 2012; Karovicova et al., 2013). To confuse
even more the picture, SiO maser observations show evidences for clumpy isotropic mass loss in
the atmosphere of O-rich AGB stars, while H2O and OH masers (at R > 10 R?) probing the
intermediate-outer part of AGB stars are less conclusive about the geometry.

Outer CSE. Submillimiter observations of CO line profiles obtained toward M stars may
deviate significantly from those expected from a spherical envelope (Knapp et al., 1998; Winters
et al., 2003; Klotz et al., 012a). Imaging in the CO radio emission lines of carbon stars re-
vealed spherically-symmetric thin “detached” shells (Olofsson et al., 2000), probably originating
during the thermal pulses known to occur during the AGB phase. Images provided by the Her-
schel/PACS instrument within the frame of the Herschel Mass loss of Evolved StarS guaranteed
time key program (MESS; Groenewegen et al., 2011) showed that the morphology of the outer
atmosphere (R > 1000 R?) of AGBs differs depending on various factors (for example interaction
between wind and the interstellar medium, or wind-wind interaction, Cox et al., 2012).

Altogether it is clear that one has to probe all spatial scales to understand the physics of these
complex outflows. While previous studies with the aim of detecting asymmetries suffered from
a lack of (u, v)-coverage (cfr. optical/infrared interferometry) and/or instruments with sufficient
sensitivities, the advent of new facilities with improved resolution and sensitivity like Herschel,
ALMA, and VLTI offers the unique chance to understand the mass loss and dust-formation
processes, and generally speaking, the life cycle of dust and gas in the Universe.

In September 2010, we proposed a Large Program (LP) to the European Southern Observa-
tory (ESO) to complement the Herschel observations with observations using the mid-infrared
instruments MIDI on the Very Large Telescope Interferometer (VLTI) and VISIR on the Very
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Large Telescope (VLT). The aims of the study are i) to establish whether asymmetries of the
outer CSE originate in the dust-forming region, or whether they are only due to interaction with
the ISM; ii) to evaluate at which height, the mass-loss process becomes manifestly non-spherical;
iii) to understand how the geometry of the atmosphere changes at the different evolutionary
stages (M-S-C stars, and from almost dust-free to very dusty objects) within the AGB sequence.

In this paper, we present the program and the data of the interferometric (MIDI) campaign
interpreted with geometric models. All the ESO archive data available for the targets are incor-
porated in the analysis to give a complete overview. This first work will be followed by a paper
including a detailed interpretation of the MIDI data in terms of model atmospheres. The VISIR
observing campaign was severely affected by bad weather conditions, a new observing proposal
was recently accepted.

The selection of the targets is described in Sect. 6.2.1, while the strategy for observations in
Sect. 6.2.2. The data reduction is reported in Sect. 6.2.3. We also used archive data that are
introduced in Sect.6.2.4. The program used for the interpretation of the interferometric data
is described in Sect. 6.3. Results are presented in Sect. 6.4. The discussion, conclusions and
outlooks are given in Sects. 6.5 and 6.6, respectively. The detailed description of every single
target can be found in Sect. 6.7, and the journal of the observations in Appendix A.3.

6.2 Target selection and data

6.2.1 Target selection

A sub-sample of the AGB stars observed within the Herschel key program MESS (Groenewegen
et al., 2011; Cox et al., 2012) was selected on the basis of the following criteria: declination
accessible from the Southern hemisphere where the ESO telescopes are located, brightness within
the limits of the instruments, and to have different chemistries and variability types. The IRAS
two-colour diagram (van der Veen and Habing, 1988) was used as a reference, with the purpose
of sampling AGBs with different shell properties (Fig. 6.1). Every region includes targets with
well-defined infrared characteristics: variability, and IRAS Low Resolution Spectrometer (LRS)
classification.

The mildly variable O-rich AGB stars without extended circumstellar shells are expected
to populate region I. In region II the objects are surrounded by young O-rich shells, while in
region IIIa the shells are more evolved and mass-loss rates are higher. In region VIa most of the
C-rich objects with relatively cold dust are located (so called detached-shell objects), while the
objects located in region VIb have hot oxygen-rich dust close to the star, and cold dust at larger
distances. The variable stars with evolved C-rich shells as well as infrared carbon stars are in
region VII. The panels not covered within the observing sample are populated by objects with
optically thick envelopes having no visual counterparts, and by Planetary Nebulae. The list of
targets is presented in Table 6.1 together with the location in the IRAS color-color diagram, the
morphological class identified by Cox et al. (2012) from the Herschel/PACS images, and general
characteristics such as spectral type, variability class, IRAS 12 µm flux, period, distance, and
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Figure 6.1: The targets of our sample shown in the IRAS two-colour diagram of van der Veen
and Habing (1988).

mass-loss rate.

6.2.2 Observing strategy

In this work we concentrate on possible asymmetries developing in the dust forming region.
Danchi et al. (1994) and more recently Norris et al. (2012) observed that dust is forming be-
tween 3 and 5 stellar radii, and even closer to the star in the case of Mira variables, as Draine
(1981) already predicted. As a consequence, to observe the locus of dust formation for AGBs
within 1 kpc, one needs to have an angular resolution of ∼ 20 mas. For this reason, the MIDI in-
strument (Leinert et al., 2003a) installed at the ESO Very Large Telescope Interferometer (VLTI)
on Cerro Paranal (Chile) until March 2015 was chosen. MIDI is a 2-beam combiner interferom-
eter observing in the N−band (8-13 µm). For every observation, the instrument delivers one
visibility spectrum (sometime shortened to “visibility” in the text), one total flux spectrum, and
one differential phase spectrum (phase difference between different spectral channels, Sect. 6.4.2).
Depending on the correlated magnitude of the target, either the HIGH-SENS (where the corre-
lated and the total flux are measured one after the other) or SCI-PHOT (where the correlated
and the total flux are measured simultaneously) mode was chosen. All the LP data have spectral
resolution R = λ/∆λ ∼ 30.

To optimise the observations for studying the geometry the following strategy was used. The
choice for the baseline configurations was split in two different categories, based on the Herschel
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data available: configurations for non-spherical (like the bow shock in the case of TX Psc, Jorissen
et al., 2011), and for spherical objects (like the detached-shell object U Ant, Kerschbaum et al.,
2010). For the non-spherical cases we selected one baseline oriented in the direction of the
asymmetry, and one perpendicular to the latter. A third baseline with orientation in between
the two, was selected to put constraints on the possible elongation. Baselines with random
orientation were selected for the symmetric stars, as well as in the cases where PACS images
were not yet available. Thus, we are able to constrain any possible deviation from sphericity. We
also tried to sample the same spatial frequencies by choosing the same baseline lengths for all
points. The baseline length also has to be selected carefully for resolving the dust formation zone.
Given the fact that not all the targets of the sample had a measured photospheric diameter, the
latter was estimated through the (V −K) relation of van Belle et al. (1999). Following the results
of Danchi et al. (1994), we thus assumed that the diameter in the N−band is approximately
three times the photospheric one, and the baseline was selected accordingly.

For planning the observations, we used ASPRO and ASPRO2 developed by the Jean-Marie
Mariotti Center Aspro service 1. The observations were carried out between 2011 April 23 and
2012 July 01 on the 1.8m Auxiliary Telescopes (ATs). We used the recommended observa-
tion sequence CAL-SCI-CAL. The following selection criteria for calibrator stars were applied:
brightness (difference between calibrator and science target of ±1mag), position (RA and Dec
as close as possible to the science target), size (the calibrator should be as small as possible),
spectral type (if possible the calibrator should have a spectral type earlier than M0). The list of
calibrators and their main characteristics are presented in Table 6.2. The journal of the MIDI
observations is available as online material (Appendix A.3).

6.2.3 Observations and data reduction

MIDI data were reduced using the data reduction pipeline MIA+EWS2 (Jaffe, 2004; Ratzka,
2005; Leinert et al., 2004). A detailed description of the data quality tests that were applied
during the data reduction can be found in Klotz et al. (2012b). Data are reduced with all
calibrators observed in the same night (if possible within ±2hours) and with the same baseline
configuration as the science target. The final calibrated visibilities are then the mean of all the
visibilities, differential phases and fluxes reduced with suitable calibrators. The error is derived
from the standard deviation of that series. If the former error is lower than ±10% or only one
calibrator was available during the night, a multiplicative error of ±10% was used (Chesneau,
2007).

The extraction of the differential phase is done following the standard procedure of EWS
(Jaffe, 2004). The differential phase is corrected for the changing index of refraction of air by
subtracting a linear slope, so that the mean phase over the N -band is zero. We did not correct
for higher order effects due to water vapor content (PWV). Instead, we employ a very simplistic
approach, by calibrating the differential phases using several calibrators taken over the night and

1Available at http://www.jmmc.fr/aspro
2http://www.strw.leidenuniv.nl/∼jaffe/ews/MIA+EWS-Manual/index.html
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Table 6.2: Calibrator list.

HD Spectral type a F12
(a) θ (b) used for

[Jy] [mas]
18884 M1.5IIIa 234.7 12.28± 0.05 omi Ori, R Lep
20720 M3/M4III 162.70 10.14± 0.04 R Lep
25025 M1IIIb 109.6 8.74± 0.09 R Leo
29139 K5III 699.7 20.398± 0.087 R Leo, U Ant
32887 K4III 56.82 5.90± 0.06 R Lep
39425 K1IIICN+1 28.0 3.752± 0.017 omi Ori
48915 A1V 143.1 6.08± 0.03 R Leo, R Lep, U Ant
50778 K4III 24.6 3.904± 0.015 omi Ori
61421 F5IV-V 79.1 5.25± 0.21 R Leo
81797 K3II-III 157.6 9.142± 0.045 θ Aps, R Crt, RT Vir, R Leo
112142 M3III 47.0 5.90± 0.7 R Crt, RT Vir, AQ Sgr
120323 M4.5III 255.4 13.25± 0.06 R Crt, RT Vir, R Leo, U Ant, AQ Sgr
123139 K0III 56.9 5.33± 0.057 R Crt, RT Vir, R Leo, AQ Sgr
129456 K5III 21.4 3.37± 0.014 T Mic
133216 M3/M4III 200.7 11.154± 0.046 RT Vir
150798 K2II-III 144.0 8.76± 0.12 θ Aps, R Crt R Leo, Y Pav, X TrA
151249 K5III 52.18 5.515± 0.179 Y Pav
152786 K3III 82.1 8.02± 3.23 θ Aps, R Crt R Leo, AQ Sgr
165135 K1III 23.4 3.47± 0.015 T Mic
167618 M3.5III 213.7 11.665± 0.043 θ Aps, T Mic
168454 K3III 62.17 5.874± 0.026 S Sct, AQ Sgr
169916 K0IV 31.2 3.995± 0.019 T Mic, Y Pav, S Sct, AQ Sgr
177716 K1III 26.0 3.78± 0.21 T Mic
206778 K2Ib 103.9 7.59± 0.046 θ Aps, R Leo, π1 Gru
211416 K3III 59.3 5.92± 0.28 AQ Sgr
224935 M3III 86.90 7.25± 0.03 π1 Gru

Notes: (a)http://simbad.u-strasbg.fr/simbad/;
(b)http://www.eso.org/observing/dfo/quality/MIDI/qc/calibrators_obs.html
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deriving our error estimate on the phase from the scatter of these multiple calibrations. The
instrumental phase measured for the calibrators during the different nights is usually stable and
of the order of ±5◦. Any uncertainty on the differential phase caused by the lack of correction
for the dispersion effects due to PWV is therefore transferred to the errors on our phases.

A word of caution must be issued concerning the MIDI spectra. The water vapor content
in the Earth atmosphere can change conspicuously on a time scale of half an hour without any
changes in seeing or coherence time. So, it is possible that the water vapor content and thus
the transmission of the Earth atmosphere changes between science and calibrator. Whereas the
calibration of the interferometric visibility is not affected, the fluxes (i.e. the MIDI spectra) will
be affected. To limit such effects, fluxes were only derived if the airmass difference to the science
target is smaller than 0.2 and the calibrator was observed within ± 2 hours from the science
target. Only calibrators of spectral type earlier than M0 were selected for the flux calibration.
Henceforth the possibility that the science spectra is contaminated by possible dust around the
calibrator is minimized (Chesneau, 2007). Adding the LP to the archive data (Sect. 6.2.4), we
collected a total of 201 visibility points; 60% of these data were of good quality and are used in
this work.

6.2.4 Additional observations and variability check

Archive MIDI observations were available for TX Psc, AQ Sgr, U Ant, T Mic, R Crt, R Leo,
RTVir, π1 Gru, omi Ori, and R Lep. Some of these data were observed in GRISM mode (spectral
resolution R = 230). These high resolution archive observations were convolved to a spectral
resolution R = 30 before any comparison with the LP data. We also noticed that most of
these observations were done with different baselines but at the same position angle. Such
datasets allow to probe the atmosphere at different spatial scales, i.e. they are optimal for
tomography studies. Moreover these observations carry information about intra-cycle and cycle-
to-cycle interferometric and spectroscopic variability. When possible we assigned to every MIDI
observation a variability phase calculated from the visual light curve. For this purpose light
curves were collected from: the American Association of Variable Star Observers (AAVSO), the
All Sky Automated Survey (ASAS), and the Association Française des Observateurs d’Étoiles
Variables (AFOEV). The phase is determined from the light curve using the following relation:

φ =
(t− T0)

P
− int

(
(t− T0)

P

)
,

where t stands for the date of the MIDI observation(s) expressed in Julian date. T0 is the phase-
zero point which was selected as the maximum light closest in time to the first MIDI observation.
P is the period of variability already listed in Table 6.1. Visual phases are assigned to the stars
θ Aps, R Crt, R Leo, T Mic, RT Vir, R Lep, Y Pav, S Sct, and AQ Sgr. The values are listed
in Appendix A.3, and errors are assumed to be of the order of 10% of the period.

The analysis of spectroscopic variability is performed by comparing MIDI spectra obtained
at different visual phase, and also by comparing the MIDI spectra to available ISO and/or
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IRAS spectra. The interferometric variability was studied by comparing (when available) sets
of visibilities at similar baseline lengths and position angles, observed at different dates. If no
interferometric variability is detected, one can assume that the data can be combined for the
geometric fit. The (u, v)-coverages obtained for all the data of the LP, including the archive data
is shown in Fig. 6.2.

6.3 Geometric fitting

A model-independent way to identify departure from spherical symmetry of the CSE is by com-
paring visibilities taken at similar baseline and different position angle. We performed this
check where the dataset allowed it. As a second approach we employ the software GEM-FIND
(GEometrical Model Fitting for INterferometric Data, Klotz et al., 2012b) to interpret our obser-
vations. This software fits geometrical models to interferometric visibility data, where different
spherically-symmetric, centro-symmetric and asymmetric models are available. The different
parameters of the models can be either wavelength-dependent (e.g. diameter, flux ratio of two
components) or wavelength-independent (e.g., inclination or axis ratio of a disk) as GEM-FIND
will fit each wavelength-point separately. This gives us the possibility to study the dependence of
the model parameters on e.g.molecular and dust features. The output of GEM-FIND is a χ2

red,
the best-fitting parameters, and wavelength-dispersed visibilities and differential phases. The
errors of the best-fitting parameters given by GEM-FIND are the 1σ statistical errors derived
from the covariance matrix (calculated within the MPFIT3 IDL routines implemented in GEM-
FIND). It is known that the models in the Fourier space are not linear, therefore the errors are
not Gaussian distributed. We tested the validity of the approach with Monte-Carlo simulations
(Klotz et al., 2012b). We find that 1σ errors from the Monte-Carlo simulations are comparable to
the ones derived from the covariance matrix. Therefore, in the following, errors will be computed
from the covariance matrix.

For the study of the geometry of the circumstellar environment, the following models were
used to fit the data: circular uniform disk (UD, representing an approximation of the stellar
disk), circular Gaussian distribution (Gauss, approximation to an object with a molecular or
dusty environment and limb darkening), elliptical uniform disk (Ell. UD, like the UD case with
non central symmetric brightness distribution), elliptical Gaussian distribution (Ell. Gauss, like
in the Gauss case with non central symmetric brightness distribution). The latter two models
were applied only for the objects with more than 2 position angles available. In the case where a
sufficient number of observations sampling different spatial frequencies was available, a spherical
two-component model (circular UD plus circular Gaussian, where the two components represent
typically the photosphere and a optically thin dust and/or molecular component) was used
additionally. In this latter case the diameter of the UD was fixed to a value corresponding to
the θ(V−K) diameter (van Belle et al., 1999), to simulate the central star (or to the observed
K−band value, when available). Only the Gaussian envelope was fitted. The fit with GEM-

3http://purl.com/net/mpfit
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Table 6.3: Reduced χ2
red from GEM-FIND fitting.

Target Baseline Year NOB UD Gauss Ell. UD Ell.Gauss. UD+Gauss
[m]

θAps 10–17 2011/12 6 0.78 0.69 0.41 0.38 . . .
RCrt 10–16 2012 5 10.17 2.53 1.18 1.04 . . .

10–64 2009/11/12 8 46.27 28.31 18.18 17.74 0.66
RLeo 11–16 2012 4 0.93 0.78 0.09 0.11 . . .

11–64 2006/07 18 38.55 14.73 8.03 10.84 6.45
TMic 11–16 2011 4 0.28 0.27 0.09 0.11 . . .

11–46 2004/11 7 1.16 0.96 0.49 0.46 0.24
RTVir 13–15 2012 2 1.31 1.13 . . . . . . . . .

12–128 2008/09/11/12 14 49.10 25.13 22.80 20.51 3.04
π1 Gru 10-15 2011 3 4.83 3.44 0.57 0.42 . . .

10-62 2006/11 11 23.23 23.56 21.59 21.49 0.85
o1 Ori 32–46 2011 7 1.30 1.30 0.79 0.78 . . .

32-129 2005/11 14 2.04 2.01 1.90 1.85 1.42
UAnt 30 2012 1 . . . . . . . . . . . . . . .

30-95 2008-2012 3 1.20 1.23 0.65 0.63 . . .
RLep 34-40 2012 6 1.59 0.93 1.32 0.90 . . .

34-79 2011/12 10 2.38 3.65 1.39 3.55 1.00
Y Pav 50-63 2011 4 0.77 0.78 0.44 0.44
TXPsc 60-140 2011 6 0.99 1.19 0.90 1.09 . . .

11-140 2004-2011 15 1.28 1.32 1.29 1.32 1.34
S Sct 40-45 2011 2 2.63 2.61 . . . . . . . . .
XTrA 21-34 2011 5 0.95 0.89 0.31 0.30 . . .
AQSgr 37-42 2011 2 1.59 1.67 . . . . . . . . .

Notes. The range in baseline length is given as ’Baseline’. The number of observations used for
the fitting is given as NOB. The first row corresponds to the data of the LP. The second row
corresponds to fits were the LP and archive data were merged. If only data points with similar
position angles were available, the elliptical models were not fitted. The χ2

red of the model best
fitting the data is highlighted in bold-face. The resulting best fitting parameters are given in
Table 6.4, whereas the dates of the observations are given in Appendix A.3.
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FIND was performed in two stages: first only the LP data are fitted, afterwards the LP data are
merged with the archive ones and a new fit is performed. The reasoning behind this strategy
is that the LP data are chosen to sample the same spatial frequencies and different position
angles, therefore they are more suitable for detecting possible elongations due to a non central
symmetric distribution. The fit with all data (LP + archive) is done for completeness, and it
allows us to study the stratification of the stars.

6.4 Results

This section summarises the general findings of the LP. Detailed discussion for the single targets
are given in Sect 6.7.

6.4.1 Visibility vs. wavelength

A visual inspection of the visibility spectrum reveals certain spectral features characterising the
chemical composition of the CSE. For this study, we inspect the visibilities in the range between
0.1 ≤ V ≤ 0.9. In the case of V ≥ 0.9, it is not possible to distinguish details of the spectral
signature, or even distinguish the visibilities from that of a point source due to the typical errors.
At V ≤ 0.1 the relation between visibility and spatial frequency may not be univocal (as the
visibility function may consist of several lobes). Fig. 6.3 shows the spectrally dispersed visibility
curves for stars with different chemistry.

M-type and S-type stars. The most prominent molecular feature of oxygen-rich stars in the
N−band is SiO around 8 µm. In some cases, this is followed by silicates and Al2O3 dust. For
stars not showing a pronounced silicate feature like R Leo (upper left panel of Fig. 6.3), T Mic,
and the S-type stars omi Ori and π1 Gru (upper right panel of Fig. 6.3), the visibility is rather flat
with a small bump at short wavelengths. The diameter increases slightly at longer wavelengths.
For stars showing the dust and molecular features (R Crt shown in the central upper panel of
Fig. 6.3; RT Vir, and θ Aps) the visibility has a peak in the 8-9 µm region, a decrease between
9-11 µm, and a subsequent increase.

C-type stars. The molecules contributing to the carbon stars opacity in the N -band are
mainly C2H2 and HCN. Concerning the dust, evolved carbon-rich objects show SiC dust at
11.3 µm and amorphous carbon dust (featureless). Examples of visibilities of stars with SiC dust
were shown by e.g. Ohnaka et al. (2007), Sacuto et al. (2011b), Paladini et al. (2012), and Rau
et al. (2015c). The lower left panel of Fig. 6.3 shows the visibility of the C-rich Mira R Lep with
the typical drop at 11.3 µm due to SiC. Y Pav, X Tra, and AQ Sgr show similar visibility curves.
The visibilities of carbon rich stars without SiC have a typical bow shape. The visibility gets
lower (i.e. the star is larger) between 8-9 µm and after 12.5 µm where the molecular opacity is
higher. Fig. 6.3 shows an example of such kind of stars: TX Psc (also presented in Klotz et al.,
2013b).

Other stars. The IRAS and the MIDI spectra of U Ant show the signature of SiC dust feature,
while there is no trace of such feature in the (spatially resolved) interferometric observations
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(lower right panel of Fig. 6.3). This could be the result of resolving-out part of the total emission,
revealing only the emission of the spatial scale the interferometer is sensitive too (at the employed
baselines).

The case of S Sct is slightly different. There is no trace of SiC in the (spatially resolved)
interferometric observations nor in the MIDI spectrum. The dust feature is observed in the ISO
spectrum recorded 14 years before the LP observations. The IRAS spectrum of S Sct obtained
∼ 30 years before is very noisy but seems to agree with the MIDI one (Fig. 6.28). The latter
was derived by averaging data taken on two different days, therefore one should be able to rule
out a problem with the calibration. The S Sct observations suggest a temporal variability in the
stratification of SiC.

To our knowledge it is the first time that such findings are reported for AGB stars. We refer
the reader to Sect. 6.5 for a detailed discussion.

6.4.2 Differential Phase

Except for the cases where the differential phase is equal to 180◦, and/or it is accompanied
by a null value in the visibility, a non-zero differential phase measured by MIDI implies an
asymmetric brightness distribution. The latter can be explained by two effects (Tristram et al.,
2014): (i) the object is composed of two sources (for example the photosphere and the resolved
dust component) with different spectral distribution through the N−band ; (ii) the object is
composed of two objects with a spatial distribution more resolved at a certain wavelength than
at another across the N−band. In nature we usually observe a mixture of these two effects,
which are very difficult to distinguish, unless one has enough information for detailed modelling
or to attempt an image reconstruction. Non-zero differential phase was observed in a few AGB
stars. Usually this is interpreted as a typical signature of a disk (Kervella et al., 2014; Ohnaka
et al., 2008a; Deroo et al., 2007) or the signature of a clump (Sacuto et al., 2013; Paladini et al.,
2012). Since modelling very few differential phases gives highly non unique solutions, no attempt
to interpret the differential phase will be done here.

We report non-zero differential phase only for two objects: R Leo and RT Vir (Figs. 6.4
and 6.5). The morphology of the differential phases of R Leo can be classified in two groups,
according to the projected baseline used for the observations. The three upper panels of Fig. 6.4
show a jump of the differential phase around 9 µm. These data are acquired at different time (see
Sect. 6.4.3), at the same position angle and very similar projected baseline. The lower panels
show a much more complex behaviour with features at ∼ 10 and ∼ 11.8 µm.

The differential phase of RT Vir shown in Fig. 6.5 is characterised by a jump between 8 and
9 µm, followed by a monotonic increase. For an interpretation of the RT Vir differential phase
with a geometric model, we refer to Sacuto et al. (2013).

All the non-zero differential phases occur at visibility spectra below 10%.
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6.4.3 Spectroscopic and interferometric variability

As already mentioned in Sect. 6.2.4, we used archive spectroscopic and interferometric observa-
tions to study the N -band variability.

The spectroscopic variability typically corresponds to the variation in the color (temperature)
or a specific variation in certain line strength. On the other hand, the interferometric variability
is usually connected with a change in the morphology of the object, in particular the spatial scale
of the N -band emission region. Of course the real picture is more complex, and interferometric
variability might also be due to brightness variation: when the stellar atmosphere is spatially
resolved, and in the FOV of the interferometer there are multiple components (i.e. photosphere
plus extended molecular/dust layer, or photosphere plus clumpy structures) it is possible to
observe variation in the visibility (at the same spatial frequency) because of a change in the flux
ratio between the two components.

In Fig. 6.6 we compared the level of the MIDI spectra with ISO and IRAS spectra (when the
ISO observations were not available). The ISO and IRAS observations are taken approximately
30 years apart from the MIDI ones. Such kind of comparison can in principle provide information
around long-time variability due to dust formation and/or mass-loss variation. On the other hand
this can be caused by the FOV difference between the various telescopes. The FOV of the MIDI
observations is ∼ 2.3 ” × 1.6 ” , and it is smaller than the FOV of IRAS and ISO, 45 ” × 45 ”,
and 33 ” × 20 ” respectively). Only a detailed modelling will be able to distinguish between
these effects. Such kind of modelling is beyond our scope, we simply report cases of suspected
variability leaving the modelling to future investigation Rau et al. (2016b).

We observe that 3 stars out of 13 have a mid-infrared flux very similar to the IRAS one
(U Ant, omi Ori and R Crt). AQ Sgr, Y Pav, RT Vir and T Mic have a flux level below the one
observed by ISO/IRAS. The “shape” of the spectrum is usually consistent, exception made for
Y Pav where a calibration problem cannot be excluded. This hypothesis is also supported by
the fact that in the Y Pav spectrum, one can still see the telluric ozone feature at 9.7 µm.

For R Crt, R Leo, R Lep, and RT Vir, we had several MIDI spectra observed at different
visual phases. By plotting the flux a various wavelengths (8, 10, and 12 µm) vs. visual phase,
we study the intra-cycle and cycle-to-cycle variability of the star (Figs. 6.10, 6.12, 6.16, 6.22). R
Crt shows no significant variability (Fig. 6.10). R Lep and R Leo show variations. RT Vir is by
far the star with the best coverage in phase. The variation of the flux over the pulsation period
resembles a sinusoid (Fig. 6.16). The flux variation within the cycle corresponds to an amplitude
of variability of 0.48 mag at 8 µm, and 0.75 mag at 10 and 12 µm.

The interferometric variability of the visibility spectrum was studied only for θ Aps, R Leo,
RT Vir and R Lep. The intra-cycle observations of the carbon-rich Mira R Lep are taken at
very similar visual phase (0.01 difference), therefore it is not a surprise if no interferometric
variability is detected (Fig. 6.23, left panel). However, a cycle-to-cycle variation is observed in
the level of the visibility spectrum (Fig. 6.23, right panel). The variation is more pronounced in
the molecular dominated region between 9 and 10 µm. We do not observe variation between 11
and 12 µm, where SiC is located. The visibility level is higher before the visual phase minimum
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(φV = 1.43), corresponding to a smaller diameter.
Both θ Aps and RT Vir do not show any evidence of variability in the visibility spectrum.

Two sets of data are available to check the interferometric variability for R Leo. The first set
includes three observations taken with the short baseline configurations. The visibility level is
∼ 0.6, the observations are taken at similar visual phase, but one of them was observed 6 cycles
before. No variability is observed for this set of data (Fig. 6.13, left panel). The second set of
data also includes three data point, but the first two were averaged because taken within two
consecutive days (with very similar PA and projected baseline). The observations are shown in
the right panel of Fig. 6.13, and the difference between the visual phases is 0.13. It is obvious
that in this case we do observe a variation in the visibility level from one visual phase to the
other. However, these observations are associated to a differential phase signature (Fig. 6.4,
upper row). The differential phase is also changing from one set of observations to the other.

6.4.4 The geometric fitting results

Large Program data only . As a first step, the geometric models are fitted solely to the LP data.
As described in Sect. 6.2.2, the LP observations sample very similar spatial frequencies (i.e. the
same part of the star) at different position angles. In Table 6.3, for each star, we present in the
first row the results of the fit on the large-program data only. The model with the χ2

red closest
to 1 is considered as the one best fitting the data, and it is highlighted in bold in Table 6.3. The
elliptical models have been tested for 10 objects out of 14, because in some cases not enough data
points were available. One oxygen-rich star (θ Aps) out of the 4 tested with elliptical models is
asymmetric. Two S-type objects (π1 Gru and omi Ori) also show indication of ellipticity from
the GEM-FIND fit. Out of the sample of 4 carbon-rich objects that were tested, none turned
out to be asymmetric. This means that by analysing only the visibilities, approximately 30 %
of the stars shows a signature of non spherically-symmetric brightness distribution. All these
“asymmetric” stars have O-rich chemistry and are located in the lower part of the IRAS color-
color diagram, as shown in panel (a) of Fig. 6.7. It has to be underlined that an elliptical solution
does not necessarily imply that the environment has a truly elliptical shape. It only means that
the CSE is non central symmetric. More complex geometries than ellipses cannot be excluded.
Large Program & archive data. After excluding interferometric variability, we combined the data
of the LP with the ones obtained from the archive. Nine stars of our sample have archive data, and
two of these stars have non zero differential phase. For the latter objects we performed a GEM-
FIND fit with the only purpose of deriving a size, and/or to detect the presence of molecular/dust
multiple components. Despite the resulting χ2

red, these stars are marked as asymmetric in panels
(b) and (d) of Fig. 6.7.
Beside R Lep and TX Psc, all the other stars have archive data that sample mostly the same
position angle but at different spatial scales. As already stated in Sect. 6.2.4, these kind of data
are optimal for studying the stratification of the star, but they are obviously less sensitive to
asymmetries. Exception made to TX Psc, every time archive data are added to the fit, the
composite (UD plus Gaussian) model turns out to be the best fitting one. This implies that the
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stars have an extended environment due to molecular and/or dust opacities. We note that the
additional archive data wash away the elliptical solution for all the 3 objects mentioned at the
beginning of this section. This is a consequence of the fact that the additional data have always
the same position angle. Being more numerous than the LP data, they drive the fit towards
symmetric solutions, but this result certainly does not imply that the asymmetry detected by
the dedicated LP data must be considered spurious. The panel (b) of Fig. 6.7 shows the result of
the GEM-FIND fit of the LP+archive data including all the asymmetric results. It is shown that
asymmetric brightness distributions are mainly located in the lower part of the IRAS color-color
diagram, where O-rich stars are located.
Ignoring the asymmetric results, and by looking at the LP+archive fitting results of Table 6.3,
one notes the following. Six stars are best-fitted by the composite model UD+Gauss, i.e. six
stars have an extended, optically thin, component. However, it is possible that by adding more
visibility points, other objects will also increase in complexity and they will be best fitted with
a composite geometric model. This is very likely for X Tra, AQ Sgr, θ Aps, and Y Pav where
the coverage of the visibility spectrum does not extend below 0.6. Given the fact that no dust
feature is detected around S Sct, we expect that the visibility spectrum will be reproduced only
with one component, even by adding other visibility points. So far, in our sample, only TX Psc
has a visibility that goes down to V∼ 0.2 without showing departure from uniform disc: no dust
envelope is detected. A summary of these results is shown in panel (c) of Fig. 6.7. Exception
made for the Mira R Leo that can be fit with two components model in region I, the presence
of multiple components (i.e. dust) increases from left to right. This is in agreement with what
is observed with spectroscopy. The carbon stars in region VIa, following the loop for the carbon
stars, can be fit with single component models and are supposed to be younger than the ones
located in region VII. The only carbon Mira of the sample is fitted with the composite model in
region VII. All the objects in region VIa do not show SiC in the visibility (i.e. within the FOV
of the interferometer).

Diameters. In Sect. 6.2.2 the strategy for choosing the baseline that allows to resolve the dust
forming region was explained. One of the output of the GEM-FIND fitting is the diameter (or
the full-width-half-maximum for the Gaussian profile) of the object in the fitted wavelength.
It is known that geometric models are not the best tool for determining diameters, but as the
diameters come “for free” from the fit, we compare them with the photospheric ones. In Table 6.4
we report the photospheric angular and linear diameters (see Sect. 6.2.2) calculated from the
V −K relationship (van Belle et al., 1999), the name of the GEM-FIND best-fitting model for the
archive + LP data (as a reminder), the angular diameters (or full width half maximum, FWHM)
at different wavelengths resulting from the geometric fitting, the linear diameter (FWHM) at
8 µm, and finally the ratio between the photospheric and the 8 µm diameter. The comparison
between the diameters is not easy because of the mix of UD sizes and FWHM, but overall most
of the diameters at 8 µm are of the order of 2 times the photospheric diameter. The exceptions
are the two S-type stars and the carbon Mira R Lep, which have a much larger environment
(> 3 DV−K). Diameters at longer wavelength are even larger with some extreme cases for the
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more dusty stars as R Crt, RT Vir. The values of the D8/DV−K obtained for the carbon stars are
in general agreement with the ratio between the photospheric and 8-9 µm diameters predicted
by dynamic model atmospheres (Paladini et al., 2009, Fig. 6).

6.5 Discussion

6.5.1 Silicon carbide dust

As a matter of fact, up to now, all the carbon stars observed with MIDI that were showing SiC
in the spectrum, always had a signature of such dust component in the visibility (Ohnaka et al.,
2007; Sacuto et al., 2011b; Paladini et al., 2012; Zhao-Geisler et al., 2012; Rau et al., 2015c).

van Boekel et al. (2004) showed the case of protoplanetary discs where the (normalized)
correlated flux spectrum (or visibility spectrum) reveals certain chemical features that are not
detected in the total flux spectrum. The MIDI observations of U Ant show a similar behaviour,
although in this specific case the chemical feature (SiC) is present in the total flux and not in
the correlated one. The diameter measured with GEM-FIND (Table 6.4) at 8 and 12 µm is 10
mas, hence very similar to the one obtained via the (V − K) relation (van Belle et al., 1999).
This implies that the interferometer does not see any significant molecular or dusty environment,
but rather the “naked” star. SiC is very likely outside the FOV of MIDI, which at the projected
baselines of 30 m corresponds to ∼ 130 mas (i.e.≥10 stellar radii). Spectrally resolved imaging
observations with VISIR should be able to detect, or at least further constrain, the location of
the SiC dust shell.

The MIDI observations (correlated and uncorrelated flux) of S Sct point to variability in
the SiC abundance. We searched in the literature for possible variation in the mass-loss rate
values, to test if a recent strong stellar wind event might have pushed away or dissolved the SiC
dust. No such event was reported within the last decades. A spectrum with VISIR is needed to
confirm the lack of SiC in the uncorrelated MIDI flux, and to eventually monitor the changes
in abundance. The FOV of the interferometer for the S Sct observations is ∼ 100 mas (i.e.∼10
times the N−band UD diameter).

6.5.2 The variability

Flux changes of up to 30% with less flux observed at the minimum visual phase are reported
by Karovicova et al. (2011); Wittkowski et al. (2007); Tevousjan et al. (2004). Monnier et al.
(1998) studied multi-epoch mid-infrared spectra of 30 late-type stars and found that stars with
a strong silicate feature exhibit spectral shape fluctuations, where a narrowing of the feature
is detected near maximum light. They report that R Leo shows unusually large spectral shape
variations that may be attributed to a dynamic dust condensation zone. Although based only
on 4 targets, our findings on the N−band spectroscopic variability largely confirms previous
literature results. The flux variation of RT Vir, the star in our sample with the best temporal
coverage, is comparable to the amplitude of ∼ 0.8− 1 mag found by Le Bertre (1993) for O-rich
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Mira stars.
Interferometric variability was so far observed in the carbon-rich Miras V Oph (Ohnaka

et al., 2007) and R For (Paladini et al., 2012). The latter case, however, might be related to
the presence of an asymmetric structure. The variability we observe in the case of R Lep is
at the limit of the error bars, however it goes in the same direction of the literature findings.
The visibility level suggests that R Lep is smaller close to the minimum visual phases, similarly
to V Oph (Ohnaka et al., 2007), and model predictions at 10 µm showed in Fig. 7 of Paladini
et al. (2009). Model predictions for O-rich Mira stars presented in Karovicova et al. (2011) show
that the expected visibility changes with visual phase are wavelength dependent, and in the
range of 5− 20%. The largest difference is predicted at around 10 µm. Karovicova et al. (2011)
argue that these limited variations are because the sizes of the molecular and dust layers do not
change significantly with visual phase. According to the authors, the changes are within their
measurement uncertainties. The star observed by Karovicova et al. (2011) is a Mira variable.
As these objects are known to exhibit larger variability with visual phase, the size changes for
our Semiregular stars (all except R Leo) are expected to be even smaller. In fact, the RT Vir
and R Crt data suggest that interferometric variability for Semiregular O-rich stars should be
less than 10%. The interferometric variability of R Leo reported here is associated to a non-zero
differential phase, as in the case of R For (Paladini et al., 2012), and therefore very likely caused
by (variable) asymmetries. Since low visibilities are more constraining for the size-changes,
future interferometric snap-shot campaignes on temporal variability should concentrate on those
projected baselines able to probe V≤ 0.2.

6.5.3 The geometry

One may wonder why only two objects out of 14 show a non-zero differential phase. Both objects
are O-rich M8III giants, the coolest objects of the sample. The fact that the two stars appear
in a completely different part of the IRAS color-color diagram could be due to different masses,
hence mass loss. What these stars have also in common are the spatial frequencies probed. In
both cases the differential phase is detected while sampling visibilities below 0.2. Looking at our
whole sample, these spatial scales are also probed in two observations of the carbon Mira R Lep.
The differential phase is < 10◦, hence we conclude that R Lep is spherical (at least at PA =
48◦ and 248◦). There have been only a few cases of non-zero differential phase in the literature
detected with MIDI: R For (Paladini et al., 2012), BM Gem (Ohnaka et al., 2008a), IRAS+18006-
3213 (Deroo et al., 2007), and L2 Pup (Kervella et al., 2014). All these observations had also in
common the fact of probing visibilities < 0.2. Thereupon we can assume that the lack of detection
of non-zero differential phase does not necessarily exclude the existence of asymmetries in the
brightness distribution in the other targets of our sample. Very likely asymmetric structures
show up in the differential phase when probing high spatial frequencies, similarly to what is
reported in the near-IR (Ragland et al., 2006; Cruzalèbes et al., 2013a).

If we include the objects with differential phase ∼ 57% of the stars with O-rich chemistry
(O-type plus S-type stars) are asymmetric. These results suggest that asymmetries in the dusty
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environment are more common among the oxygen-rich objects. Near-infrared investigations of
AGBs (Ragland et al., 2006; Cruzalèbes et al., 2015), on the other hand, indicate that asymme-
tries are more common among the carbon stars. This result can be explained with the large-grains
scenario for O-rich stars (Höfner, 2008). Oxygen-rich dust grains are nearly transparent in the
near-infrared, therefore not many brightness-asymmetries are expected at those wavelengths.
The dusty region of O-rich stars probed in the mid-IR should be more "blobby" than for C-rich
stars because there are stronger non-linear effects in radiative acceleration. This is valid if the
scattering on transparent grains scenario is correct, in fact scattering depends much more steeply
on grain size (S. Höfner, private communications). It is interesting also to note that bipolar ob-
jects on the post-AGB are mainly O-rich (Lagadec et al., 2011). The latter well agrees with our
results on the AGB.

The result obtained by fitting only the LP data, plus the results of the differential phase
study, indicate that asymmetries in the dust-forming region are concentrate in the lower part
of the IRAS color-color diagram. No object located in region VII showed so far asymmetries.
More observations covering long baselines (high spatial frequencies), or (ideally) N -band images
obtained with the next generation VLTI/MATISSE instrument (Lopez et al., 2006) are needed
to confirm this finding.

6.5.4 Comparison with the MESS results

The aim of our program is to observe the evolution of asymmetric structures through the at-
mosphere of a representative sample of AGBs. For this purpose we selected stars imaged with
the Herschel/PACS instrument and we complemented these observations of the large-scales of
the atmospheres with interferometric VLTI/MIDI observations of the inner spatial scales. Panel
d) of Fig. 6.7 shows the stars of our sample in the IRAS color-color diagram. The objects are
color coded to highlight their MESS classification. The symbols are the same as in panel b) and
indicate the presence of non spherically-symmetric environment. Three objects out of the LP
sample are classified by Cox et al. (2012) as Rings, 6 are Fermata type, 2 Irregulars, 1 Eye, and
2 unresolved.

All the stars from the Ring class are fitted with the one-component geometric model, no
asymmetry is detected in the dust-forming region. For two of them (S Sct and U Ant) no SiC
dust component is spatially resolved. The dust observed in their spectra might have been pushed
away by episodic wind, or it forms further than ten stellar radii. As already mentioned in the
previous section, for X TrA we have only a few data points and we cannot exclude that by adding
more visibilities the picture will become more complex.

The carbon-rich stars TX Psc and AQ Sgr, plus most of the Herschel images of our oxygen-
rich sample, are of Fermata-type, i.e. show an interaction with the ISM. R Crt is classified as
an Eye-morphology by Cox et al. (2012). However, the fact that R Crt is the only oxygen-rich
AGB star in the MESS sample being of Eye-shape and the fact that the Eye-shape is not very
pronounced may indicate that also R Crt could also be of Fermata-type (Cox et al., 2012). If
we consider R Crt among the possible Fermata, 3 out of 7 of the stars in this class show a direct
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detection of an asymmetry (via differential phase) or at least a hint of non spherically-symmetric
environment (detected by fitting only the LP data). This fact translate in saying that 42% of
the stars classified as fermata have an asymmetric dust-forming region, and they all have O-rich
chemistry.

The Irregular class contains objects with diffuse irregular extended emission. Both the stars
classified as Irregular are S-type stars, and they can be fitted with two-components model, and
show non central-symmetric CSE in the LP data.

6.6 Conclusions and outlook

In this paper, we present mid-IR interferometric and spectroscopic data observed with VLTI/MIDI
for a sample of 14 AGB stars. The sample is based on the list of objects observed within the
frame of the MESS program with Herschel PACS (Groenewegen et al., 2011). The aim of our
study is to investigate the morphology of the dusty environment of these objects at different
spatial scales and to answer the questions: i) are the asymmetries of the outer CSE intrinsic to
the mass loss process, are they only due to interaction with the ISM? ii) At which height, the
mass-loss process becomes manifestly non-spherical? iii) How the geometry of the atmosphere
changes at the different evolutionary stages (M-S-C stars, and from almost dust-free to very
dusty objects) within the AGB sequence?

The first question cannot be addressed using only the mid-infrared interferometric data here
presented. These data in fact scan the stellar atmosphere between 1-2 and 10 stellar radii,
and the intermediate spatial scales probed by VISIR are needed to have a connection with the
Herschel/PACS images. Nevertheless, we report that all the objects in our sample classified as
“symmetric” Rings by Cox et al. (2012) have so far a symmetric dust forming region. All the
objects classified as Irregular need a composite model (i.e. they have an extended environment),
and the fit of the LP data indicates some asymmetric behaviour. Approximately 42% of the
objects classified as Fermata (i.e. show interaction with the ISM) have also an asymmetric
dust-forming region.

To answer the second question, it is obvious that asymmetries in the brightness distribution
appears already in the dust forming region of AGB stars. We directly detected asymmetries via
differential phase measurement in two cases: RT Vir (already reported by Sacuto et al., 2013),
and R Leo. However, the fact that the other objects are found symmetric does not preclude the
presence of clumps, small or very faint asymmetric structures. GEM-FIND fitting of the LP data
shows that beside these two stars, three more show a hint of non central-symmetric morphology.
Concerning the third question, all the stars with asymmetric behaviour have O-rich chemistry.
Therefore asymmetric structures in the mid-infrared are more common among O-rich and S-type
stars. On the contrary literature suggest that C-rich stars are more asymmetric in the near-IR.
We speculate that this result supports the large grains scenario for O-rich stars.

Another major finding of our program is that silicon carbide dust is not detected within 10
stellar radii of the detached shell objects S Sct and U Ant. U Ant shows SiC in the spectrum,
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therefore this material is simply outside the FOV of the interferometer. The case of S Sct might
be related to variability in the stratification of this material.

Finally, by analysing archive data, we studied the spectroscopic and interferometric variabil-
ity. Spectroscopic variability is reported in a few cases, and the flux variations are in agreement
with what was already observed in the literature (Le Bertre, 1993). Exception made for the
carbon-rich Mira R Lep, case which nevertheless needs a confirmation through monitoring cam-
paigns, interferometric variability (i.e. change in the shell-size) is observed in the O-rich Mira
R Leo. In the latter case the variability is associated to an asymmetry in the brightness profile
of the star. The lack of detection for the other stars suggest that interferometric variability in
non-Mira stars is less that ∼ 10% of the visibility.

The next step of this study will be, as already mentioned, to bridge the gap between MIDI
and Herschel with additional single-dish images in the mid-infrared. These observations will be
crucial for completing the picture of the morphology of the dusty environment. Finally, MIDI was
recently decommissioned, but a second generation instrument VLTI/MATISSE will be available
at VLTI in 2018. This interferometer will combine the light from 4 telescopes, and it will observe
in the L, M , and N−band. While MIDI with only two telescopes gave us a rough idea of
how stars look like, MATISSE will provide images allowing not only to detect the asymmetric
structures, but also to unveil their nature (disk-like or clumps). Because of the complex nature
of the targets here studied, a complete coverage of the visibility curve is mandatory. This will
require in certain cases baselines longer than the 150 m (for stars like omi Ori and TX Psc),
but also very short baselines. In this frame, an aperture masking experiment on the VISIR
instrument matching the spectral resolution of MATISSE is required.

6.7 MIDI results on individual stars

6.7.1 θ Aps

θAps is a Semiregular variable star located at a distance of 113 pc (van Leeuwen, 2007). In its
ISO spectrum the star shows silicate emission that is typical for an oxygen-rich AGB star (e.g.
Fabian et al., 2001) with features at 10, 13, 19.5 and 32µm. The mass-loss rate of the star
was determined to be 0.4 × 10−7 M� yr−1 by Olofsson et al. (2002b). The Herschel image is of
‘Fermata’-type with indications for a companion (Cox et al., 2012). Mayer et al. (2013) find
indications for a jet that is interfering with the wind-ISM bow shock.

θAps was observed in 2011 and 2012. Six out of 7 data sets are of good quality. There are
no archive data.

Variability

The variability period for θAps is given as P=119 d (Samus et al., 2009a). We calculated visual
phases of the observations adopting phase-zero point T0 = 2 454 622 JD.
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The MIDI spectra have similar visual phases. Thus, a check for intra-cycle variability is
not possible. However, a check for cycle-to-cycle spectroscopic variations can be performed by
comparing the MIDI with ISO and IRAS data (Fig. 6.6). The flux level of the ISO and MIDI
spectra is the same at least in the range ∼ 9.8 – 12.5 µm, i.e. no spectroscopic cycle-to-cycle
variations are found. However, below ∼ 9.8 µm, a clear change in flux level is observed.

To check for interferometric variability, a set with similar baseline lengths and position angles
observed at different visual phases is shown in Fig. 6.8. No interferometric variability is detected.

Morphology

Calibrated visibilities are shown in Fig. 6.9. No differential phase signature is detected, i.e. no
asymmetries are observed in the brightness distribution.

The χ2
red of the GEM-FIND fitting for the different models are given in Table 6.3. The

increase of the UD-diameter from 8 – 10µm is particularly strong for θAps, indicating that the
star shows a strong silicate feature. This is in agreement with the ISO spectrum. The difference
between the K-band (18.1mas, Dumm and Schild, 1998) and N -band diameter (∼40–90mas),
is evidence for dusty material in the circumstellar surrounding of the star. As θAps has a low
mass-loss rate, the circumstellar environment can be assumed to be optically thin, therefore one
cannot exclude that observations at larger baselines would point to a two-component structure
of the CSE of θAps, as it is the case for RTVir and RCrt.

6.7.2 R Crt

RCrt is a Semiregular variable star. Its distance is given as 261 pc (van Leeuwen, 2007). The
star was part of many maser and CO-line studies. The CO-envelope seems to be consistent with
a uniformly expanding envelope (Kahane and Jura, 1994). The Herschel image was interpreted
to be of ‘eye’-shape (Cox et al., 2012). This shape, however, is not well constrained (A. Mayer,
private communication). The strength of the silicate feature is quite large (Begemann et al.,
1997). RCrt also has a higher mass-loss rate (8× 10−7 M� yr−1) than the other O-rich sources.

RCrt was observed in 2009, 2011 and 2012, and out of 12 data sets 8 are of good quality.

Variability

The variability period of RCrt is given as P = 160d (Samus et al., 2009a). We calculated the
visual phase of our observations assuming a phase-zero point T0 = 2 454 225 JD. The observations
were carried out at different visual phases within different cycles. This makes a check for cycle-
to-cycle and intra-cycle variability necessary.

Possible variability effects can be checked in Fig. 6.10 which gives the visual phase versus
flux at 8, 10 and 12µm. Fluxes agree within the errors for 8 and 10µm. At 12µm there seems
to be a variation in the flux level when comparing MIDI and IRAS.
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No sets with similar baseline lengths and position angles observed at different epochs are
available. Therefore, no statement can be made on the interferometric variability.

Morphology

Calibrated visibilities are shown in Fig. 6.11; the differential phase is always zero.
As for θ Aps, the strong silicate feature can be seen in the visibility profile at ∼ 9.8µm

for short baselines. On the other hand, for R Crt we also have at our disposal long baseline
observations. The shape of the visibility for the longer baselines may still show some silicate
feature, but much less pronounced than for the short ones. Contributions from other molecular
and dust species may shape the visibility profile (e.g. SiO, H2O, Al2O3).

The LP observations of RCrt are best described by an elliptical Gaussian profile with an
axis ratio of 0.7 and an inclination angle of φincl = 157◦.

As can be seen in the second row of Table 6.3, all one-component models fail to fit the obser-
vations of the LP combined with the archive data. The best-fitting model is a two-component
model (CircUD+CircGauss, Fig. 6.11). This suggests that the environment of RCrt is optically
thin, with the outer environment being dominated by silicate-rich dust.

6.7.3 R Leo

RLeo is a well-studied O-rich AGB star of Mira type. Its distance is 110 pc (van Leeuwen, 2007).
Its magnitude in the V -band ranges from 11.3 to 4.4 (Kholopov et al., 1998). Knapp et al. (1998)
determined a mass-loss rate of 9.4 × 10−8M� yr−1. The Herschel image suggests that RLeo is
of ‘Fermata’ type (Cox et al., 2012).
Asymmetries. Evidences for asymmetries were found by Ireland et al. (2004b) and Burns et al.
(1998) from the closure phases obtained with optical interferometry (650 – 1000 nm). Non-zero
closure phases are also reported in the mid-infrared by Tatebe et al. (2008). They suggest that
the closure phase signal of the star comes from an asymmetry that is located in the southern
hemisphere of the star. Wiesemeyer et al. (2009) claim that they detect a planet at a sepa-
ration of 24mas in their SiO maser data. They do not mention whether such a planet could
be responsible for the closure phase signals observed in the other wavelength ranges. Perrin
et al. (1999) used near-infrared interferometry and show that their observations at low spatial
frequency (< 40 arcsec−1) are well represented by a UD-model. On the other hand, data at
high spatial frequencies (40 – 80 arcsec−1) cannot be explained by a UD or Gaussian intensity
distribution, which may point to the presence of one or more extra structures. This is confirmed
by the observations of Mennesson et al. (2002). Perrin et al. (1999) mention that the low spatial
frequency observations within the first null cannot resolve small structures like spots and this
may be the reason why a UD-model fits those data well. Monnier et al. (2004), however, report
that both the low and high frequency data (1 – 50 arcsec−1) in the near-infrared can be perfectly
fitted with a UD model. This may depend on the visual phase and is further discussed below
under heading “Visual phase-dependent diameter”. The CO line-profile of RLeo shows an asym-
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metric shape with the red side being stronger (Knapp et al., 1998; Teyssier et al., 2006).
Ellipticity. Reports of an elliptical shape of the CSE of RLeo are reported in the optical (Lat-
tanzi et al., 1997) and in the mid-infrared (Tatebe et al., 2008). On the other hand, several other
studies do not find any signs of ellipticity (e.g. Burns et al., 1998; Monnier et al., 2004).
Wavelength-dependent diameter. A dependence of the diameter on wavelength is reported in
the optical by Hofmann et al. (2001), where the size is twice as large in the TiO band-head as
in the continuum. A size increase from the K-band to the L-band of 20 – 30% was reported
by Mennesson et al. (2002) and Schuller et al. (2004). The multi-wavelength study of Woodruff
et al. (2009) in the near-infrared showed that there is a clear anti-correlation between the angular
diameter and the features seen in the spectrum.
Visual phase-dependent diameter. Chagnon et al. (2002) interferometrically observed the star
in the near-IR at two different visual phases and find that one set can be modeled with a UD,
the other not. This is confirmed by Fedele et al. (2005) who find that their pre-maximum data
can be explained by a UD, the post-maximum data however cannot. Such a variability in the
size of RLeo is detected by several authors in the near-IR (Perrin et al., 1999; Chagnon et al.,
2002; Mennesson et al., 2002; Fedele et al., 2005; Woodruff et al., 2008, 2009), with the star be-
ing largest at visual minimum as already predicted by pulsation models, although none of such
models can reproduce the pulsation amplitude of R Leo (Ireland et al., 2004a). Such variability
was also detected in the optical (Burns et al., 1998) and mid-infrared (Tatebe et al., 2006, 2008).
Mennesson et al. (2002) mention that such changes may be caused by variations in the spatial
extent and/or in the opacity of the outer atmospheric layers.

RLeo was observed in 2006, 2007, and 2012. Out of 26 data sets, 17 are of good quality.

Variability

The variability period of RLeo is P = 310d (Whitelock and Feast, 2000) and we adopted phase-
zero point T0 = 2 453 540 JD to calculate the corresponding visual phase. The observations were
carried out at different visual phases within different cycles. This makes a check for cycle-to-cycle
and intra-cycle variability possible.

The variation of the flux with visual phase was detected in the mid-infrared by Monnier et al.
(1999) and Tatebe et al. (2006), with the flux being 30% lower at visual minimum. We confirm
the trend of lower fluxes towards the minimum in Fig. 6.12, which shows visual phase versus flux
at 8, 10 and 12µm.

The interferometric observations with similar baselines and position angle shown in green in
the left panel of Fig 6.13 are taken at very similar visual phase, therefore it does not come as a
surprise that no intra-cycle variability is detected. A third observation (black line in the left panel
of Fig. 6.13) is taken six cycles apart. Even in this case no cycle-to-cycle interferometric variability
is observed. Changes in the visibility with visual phase are shown in the right panel, Fig 6.13.
The black line here is the result of the average of two observations taken at the same baseline
and position angle, and one day apart. The variability in the visibility is accompanied with a
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non-zero differential phase. Such kind of variation were found in the mid-infrared by Tatebe
et al. (2006) and Tatebe et al. (2008). This may be an indication that for RLeo observations at
different visual phase should not be combined.

Morphology

Calibrated visibilities are shown in Fig. 6.14.

The χ2
red of the GEM-FIND fitting for the LP data is given in the first row of Table 6.3. The

morphology of RLeo seems to be quite complex. When performing a GEM-FIND fit on the whole
LP data sets, the best model is a UD with a diameter ranging from 63 to 95mas (as a function of
wavelengths). However, combining the LP and the archive data, none of the GEM-FIND models
was able to provide a good fit (confirmed by the high value of χ2

red for the best fitting model).
One explanation could be that the environment of RLeo is made of more than two components,
i.e.multiple shells are observed with MIDI. Another possible explanation could be variability in
the N -band that was already reported by Tatebe et al. (2006, 2008) and confirmed in this work.
Therefore, considering that there may be intra-cycle variability, we combined all data at similar
visual phases to do the fitting. Also in this case the UD model does not provide a good fit to the
data. As all the observations in the archive were observed at approximately the same position
angle, they do not provide supplementary constraints to fit more complex asymmetric models.

There is a differential phase signature present for observations with baselines ∼40 and ∼60m
(Fig. 6.4).

6.7.4 T Mic

TMic is a Semiregular variable star located at a distance of 200 pc (Loup et al., 1993). This star
was part of different photometric, spectroscopic and CO-line-profile studies. Its mass-loss rate
is estimated to be 8× 10−8 M� yr−1 (Olofsson et al., 2002b). The Herschel image is interpreted
as of ‘Fermata’-type (Cox et al., 2012), i.e. shows signs of interaction with the ISM. TMic was
observed in 2004, 2010 and 2011. Out of 10 data sets, 7 are of good quality.

Variability

We derived visual phases for the observations, however the values need to be considered with
caution. In fact light curves available from AAVSO, ASAS, DIRBE and HIPPARCOS, do not
cover the epoch of the ISO or MIDI data. The adopted origin for the visual phase determination
is T0 = 2 452 832 JD. The observations were carried out at different visual phases within different
cycles. The two spectra obtained on 2004 July 30 and 31 were averaged. The flux level of the
ISO and MIDI spectra in Fig. 6.6 is not the same, i.e. the level of N -band emission may have
changed. No data set with similar baseline lengths and position angles observed at different
epochs is available. Therefore, no statement can be made on the interferometric variability.
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Morphology

Calibrated visibilities are shown in Fig. 6.15.
TMic does not show a strong silicate feature. However, the slight drop that is observed in

the visibility of baselines shorter than 16m at ∼ 9.8µm can be attributed to silicate dust. No
differential phase signature is detected in TMic, i.e. no asymmetries are detected with MIDI.

The fitting of the LP data of 2011 with GEM-FIND reveals that TMic can be well described
with a circular UD model. The χ2

red of the GEM-FIND fitting for the different models is given
in the first row in Table 6.3.

If the LP data are combined with the archive data, the best-fitting model is a circular
Gaussian model. The fit has problems, however, to describe the short-baseline and the 46 m
baseline data. This could mean that the close environment of TMic is more complex and cannot
be described with a one-component or two-component geometric models. The other possibility
is that the short-baseline data (observed in 2011) cannot be combined with the longer-baseline
data (2004 and 2010) because of a variability effect.

6.7.5 RT Vir

RTVir is a Semiregular variable star that is located at a distance d = 136pc (van Leeuwen,
2007). RTVir is a well-studied and one of the brightest water maser sources (Richards et al.,
2011). Several mass-loss estimates are given, lying between 1.1 × 10−7M� yr−1 (Knapp et al.,
1998) and 5 × 10−7M� yr−1 (Olofsson et al., 2002b). Sacuto et al. (2013) recently reported an
asymmetry revealed through the MIDI differential phase at 9 stellar radii (12 AU), and also
spectroscopic cycle-to-cycle variability. The Herschel image is interpreted as being of ‘Fermata’
type (Cox et al., 2012).

RTVir was observed in 2008, 2009, 2011 and 2012. For our program, we obtained 6 data sets,
but only 2 turned out to be of good quality. The archive data, on the other hand, are of good
quality. Twelve out of 13 data sets can be used.

Variability

The visual phase of the MIDI observations is derived using the light curve from ASAS (Pojmanski,
2002). The variability period for RTVir is given as P=375 d (Imai et al., 1997) and the phase-
zero point is T0 = 2 454 854 JD (adopted from Sacuto et al., 2013). The observations were carried
out at different visual phases within different cycles.

The flux level of the ISO and MIDI spectra is not the same, i.e. the level of N -band emission
has changed. From Fig. 6.16, one can see that the flux is lowest at visual minimum. At glance,
it also seems that the flux follows a sinusoid with maximum flux shifted from the visual maxi-
mum. This kind of behaviour was already predicted by model atmosphere simulations (Ireland
et al., 2004a, for near infrared wavelengths), and observed by Zhao-Geisler et al. (2012). Since
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these observations are carried at different cycles, the effect of cycle-to-cycle variation cannot be
completely ruled out (Sacuto et al., 2013).

To check for interferometric variability, data sets with similar baseline lengths and position
angles observed at different visual phases are shown in Fig. 6.17. Although photometric variability
is present, we do not report any interferometric variability, confirming the results of Sacuto et al.
(2013). It would be interesting to monitor the atmosphere with long baselines in order to check
whether interferometric variability can be detected at high spatial frequencies, where the object
presents also an asymmetry (see following section). As no interferometric variability is so far
observed, all data-sets can be combined in the further analysis.

Morphology

Calibrated visibilities are shown in Fig. 6.18. The drop that is observed in the visibility can be
attributed to amorphous silicate. For RTVir, a non-zero differential phase is detected for the
longest baselines (89 and 128m) by Sacuto et al. (2013). This is the signature of an asymmetry.
Sacuto et al. (2013) used GEM-FIND to fit different geometric models to a subset of the data.
Not only one-component but also two- and three-component models are used in their work. The
best-fitting model is a three-component model: a UD that describes the central star, a spherical
Gaussian that represents the optically-thin dust environment and a Dirac function that represents
the unresolved asymmetry (which could be a companion or a dust clump). This model is also
able to reproduce the observed differential phase.

Although Sacuto et al. (2013) find the environment of RTVir to be asymmetric, we start
by fitting spherically-symmetric models to the LP data that do not show any asymmetry. The
LP data can be fitted best with a circular Gaussian profile with a FWHM of ∼60mas at 10µm
(see first row in Table 6.3). As only two observations with the same position angle are available,
no attempt to fit elliptical models was made. If we combine the LP data with the archive
data, a one-component model is no longer able to describe the observations (see second row
in Table 6.3). Therefore, we fit a spherical model, composed of a circular UD and a circular
Gaussian, to the data. The best-fitting diameter of the circular UD is 16mas. The diameter
derived by Richichi et al. (2005) in the K-band is θK=12.4mas. Our model does not fit well
enough the short-baseline data. The model of Sacuto et al. (2013), on the other hand, fits all
the visibility and differential phase observations (as the model is asymmetric). The diameter of
their UD is wavelength-dependent and larger than the K-band diameter determined by Richichi
et al. (2005), which suggests that the environment is composed of more than one silicate-rich
layer (Sacuto et al., 2013).

6.7.6 π1 Gru

π1 Gru is a well-studied S-type star close to the tip of the AGB (Jorissen et al., 1993; Van
Eck et al., 2000). The star is known to have a G0V companion located ≈ 2.7 ” (≈ 450AU)
away from the primary, and possibly a third component much closer as suggested by Makarov
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and Kaplan (2005); Frankowski et al. (2007) and more recently, Mayer et al. (2014). CO line
observations (Sahai, 1992; Knapp et al., 1999; Chiu et al., 2006) reveal an asymmetric, double-
peaked structure and extended emission wings which are interpreted as an expanding disk and
a fast bipolar outflow oriented perpendicular to the disk. The Herschel/PACS image shows
an elliptical emission and a hook east of the star at a distance of 38 ” (Fig. 5, Mayer et al.,
2014). This kind of hooks or arcs is most probably part of an Archimedean spiral formed by the
interaction with a companion (like for o Cet, Mayer et al., 2011). Therefore the presence of the
companion(s) affects the geometry of the atmosphere at different spatial scales. The star was
observed with MIDI in 2008 and 2011. We have a total of 11 data sets to fit, 4 from the LP.

Variability

π1 Gru is a SRb variable with period 198 d. However, as already stated in Sect. 2.2 of Sacuto
et al. (2008), because of the Semiregular nature of the object, it is very difficult to assign a visual
phase to a given observation. Sacuto et al. (2008) give two explanations for the discrepancy
between the level of the ISO and the 2006 MIDI spectra: (i) MIDI is missing some of the flux
that is seen by the larger ISO beam; (ii) a difference in the emission due to pulsation. The
difference we observe between the 2011 LP data, ISO and the 2006 could be a cycle-to-cycle
variability.

Morphology

Concerning the shape of the visibility vs. wavelength, we observe the typical shape of silicate
dust with a bump between 8 and 9 µm. A drop is also observed in the visibilities at wavelengths
longer than 12 µm. The lower left panel of Fig. 6.19 shows a slightly different shape in the
visibility with respect to the other panels. This may be a residual of a non perfect calibration
(Sacuto et al., 2008). A fit including only the LP data points to an elliptical UD morphology
with axis ratio 0.2 and inclination 140◦. The visibilities observed for π1 Gru can be well fitted
with a composite model UD+Gaussian, as shown in Fig. 6.19. The best-fitting model has a UD
diameter of 20 mas, a flux ratio ranging between 1.97± 0.22 and 1.01± 0.09 with the UD being
always brighter than the Gaussian envelope, but it becomes fainter at longer wavelengths. The
Gaussian envelope is larger at longer wavelengths and varies between 120±38 and 167±25 mas,
values in agreement with those found by Sacuto et al. (2008).
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Figure 6.2: (u, v)-coverages obtained for all the targets. The different wavelengths from 8 −
13 µm are colour-coded (dark to light, respectively).
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Figure 6.3: Some examples of visibility spectra for given baselines. The complete sample can
be found in Appendix 6.7. Molecular and dust features are highlighted for stars with different
chemistry: R Leo and R Crt are M-type stars, π1 Gru is an S-type object, while R Lep and
TX Psc are C-type stars. The lower right panel shows an example of the visibility spectra of the
carbon star U Ant (cf. Sect. 6.4.1). The typical error bars are of the order of 10%.
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Figure 6.4: The non-zero differential phases measured by MIDI for R Leo ordered in increasing
projected baseline (Bp).

Figure 6.5: Same as Fig. 6.4 for RT Vir.
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Figure 6.6: IRAS or ISO spectra (black lines) compared with the MIDI spectroscopic observa-
tions (shaded areas).
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Figure 6.7: Panel (a): our sample of stars in the IRAS color-color diagram. The symbols show
the results of the GEM-FIND fit using only LP data. The color code is the same as in Fig. 6.1.
Panel (b): same as Panel (a), the symbols refer to the fit of LP+archive data. Asymmetric
solution from previous fit and from non-zero differential phase are marked. Panel (c): same
as Panel (a), no asymmetric solutions shown. This panel highlights the presence of multiple
components (shells). Panel (d): same as Panel (b) color coded to highlight the Herschel/PACS
morphology observed in Cox et al. (2012).
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Figure 6.8: Interferometric variability check for θAps. B is the projected baseline, PA the
position angle, and φV is the visual phase.

Figure 6.9: Best-fitting GEM-FIND model (solid line) for the MIDI visibilities of θAps.
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Figure 6.10: The MIDI fluxes at 8, 10, and 12 µm observed for R Crt at various visual phases,
are compared with the IRAS flux.

Figure 6.11: Best-fitting GEM-FIND model (solid line) for the MIDI visibilities of RCrt.

Figure 6.12: Visual phase vs MIDI flux at 8, 10, and 12 µm for R Leo.
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Figure 6.13: Interferometric variability check for R Leo. The black line shown in the right
panel is the result of the average of two observations. The latter were observed one day apart
with similar projected baseline and PA.
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Figure 6.14: Best-fitting GEM-FIND model (solid line) for the MIDI visibilities of RLeo.

Figure 6.15: Best-fitting GEM-FIND model for the MIDI visibilities of TMic.
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Figure 6.16: Visual phase versus 8 (left), 10 (center), and 12 µm (right) flux for RT Vir. The
colours refer to the cycles, while the cross marks the ISO flux. A cyan horizontal line has been
drawn to guide the eye and to make the sinusoidal-like variations clearer.

Figure 6.17: Interferometric variability check for RT Vir.
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Figure 6.18: Best-fitting GEM-FIND model (solid line) for the MIDI visibilities of RT Vir.

Figure 6.19: Best-fitting GEM-FIND model (solid line) for the MIDI visibilities of π1 Gru.
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6.7.7 omi Ori

omi Ori is one of the two S-type stars of our sample. According to the recent parameter deter-
mination by Cruzalèbes et al. (2013b), the star has a K−band angular diameter of 9.78 mas.
Cruzalèbes et al. (2013a) reports asymmetric structures detected (via a closure-phase signature)
in the near-infrared. The star is known to have a white dwarf companion (Ake and Johnson,
1988), but the separation between the two stars, and more generally the orbit of the system,
are not known. The star was classified among the irregular morphologies in the Herschel/PACS
images (Cox et al., 2012). omi Ori was observed by MIDI in 2005 and 2011, and we collected a
total of 14 data sets, 7 of which are archive data.

Variability

Classified as SRb, omi Ori has a period of 30 days. We collected a light curve from ASAS, but
the data are limited to 2010, therefore we could not estimate the visual phase for the MIDI data
of the LP. A comparison of the IRAS spectrum with the MIDI spectrum from 2005 shows no
evidence of variability. The data of the LP were collected within a few days, therefore we do not
need to worry about interferometric intra-cycle variability. As there is no overlap between the
baselines and position angles of the archive data and the ones from the LP, it is not possible to
issue any statement concerning cycle-to-cycle interferometric variability. As a consequence, one
should consider the results from the χ2

red combining all the data only as indicative.

Morphology

The visibility curve of omi Ori does not show any sign of dust when plotted vs. wavelength. The
feature observed around 9.58 µm is due to telluric ozone. The LP data sample the upper part
of the visibility curve. Therefore a fit on these data cannot really distinguish between Gaussian
and UD profiles. As a confirmation, the χ2

red of the two models are very close to each other.
GEM-FIND fit of the LP data point to an elliptical UD model with inclination 55◦ and axis ratio
0.4. The χ2

red obtained by fitting all the data (archive+LP) points towards a composite model
(UD+Gauss) with a very extended Gaussian (FWHM > 150 mas) enshrouding the UD (see also
Fig. 6.20). The flux ratio is > 50, meaning that the central source is the dominant contributor.

6.7.8 U Ant

U Ant is a nearby N-type carbon star. Knapp et al. (2003) reported a distance of 260 pc. Bergeat
and Chevallier (2005) estimated its parameters as follows: Teff = 2810K, the C/O = 1.44, Ṁ =

2.0×10−6M� yr−1. More recently, McDonald et al. (2012) estimated a much hotter temperature
(3317 K) through Spectral Energy Distribution (SED) fitting. Five “spherical” detached shells
were detected at long wavelength and large scales ∼ 25 ”, 37 ”, 43 ”, 50 ”, 3 ’ (Izumiura et al., 1996;
Olofsson et al., 1996; González Delgado et al., 2001, 2003; Maercker et al., 2010). Herschel-PACS
imaged in the FIR a shell with a distance from the star of 42” (Kerschbaum et al., 2010).
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Figure 6.20: Best-fitting GEM-FIND model for the MIDI visibilities of omi Ori.

The star was observed with MIDI in 2008 and 2012. For our program, we obtained 5 obser-
vations, but only one of them turned out to be of any use. The reason for this is mostly poor
seeing conditions during the nights of observation. Most of the archive data are also of mediocre
quality. Only 2 points out of 5 from archive will be hereafter used.

Variability

Since U Ant is an irregular variable of type Lb, it is not possible to determine at which visual
phase the observations were taken. Moreover, there are no V -band measurements available at
the time of the MIDI observations. Therefore, a study of the interferometric variability is not
possible for this star. We retrieved the IRAS spectrum from the archive and compared it with
the MIDI spectrum in Fig.6.6. The star is classified as SiC+ by Sloan et al. (1998). This class
of objects is characterised by a spectrum with a weak 8.5-9 µm feature, a weak dust continuum,
and a weak SiC feature which is observed in our spectra. The MIDI spectrum is within the error
bars of the the IRAS spectrum.

Morphology

Three visibility points (Fig. 6.21) are definitely too few to have an idea about the morphology
of the star, especially if one considers that the data are taken 4 years apart. Therefore, for this
star, we can only derive sizes and study the molecular and dust components. The diameter of
the best fitting FWHM varies between 7 and 10 mas as a function of wavelength.
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Figure 6.21: Best-fitting Gaussian profile (solid-line) for the MIDI visibilities of U Ant.

It is interesting to note that even though both MIDI and IRAS spectra exhibit a weak SiC
feature, the visibilities are typical of the carbon stars without SiC (Fig. 6.3). Indeed the typical
visibility drop around 11.3 µm is not observed here. A small decrease of the visibility is observed
only for one of the observations with the 30 m baseline. On the other hand, the high level of
visibility, and consequently its large associated uncertainty, do not allow us to infer whether or
not that decrease is real and due to SiC. With the baseline range chosen for this star, the FOV
of the interferometer is 43 (projected baseline ∼ 95 m) and 130 mas (projected baseline ∼ 30 m).
Assuming that the star has a size of around 10 mas, one can state that there is no signature of
SiC within 10 stellar radii.

6.7.9 R Lep

R Lep is one of the closest carbon-rich Miras in the southern hemisphere showing intermediate
mass-loss rates and very red colors (Whitelock et al., 2006, J − K = 2.23,). van Belle et al.
(1997) reported a K-band diameter of 11.50 mas, while Chagnon et al. (2002) measured 37.10
mas in the L′-band. Signatures of asymmetric structures were observed by Ragland et al. (2006)
with the IOTA interferometer in the near-IR. The object is classified as “non-detection” by Cox
et al. (2012). Nevertheless, the authors predict the presence of a bow shock at a distance < 1 pc
from the stellar envelope. The star was observed with MIDI in 2010, 2011, and 2012.

Variability

The MIDI spectra of R Lep, shown in Fig. 6.6, are very noisy. The flux also changes a lot within
the MIDI data and between MIDI and IRAS. Excluding the data point from cycle 0 (yellow
square in Fig. 6.22) which has an unrealistic low flux, the variations within the MIDI data
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are of the order of 0.2 magnitude. This is a reasonable value if compared with the variations4

∆mN < 0.48 mag predicted by Le Bertre (1992). The flux variation between the MIDI data
from cycle 2 and the IRAS spectrum is of the order of 0.7 mag. Nevertheless we warn the reader
that the MIDI spectra should be considered with caution. Regarding interferometric variability,
the left panel of Fig. 6.23 shows data sets too close in time to detect any intra-cycle variability.
On the other hand, in the right panel of Fig. 6.23 there is a hint for a cycle-to-cycle variability:
the visibility from cycle 0 is systematically lower than the others in the range where molecular
opacities are at play (8−10 µm). Since the variability effect is small, the data are still combined
together for the GEM-FIND fit.

Figure 6.22: MIDI fluxes at 8, 10, and 12 µm for R Lep. The dotted line represent the IRAS
flux.

Morphology

The visibility curve of R Lep (Fig. 6.24) is typical for a carbon Mira with a SiC feature, and it is
described in Sect. 6.4. By using only the LP data, we obtain a better χ2

red for the Gaussian model,
whereas adding all the observations together we have a good fit of the data with a two-component
model (UD+Gaussian, see Fig. 6.24). The UD diameter is 15 mas, the resulting Gaussian
envelope has a size ranging between 30 and 44 mas, while the flux ratio varies between 0.20 and
0.10. We do not observe any asymmetric structure that might be related to the asymmetries
observed at other spatial scales and wavelengths (i.e. near-infrared by Ragland et al., 2006). The
SiC depression is always present in the visibility curve, but we note that at long baselines and
long wavelengths the visibility increases again. This might be explained by the fact that at those
spatial frequencies, there is some extra molecular opacity appearing making the object smaller.
SiC is clearly present in the IRAS spectrum of the star, and since we are sampling the spatial

4Le Bertre (1992) observed a decrease in the amplitude of variability of Mira stars towards the long
wavelengths. There are noN−band measurements reported for R Lep, but the variability in theM−band
is 0.48 mag, i.e. the variability in the N−band must be smaller than this value.
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Figure 6.23: Interferometric variability for R Lep.

frequencies at 2 stellar radii (using as a reference the photospheric diameter given by van Belle
et al., 1997), we can say that already at 2 stellar radii SiC is observed.

Figure 6.24: Best-fitting UD+Gaussian profile (solid line) for the MIDI visibilities of R Lep.

6.7.10 Y Pav

Y Pav is a Semiregular C-rich variable with period 232 days and distance 400 pc (van Leeuwen,
2007). The object is classified class “X” by Cox et al. (2012); no bow-shock nor detached shell were
identified. Sloan et al. (1998) classified the spectrum of this object as Br1 (Broad 1). This class
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includes stars showing broad emission features extending from 8-9 µm to 12 µm. The authors
are not able to identify the opacities contributing to these extended features, and suggest that
the Br1 class of objects is physically different from the other classes which are. It is observed
that the Br1 stars have similar colour distribution as the SiC class, but the central object is
cooler. According to the IRAS color-color diagram, this object is evolving toward a carbon Mira.
Y Pav was observed only in the framework of our program in 2011, and we will use 4 out of
7 observations for the modelling (u, v-coverage shown in Fig. 6.2). The data discarded suffered
from poor weather conditions.

Variability

No interferometric variability can be assessed, as the data were taken at a single epoch. The
difference between the IRAS and MIDI spectra is very likely due to calibration problems. They
will not be mentioned further.

Morphology

The visibility vs. wavelength plotted in Fig. 6.26 shows a minimum in the visibility curve slightly
shifted towards shorter wavelength than the SiC feature. The difference is very small, and it can
be seen also in Fig. 6.25. It is not clear whether this difference is related to the Br1 spectral
classification, mainly because this is the only Br1 of the sample. A detailed modelling of the
visibilities and of the ISO spectrum by means of model atmospheres will clarify what kind of
opacities are contributing most (Rau et al., 2016b).

The visibility obtained are quite high and can be well fitted by a Gaussian profile (Fig. 6.26).
The FWHM of the resulting Gaussian is between 5.29 and 12 mas depending on wavelengths.

6.7.11 TX Psc

A detailed mid-infrared spectro-interferometric study of TX Psc can be found in Klotz et al.
(2013b). In this section, we will present the new visibility data from the LP and discuss the
morphology of the source. As the spectral type of the calibrators used for the LP data are MI
and MIII, the MIDI spectra were not flux calibrated (see details in Sect. 6.2.3), therefore no
discussion on spectroscopic variability will be done.

Morphology

The model fitting best both the archive and LP data is a UD with size between 12 and 9 mas.
The star is larger in the 8−9 µm region where C2H2 and HCN opacities contribute, following the
same wavelength dependency plotted in Fig. 3 (right panel) of Klotz et al. (2013b). We confirm
that no asymmetric structures are observed, and that the object can be described by a single
component. This result is in line with the finding of Klotz et al. (2013b), however asymmetric
structures are detected much further than 10 R? by several authors (see Hron et al., 2015b, and
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Figure 6.25: Comparison between the shape of the visibility of all the stars showing SiC.

Figure 6.26: Best-fitting Gaussian profile (solid line) for the MIDI visibilities of Y Pav.
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references therein). The object is classified in class “N” (naked) by Sloan et al. (1998). This
class includes stars that do not exhibit dust excess in the ISO spectrum. We confirm that the
visibilities do not show signs of dust (Fig. 6.27).

Figure 6.27: Best-fitting GEM-FIND model (solid line) for the MIDI visibilities of TX Psc.

6.7.12 S Sct

S Sct is a carbon-rich Semiregular pulsator, with a variability amplitude of 1.5 mag in the V−band
and, an uncertain distance (between 367 pc and 580 pc according to van Leeuwen, 2007; Bergeat
and Chevallier, 2005, respectively). The temperature of the star is 2755 K according to Bergeat
and Chevallier (2005) and 2895 K following Lambert et al. (1986). The mass-loss rate reported
in literature is of the order of 10−6 M� yr−1 (see Table 6.1). The star is one of the targets
surrounded by a detached shell (Olofsson et al., 1992) that formed ∼ 104 yrs ago because of a
super-wind episode with a mass-loss rate of ∼ 104 M� yr−1. This shell is also observed in the
Herschel/PACS images and was recently modelled by Mečina et al. (2014). The inner spatial
scales probed by VLTI/PIONIER (H−band 4-beam combiner interferometer; Le Bouquin et al.,
2009) can be well fitted by a UD of diameter 6.22±0.3 mas (χ2 = 1.4). PIONIER did not detect
any asymmetric structure (Le Bouquin, private communication).

MIDI observed this object 7 times between the 2011 May 28 and 30. For the modelling and
data interpretation, we will use only 2 data sets, keeping in mind that the one of May 30th is
very good, while the data of May 28th are very noisy after 11.5 µm. The other 5 observations
were affected by poor weather conditions.
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Variability

The MIDI spectrum agrees with the flux level of the ISO observations. However, ISO shows a
small bump around 11.3 µm attributable to SiC, while nothing similar is seen by MIDI. Although
we cannot exclude that the shape of the MIDI spectrum is still affected by calibration problems, it
is an interesting coincidence that neither is SiC observed in the visibilities (see following Section),
nor that the shape of the MIDI spectrum resembles the one from IRAS (Fig. 6.28). Like TX Psc,
also S Sct is classified as N (naked) in the Sloan et al. (1998) classification based on IRAS spectra.
This could mean that the amount of SiC was too small at the time of the IRAS observations, and
that it increased afterwards. But given the shape of the MIDI spectrum, one presumes that the
feature recently disappeared again (Fig. 6.28). A more likely possibility would be a photospheric
variation, i.e. no change in the SiC, but rather in the molecular opacity at wavelengths > 10 µm.

Figure 6.28: The MIDI spectrum of S Sct compared with those from IRAS and ISO. While the
flux levels are very similar, the MIDI and the IRAS spectra do not show any signature of SiC,
despite being clearly visible in the ISO spectrum.

Morphology

The 2 visibility points shown in Fig. 6.29 are easily fitted with circular models, and the fit
shows a slight preference for the Gaussian shape. Nevertheless, the robustness of that conclusion
should not be overestimated because of the high visibilities and of the small amount of data
available. The FWHM of the Gaussian varies between 11.77 and 12.78 mas (∼ 2 R?), while
the corresponding UD varies between 19 and 21 mas (almost 3 times the H-band diameter).
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Like in the case of U Ant, we stress that the visibility of S Sct does not show any signature of
SiC. By comparing the N -band UD diameter with the H-band one measured by PIONIER, we
conclude that molecular and dust (amorphous carbon) material enshrouds the object in the N -
band. No SiC is detected within the FOV of the interferometer, which for this set of observations
is ∼ 100 mas at 10µm.

Figure 6.29: Best-fitting GEM-FIND model for the MIDI visibilities of S Sct.

6.7.13 AQ Sgr

AQ Sgr is a carbon-enriched Semiregular variable. The period of variability is 190 d, and the
distance 330 pc (van Leeuwen, 2007). The mass-loss estimates vary between 7.7x10−7 M� yr−1

(Bergeat and Chevallier, 2005), and 10−7 M� yr−1 (Ramstedt et al., 2014). The star is classified
as Fermata by Cox et al. (2012). Richichi et al. (2005) report a K-band diameter of 6.13 mas.
The star was already observed with MIDI in 2008 but those data are very noisy and they were
discarded during data reduction. Only two points from the LP were used for the analysis. The
archive data are corrupted by weather.

Variability

The MIDI spectrum of AQ Sgr is compared with the one from IRAS in Fig. 6.6, and they fit
within the uncertainties of IRAS. The shape of the spectra is rather similar, and we observe a
bump around 11.3 µm due to SiC. The star was classified as SiC+ by Sloan et al. (1998) and
Gupta et al. (2004). No interferometric variability can be determined from the available dataset.

Morphology

The visibility curve presented in Fig. 6.30 matches the shape of the spectrum, showing the SiC
signature. The observations are well fitted by a UD profile with a diameter between 16 and 32
mas (depending on wavelength). The level of visibility at 11.3 µm is comparable to the one at
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12 µm were the UD diameter measures 32 mas. By comparing the latter value with the K-band
diameter, we can conclude that SiC is being detected at 5 R?.

Figure 6.30: Best-fitting GEM-FIND model (solid line) for the MIDI visibilities of AQ Sgr.

6.7.14 X TrA

X TrA is a carbon-rich irregular variable. A detailed near-infrared spectroscopic study with line
identification was presented for this object by Lebzelter et al. (2012). The star is a single object,
as no indication of binarity was so far reported. Izumiura et al. (1995) detected a detached shell
at a distance of 1.3′. In Cox et al. (2012) the star is classified among the rings, but the ring
detected by Herschel is faint with only a bright arc to the East. These authors conclude that
more observations are needed. X TrA was observed for the first time with MIDI within the frame
of our LP. Four points out of 7 will be used for the geometric modelling. The other points were
affected by weather conditions.

Variability

Because of the irregular nature of the light curve, time variability cannot be studied in detail for
this star. However a comparison between the MIDI and the IRAS spectra (Fig. 6.6) shows that
the flux level is unchanged, and SiC is observed. The object is classified as SiC+ in the Sloan
et al. (1998) classification. The presence of SiC is already detected in the IRAS spectrum shown
in Fig. 6.6 and also in the MIDI ones.

Morphology

The X Tra MIDI data can be reproduced with a UD of size 21.9 - 38.8 mas. The χ2
red of the

Gaussian (Table 6.3) is similar for the already mentioned reason: the data sample the upper
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part of the visibility curve where both Gaussian and UD profiles are very similar. The visibility
curve vs. wavelength shown in Fig. 6.31 exhibits the shape typical of stars with SiC. The level
of visibility at 11.3 µm is comparable to the one at 12µm, and so do the diameters. Therefore
we can conclude that for X Tra, SiC is detected at ∼4 R?.

Figure 6.31: Best-fitting GEM-FIND model (solid line) for the MIDI visibilities of X Tra.
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Dynamic model atmospheres
without the SPL approximation,
compared with observations - The
observational test case of R Lep
(Paper IV)

This chapter will be part of a publication in preparation (Rau et al., 2016a)

Preliminary title: Comparison of spectro- photometric and interferometric observations with
dynamic model atmospheres, with and without the small particle limit approximation - The ob-
servational test case of R Lep
Authors: G. Rau, K. Eriksson, B. Aringer, J. Hron, C. Paladini
Year: 2016
Journal: Astronomy and Astrophysics

When comparing the dynamic model atmospheres grid from Eriksson et al. (2014) with multi-
technique observations, some differences are noticeable (see Rau et al., 2015c, 2016b). Removing
the SPL assumption in the models could provide a potential solution to those discrepancies,
especially for the short wavelengths.

In this small chapter, which will be part of a forthcoming publication, the comparison of one
non-SPL model with a test-case star, R Lep, is presented. The whole grid of non-SPL models will
be computed by our collaborators of the Uppsala group, and a comparison of the observations
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with this complete grid will allow a much more complete view on the improvements that non-SPL
models could produce.

7.1 Introduction

In the recent years, several attempts have been made to model the atmospheres of C-rich AGB
stars. While hydrostatic models (e.g. Aringer et al., 2009) have been able to reproduce obser-
vations (e.g. Ohnaka et al., 2007; Paladini et al., 2011; Cruzalèbes et al., 2013a; Klotz et al.,
2013a; van Belle et al., 2013), objects characterized by strong atmospherical dynamics can not
be modelled by hydrostatic atmospheres.

On the AGB, the stars cool, expand and increase in brightness. During its life on the AGB,
the star could eventually start to pulsate, generating shocks waves that go through the star’s
atmosphere, which could create conditions of high enough pressure, at low enough temperature to
generate the environment suitable for dust formation. Radiation pressure acting on high opacity
amorphous carbon (amC) grains, can transfer enough momentum to the grains, accelerating
them, and inducing a wind outflowing the object (e.g. Fleischer et al., 1992; Höfner and Dorfi,
1997).

A new generation of dynmic model atmospheres (Dynamic Atmosphere and Radiation-driven
Wind models based on Implicit Numerics, DARWIN from now on, Höfner et al., 2016) depicts
this scenario with the inclusion of a time-dependent treatment of grain growth and evaporation
of amC dust. Radiative transfer which is frequency-dependent, including gas and dust opacities,
is combined with time-dependent hydrodynamics and non-equilibrium dust formation.

The models initial structures are hydrostatic. The varying inner boundary conditions below
the stellar photosphere are simulated by a “piston”. This is described in detail in Höfner et al.
(2003) and Mattsson et al. (2010). The shock waves induced by the pulsating structure, and
the variation of the luminosity with period, are considered. In order to reduce the complexity
in the treatment of dust opacities, the radiative cross sections are generally calculated assuming
that the dust grains are small in comparison to the wavelengths around the maximum of the
stellar flux, and this assumption is called the small particle limit assumption (from now on SPL,
Mattsson and Höfner, 2011).

Several studies compared these models with interferometric observations (Rau et al., 2015c,
Rau et al., 2016b, hereafter Paper I and Paper II, respectively, or e.g. Sacuto et al., 2011a), which
compared observations with a grid of dynamic model atmospheres from Eriksson et al. (2014)
and Mattsson et al. (2010). While they were rather successful in reproducing the data, some
discrepancies between models and observations still remain. Those show up in the photometric
and spectroscopic fits at wavelengths shortwards of 1 µm and in the N -band interferometric fits
e.g. (Paper I; Paper II)). In the current work we aim to investigate if and how those differences
could be related to the SPL assumption.

Already Mattsson and Höfner (2011) studied how, for certain critical cases, the effect of
grain-size dependent opacities can be quite important, especially when strong dust-driven winds
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do not form in the SPL case. They note that indeed, if the restriction to the SPL is dropped, the
wind speed could increase by an order of magnitude and the mass-loss rate by a factor of up to
two. Also, a model without the SPL assumption, which results in having a wind, seems to have a
lower dust condensation degree with respect to SPL models. Therefore the dust-loss rates could
get lower when removing the assumption of SPL (from now on: non-SPL case). In particular,
Mattsson and Höfner (2011) underline that models near the limit of windless solutions could
be the most affected by removing this assumption. This might be of special relevance for the
semiregular variables (see Chap. 5).

In this work we therefore study the effect of dropping the SPL assumption for one specific
set of model parameters described in Table 7.1. This is done performing a grain-size dependent
radiative transfer, to produce the model described in Sect. 7.2. One star is used as a test-case,
which is portrayed in Sect. 7.3. Following our previous works (Paper I; Paper II), we have
compared the models with the spectroscopic, photometric and interferometric observations, and
the findings are shown in Sect. 7.4, together with their discussion. Concluding remarks are given
in Sect. 7.5.

7.2 Model description

In the present study we introduce one specific model which does not include the SPL approxi-
mation, and whose parameters are shown in Table 7.1. For the model calculation the parameters
were chosen in order to represent a “typical” carbon-star.

This model is built according to the principles given in Höfner et al. (2016) (DARWIN
models) except for the dust opacity which was treated as in Mattsson and Höfner (2011). The
K3 moment, representing the total amount of material condensed into dust, was used to compute
the grain radii. New gas opacities data (Aringer et al., 2016) were adopted, together with
new starting (hydrostatic) models structures, which have the same opacity data in order to
preserve the consistency. Also the RHD code has been updated in minor ways. The frequency-
dependent molecular and dust opacities radiative transfer, and non-equilibrium dust formation,
were calculated following the method described in Höfner et al. (2003). This single model will
be part of a forthcoming wide grid of dynamic model atmospheres without the SPL assumption
(Eriksson et al. in prep).

A previous grid of models without the SPL assumption was presented in the work of Mattsson
and Höfner (2011). There one can find a description of dust opacities that could be applied to
any size of the grains, and not only for particles much smaller1 than the wavelengths (Mie
approximation). This affects the computation of the radiative cross section, which could in turn
influence the radiative energy transfer, the radiative pressure on the dust grains, and consequently
the wind acceleration. For details on the dust opacity treatment, please refer to Mattsson and
Höfner (2011).

1A grain size with an average radius smaller than 4 · 10−6 cm is considered to be “small”, concerning
radiative cross-sections.
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Table 7.1: Summary of the results or the modeling & model parameters.

Teff lg L? M P C/O fL Ṁ Cond. Outflow Vel.
[K] [L�] [M�] [d] 10−6[M�/yr] Fraction [km/s]

SPL 2600 3.85 1.00 390 1.69 2 2.1 0.25 17
NO SPL 2600 3.85 1.00 390 1.69 2 1.9 0.12 22
NO SPL∗ 2800 3.85 1.00 390 1.69 1 2.24 . . . . . .

Notes. (∗): best-fitting model resulting from the fit presented in Chap. 5.

7.3 The test case of R Lep

For our comparison we chose one Mira star whose best-fitting SPL-model from the Eriksson et al.
(2014) grid, which agreed rather well with the observations (see Paper II and Table 7.2).

The particular model without the SPL assumption produced, is described by the parameters
listed in Table 7.1. The same table shows also the resulting dynamic properties, i.e. mass-loss
rates, outflow velocities and dust condensation fraction.

This model has been compared with the observations of R Lep in the same way as done for
the SPL-case in Chap. 5. This is done in order to perform a consistent confrontation of models
described by the same parameters, even if the SPL-model, described in Table 7.1, is not the one
best fitting the observations (Paper II). The parameters of the original best-fitting photometric
SPL-model are added for completeness in Table 7.1 −− see also Table 3 of (Paper II).

7.4 Results and discussion

The output of the fit, namely the χ2, the phases of the best fitting models for the two cases (SPL
and non-SPL) and the wavelengths at which the fit was performed, are shown in Table 7.2).
From our comparison, some overall conclusions can be drawn. We want to remark how this
specific set of model parameters is only a “test-case-model”, by meaning of a model described by
a set of parameters which are “exemplary” for a carbon star. A fit with a whole grid of models
having different parameters will be necessary in order to progress with our analysis and give
better insights on the comparison of the non-SPL models with the observations.

In the spectroscopic fit the improvement from the SPL to the non-SPL model at wavelengths
shortwards of 3 µm is substantial. This can be seen confronting the left and right panel of
Fig. 7.1. Looking at these plots it is noticeable how the 3 µm feature becomes weaker in the new
model, and the 14 µm feature emission disappears for many phases, while it is always present
in the SPL models. A discussion on the nature of the 14 µm feature and its comparison with
observations can be found in Loidl (2001) (see also Paper I; Paper II).

The R Lep photometric fit (Fig. 7.2) shows an improvement in the ability of the non-SPL
models to reproduce the photometry in V , R, I, and also in the N -band. Conversely, the fit at
the other photometric filters does not change significantly then removing the SPL assumption.

We do not notice any improvement in the quality of the fit to the interferometric observations,
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in both cases of SPL or not. This is probably due to the specific set of the test-case model
parameters. Nevertheless, we underline one specific slight improvement. That is, while the SPL
model shows synthetic visibilities that increase towards longer wavelengths (Fig 7.3, lower left
panel; see also Paper II), this behaviour is less obvious when dropping the SPL assumption.
The non-SPL model produces synthetic visibilities which are flatter as a function of wavelengths
(Fig 7.3, upper left panel). But we notice that the small gradient in the visibility vs. wavelengths
and the visibility-decrease from 8 to 10 µm in the observations, which was well reproduced in
the SPL model, is not present anymore.

The synthetic visibilities level of the non-SPL model is much higher than for SPL one.
The corresponding intensity profiles show a much more compact atmosphere (Fig 7.3, upper
right panel) compared to the one produced by the SPL model (Fig 7.3, lower right panel). An
explanation of that could reside in the fact that the removal of the SPL assumption lowers the
condensation fractions of the non-SPL model, and reduces its grains sizes. This plausibly leads
to a smaller size of the circumstellar envelope, which implies higher visibility level (considering
that the other parameters stay the same).

We therefore conclude that, in order to obtain a good fit to our interferometry data, we
would require a non-SPL model with a higher mass-loss rate. In this way we would achieve a
more extended envelope, and thus lower visibilities. Whether this leads to a disagreement in the
spectrum and photometry remains to be seen. This will be tested in our next work (Rau et al.
in prep) which will include the whole grid of non-SPL models by Eriksson et al. (in prep).

Figure 7.1: Observational spectro-photometric data of R Lep (IRTF spectrum in black thick
line and photometry in green circles) compared with the synthetic spectrum of the best-fitting
time-step (violet). The IRAS spectrum is also plotted (black thin line), only to the purpose to
check qualitatively the fit at longer wavelengths. Left: new models without the SPL assumption.
Right: models with SPL.
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Figure 7.2: Photometric observations of the R Lep (violet circles), compared to the models
synthetic photometry (grey diamonds). Marked in orange is the best fitting time-step. Left:
new models without the SPL assumption. Right: models with SPL.

Table 7.2: Summary of R Lep corresponding values of the χ2 and the phase of the best fitting
time-step and of the interferometric MIDI observations.

χ2
no SPL χ2

SPL φno SPL φSPL λfit range
[µm]

R Lep
Spect 0.02 0.15 0.64 0.45 [0.805-5.06]
Phot 0.22 1.55 0.50 0.40 [0.4-25.0]
Interf 250 10.03 0.86 0.90 [8.0-13.0]
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Figure 7.3: Upper two rows: Wavelength dependent visibilities of R Lep in the MIDI range,
compared with the synthetic visibilities based on the DMA. Models are plotted in full line,
observation in dashed lines, at the three different projected baselines (see color legend). Lower
two rows: intensity profiles at two different wavelengths: 8.5 µm and 11.4 µm (third row), and
visibility vs. baseline (fourth row); the black line shows the dynamic model, the colored symbols
illustrate the MIDI measurements at different baselines configurations. Left: models with SPL.
Right: new models without the SPL assumption.



160
Dynamic model atmospheres without the SPL approximation, compared

with observations - The observational test case of R Lep (Paper IV)

7.5 Conclusions

Overall we notice in our tests some improvements using the non-SPL model. The slope in
the visibility vs. wavelengths of the SPL model disappears when using the non-SPL models.
In addition, the spectroscopy and photometry of the non-SPL model show in general better
agreement with the R Lep data.

We suspect that the new grid of models without the small particle limit assumption (Eriksson
et al., in prep), will somehow improve the fit. The broader parameter space of the models will
allow us to perform the fit to our multi-technique observations through a wider range of models,
in order to get a better fit.



Chapter 8

Preliminary comparison of the
VLTI/MIDI observations of the
carbon-rich Mira R For, with
dynamic model atmospheres (Paper
V)

This chapter will be part of a forthcoming publication:

Tentative title: Comparison of the VLTI/MIDI observations of the carbon-rich Mira R For
with dynamic models atmospheres
Authors: C. Paladini, G. Rau et al.
Year: 2016
Journal: Astronomy and Astrophysics, in prep.

The comparison of the R For VLTI/MIDI observations with the dynamic model atmospheres
from Eriksson et al. (2014) is not published yet. This small Chapter presents the results of the
preliminary analysis performed until now, which will be part of a work in preparation to be
published in the next months.

We want to remark that this is only a preliminary analysis on R For MIDI data, and that
only a separate fit for the different MIDI phases (see Table 1 in Paladini et al., 2012) could give
us better information on the model parameters which could better fit the star, and consequently
provide insights on its structure (Paper V, in prep.). The comparison here is presented for
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completeness and as a starting point for further analysis.

8.1 R For

R For is a C-rich Mira widely studied by several authors (e.g. Feast et al., 1984; Le Bertre, 1988;
Winters et al., 1994; Paladini et al., 2012). Its literature parameters are shown in Table 8.1.

Table 8.1: Main parameters of R For, adopted from the literature.

Name Variab. P a d b Lbol Ṁ c Ṁ d Ṁ e ∆V a

Type a [d] [pc] [L�] 10−6[M�/yr] 10−6[M�/yr] 10−6[M�/yr]
R For M 389 690+270

−130 5985 2.2± 0.22 1.3± 0.6 1.35± 0.27 5.5

Notes. (a): Samus et al. (2009b) (b): van Leeuwen (2007). (c): Loup et al. (1993) (d) Schöier
and Olofsson (2001) (e) Whitelock et al. (2006).

Interferometric variability was detected, using MIDI observations carried out in 2007 and
2009, by Paladini et al. (2012), who asserts that this variability could be caused by the appearance
of a non-symmetric structure.

In the following, we present the comparison of spectroscopic, photometric and interferometric
data with the dynamic model atmospheres grid from Eriksson et al. (2014). For a detailed
description of the models used, please refer to Chap. 4, Chap. 5 and Mattsson et al. (2010).

8.2 Observations

R For was observed with the Short Wavelength Spectrometer (SWS, de Graauw et al., 1996) on
board of ISO (Sloan et al., 2003) on 13 February 1998. The ISO spectrum covers the wavelengths
range: [2.36− 45.35] µm, and has a spectral resolution R ∼ 200. To the purpose of the current
study, an error of ± 10% is assumed until 4.05 µm, and ± 5% afterwards (Sloan et al., 2003).

Photometric observations are summarized in Table 8.2.

Table 8.2: R For photometric data adopted from the literature. Different filters and different
sources are given in units of mag. The consideration of the errors is described in Chapter 5.

Star B V R I J H K L′ N1 N2 N3 IRAS12
R For 13.06 9.97 9.20 8.53 4.08 2.41 1.21 -0.07 -1.72 -1.87 -2.02 -1.92

Notes. The values are given in magnitudes.

For the aim of this thesis, only the 2009 R For VLTI/MIDI data are used for the comparison
with the dynamic model atmospheres. Details on the journal of the MIDI observations, calibrators
used and uv-coverage are given in Paladini et al. (2012).
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8.3 Preliminary results

The fitting procedure described in Chapter 5 is used in the present study on R For as well.
That is, first we fit independently the spectroscopy to the ISO spectrum, and the photometry
to the data as in Table 8.2. Results of those fits are shown in Fig. 8.1 and Fig. 8.2 which
illustrate the SED fit to the ISO spectrum and to the photometric data respectively. The ISO
spectrum can be reasonably well reproduced by the DMA, but the model fit to the ISO spectrum
deviates strongly from the photometry shortward of 1 µm,. The agreement of the DMA with the
observed photometry is good in the whole spectral range, but the B and V model photometry is
not fitting the data. As for the other objects, we think that the reasons of both discrepancies in
the spectroscopic and photometric fits could reside in a combination of data- and model-related
reasons.

The results of the χ2 analysis are listed in Table 8.3, together with the parameters of the
models best fitting the different types of observations.

Table 8.3: Summary of the best fitting model for each type of observation: photometry, spec-
troscopy and interferometry. Listed are the corresponding values of the χ2, the parameters of
the models and the phase of the best fitting time-step.

Teff log L? M P log g C/O ∆up fL Ṁa λfit range χ2
red

[K] [L�] [M�] [d] [µm]
R For
Spectr 2800 4.00 1.5 525 -0.66 2.38 6 2 3.54 [2.36-25.0] 6.02
Photom 3000 3.85 0.75 390 -0.79 2.38 6 2 5.62 [0.4-25.0] 1.01
Interf 3000 3.85 0.75 390 -0.79 2.38 6 2 5.62 [8.0-13.0] 1.00

Notes. (a): in 10−6[M�/yr]

As in the previous chapters, synthetic visibilities and intensity profiles were computed for all
the phases of the best-fitting photometric model. The results of the comparison with the MIDI
data are shown in Fig. 8.3 and Fig. 8.4.

For R For the short baselines observations do not agree well with the models, beeing too
low in level of visibility. Moreover, the visibility spectra show a more prominent SiC feature
(drop in level around 11.4 µm) with respect to the models. This could be probably due to an
underestimation of the amount of carbon being condensed in SiC. Another explanation may
relate to the asymmetry detected in the dusty envelope by Paladini et al. (2012), but further
investigations are necessary.

Following the approach of Chapter 5, we placed the star in the evolutionary context, as shown
in Fig. 8.5, together with the other stars presented in Chap. 5 for comparison. The location of
the star in the diagram, its C/O ratio and mass as predicted from the fit, seems consistent with
the C-rich part of the evolutionary tracks.

The angular diameter was calculated from the empirical diameter/(V -K) relation of van Belle
et al. (2013), and the corresponding temperature was derived. Those are shown in Table 8.4,
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Figure 8.1: Observational spectro-photometric data of R For. The synthetic spectrum of the
time-step best fitting the ISO spectrum is shown in violet. The time-step at which the synthetic
photometry fits best the corresponding observational data is shown in cyan for a qualitative
comparison. Photometry is plotted in green circles, while the ISO spectrum as a black line.
The grey shadow represents all the time-steps spectra belonging to the best-fitting spectroscopic
model.
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Figure 8.2: Photometric observations of the Mira star R For. Observations (violet circles),
compared to the models synthetic photometry (grey diamonds). Orange diamonds show the best
fitting time-step for the star.
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Figure 8.3: Visibility dispersed over wavelength of R For. The different panels show the various
baselines. Different colors underline different projected baselines.



8.3 Preliminary results 167

Figure 8.4: R For interferometric observational MIDI data from 2009, compared with the
synthetic visibilities based on the dynamic models. Upper: intensity profiles at two different
wavelengths: 8.5 µm and 11.4 µm. Lower: visibility vs. baseline; the black line shows the
dynamic model, the colored symbols illustrate the MIDI measurements for different baselines.
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together with literature K-band diameter and the corresponding temperature. As for the other
Miras studied in this thesis, we stress the reasonable agreement, within the errors, between TRoss

and Tθ(V-K) . Contrary to the other Mira stars of Chap. 5, θRoss does not agree well with θ(V-K),
and this could be probably due to the structure of the models. The star has also available a θK
diameter and Tθ(K) can be derived. The values agree only roughly, without any clear systematics
in the differences between the three types of parameters. This is probably related to the the
non-static structure of the atmosphere, and to the nature of the K-diameter, which is not a
purely photospheric diameter, but influenced by dust opacity.

Figure 8.5: AGB region of the H-R diagram and the location of our targets, including R For.
The lines display solar metallicity evolutionary tracks from Marigo et al. (2013): grey lines mark
the regions of Oxygen-rich stars with C/O < 1.0; yellow lines denote the region of C-rich stars
with 1.0 < C/O 6 1.5, while black lines with C/O > 1.5. The numbers indicate the mass
values at the beginning of the thermal pulsing (TP)-AGB. For better visibility, the track with
2 M� is plotted with a dotted line. Different symbols and colors refer to the luminosity and
effective temperature, estimated through the comparison in this work of the the models with
spectro-photometric-interferometric-observations. A typical error-size bar is shown in the lower
part of the figure.

The authors would like to remind the reader that the study presented in this Chapter is
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Table 8.4: Observed and calculated temperatures and diameters.

Target θ(V-K)
a θK θRoss

b TRoss Tθ(V-K) TθK
[mas] [mas] [mas] [K] [K] [K]

R For 4.56 8.0 c 2.1 3320 3620± 440 2730

Notes. (a) Relation from van Belle et al. (2013). (b) θRoss is the Rosseland diameter
of the best fitting time-step of the corresponding best-fitting model. (c) paper in prep.
based on AMBER and PIONIER data; see also Paladini (2011), PhD thesis.

merely a preliminary work, to have a first overview of the behaviour of R For when compared
to dynamic model atmospheres. To be consistent with the detected variability, separate fits
for the different MIDI phases need to be performed. This will be presented in a forthcoming
publication.
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Chapter 9

Conclusions and outlook

This thesis is devoted to the investigation of C-rich AGB stars atmospheres, from an observational
point of view.

Dynamic models atmospheres, as well as hydrostatic and geometric models, were used to
interpret multi-technique data. Mid-infrared interferometry was used to compare models with
observations, together with spectroscopic and photometric literature data. The thesis focuses on
eight carbon-enriched targets, namely: RU Vir, R Lep, R Vol, Y Pav, AQ Sgr, U Hya, X TrA,
and R For as a preliminary work.

This chapter summarizes the most important results obtained, and introduces perspectives
for further studies.

9.1 Results

9.1.1 Fits

For all the stars mentioned above, the best agreement in the SEDs fits is found at wavelengths
longer than 1 µm, and in the interferometric fits in the region [8− 10] µm. The models in best
agreement with the observations of Semi-regular and Irregular stars were all episodic and periodic
models (according to the description of Eriksson et al., 2014). In the SEDs fits some discrepancies
persist at wavelengths shorter than 1 µm and beyond 10 µm for all the stars. Probably those
differences are both driven by a combination of model- and data-related effects.

In the case of RU Vir (Chap. 4), we found that the agreement is lost already at wavelengths
shorter than 2 µm, and this is likely due to a combination of inter- & intra-cycles effects. Also,
at wavelengths longer than 10 µm and for short baselines, all the Mira stars display an increase
of visibility with wavelength in the models. This shape is not observed in the data. Chap. 4
gives as possible reasons the smother density distribution than in the models, and/or a clumpy
environment. In Chap. 5 the investigation on the visibility shape was carried out by performing
some experiments, such as changing the opacity laws and checking the eventual influence of the
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14 µm feature on the visibility. Both resulted in no significant effect for the visibility slope.

9.1.2 DMA Extension: Mira stars vs. Semi-regular and Irregular stars

Dynamic model atmospheres appear to be more extended in radius for Mira stars than for Semi-
regular and Irregular stars, with a more marked shell-like structure (see Chap. 5). Conversely,
the non-Miras best-fitting models appear less extended in radius, with an average lower rate of
mass loss, and rather weak gas and dust shells.

9.1.3 Multi-technique observations

This thesis demonstrated how the joint use of multi-technique observations, such as photometry,
spectroscopy and interferometry, is crucial to constrain better the models (see Chap. 4 and
5). To constrain the advanced dynamic model atmospheres developed by the Uppsala Group,
we used VLTI/MIDI interferometric data collected by our group during several observational
campaigns. Literature SEDs, spectroscopic and photometric data were collected for all the
targets and compared with the models as well. In Chap. 4 we used also the MOD routine, which
allowed us to perform a more flexible fit of the stellar parameters. This fit leads to similar
conclusions as for the DMA.

9.1.4 Dust

C-rich AGB stars are characterized by amC dust, featureless in the SED, and SiC dust. Molecular
contributions in the N -band are mainly due to C2H2 and HCN opacities. The SiC dust feature
manifests its presence in the visibility spectra of evolved C-rich stars, with its typical drop in
the level of visibility at around 11.4 µm. The same feature appears in emission in the SEDs.
From the comparison presented in this study, we observed that the SiC feature is sharper and
narrower in the models. In Chap. 4 the SiC shape fit improved with the MOD fit using the
distribution of hollow spheres, which is not available for the DARWIN models. In the latter,
the generally used 10% of SiC dust was included, and several experiments have been performed
changing (increasing) this percentage. This leads to improvements in the R Lep and possibly
also Y Pav fit, but both to a very small extent.

Reasonably good fits of the wavelength-dependent visibilities were found for all the targets,
showing a well shaped SiC feature, but not for X TrA. Experiments of scaling the distance and
enlarging the amount of SiC dust of the models did not produce any significant improvement in
X TrA. This star seems undergoing a high period of mass loss, with a compact environment, and
none of the dynamic models seems able to reproduce this combination of factors.

9.1.5 The geometry of the objects environment

The geometry of some targets was explored in the present work, namely RU Vir, R Vol, U Hya.
For the first one, a general agreement with the size of the dynamic models in the N -band was
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found. The best fit to the data resulted in a two-component model: circular UD + Gaussian
distribution of the dusty envelope.

In general, angular diameters at 8 and 12 µm were derived, and Chap. 4, 5, 6 with the uv-
coverage and visibility points available for those three targets, no major asymmetry was detected.
Also, no signature of differential phase was detected for any of the objects previously mentioned.

In Chap. 5 and 6 we investigated the interferometric variability of R Lep, θ Aps, R Leo and
RT Vir. For the first target, the variability is at the limit of the errors, while for the other stars
no interferometric variability was detected. In R Leo a signature of differential phase is present.

9.1.6 Stellar parameters

By the comparison of the dynamic models and the geometric models with the observations, it
was possible to collect stellar parameters, outlined in Table 5.3 and 5.4. To include the object in
an evolutionary scenario, Chap. 5 shows a comparison of the derived stellar parameters with the
evolutionary tracks from the Padova group (Marigo et al., 2013). The C/O ratio of the targets
and their placement on the evolutionary tracks agrees well with the C-rich evolutionary phase of
the TP-AGB track, except for Y Pav. Temperature and luminosities estimations from the models
are in good agreement with the ones derived from the observations, within the error bars, but not
in the case of AQ Sgr luminosity. Literature temperature values are in good agreement with our
findings. The angular diameters derived from the Rosseland definition and the ones calculated
from the empirical van Belle et al. (2013) diameter vs. (V-K) relation agree within each other,
better for the Miras than for the non-Miras.

9.1.7 Removing the SPL approximation

The observations of R Lep were compared to the model without the SPL approximation, produced
by the Uppsala group, and to the model from the Eriksson et al. (2014) grid characterized by
the same parameters. Overall, Chap. 7 shows that only limited improvement was found in the
non-SPL case for R Lep.

9.2 Outlook

It might be interesting to perform a similar study as in this thesis, for a sample of oxygen-rich
Mira, Semi-regular and Irregular, comparing their observations with the O-rich grid from Bladh
et al. (in prep.), based on the DARWIN models of Höfner et al. (2016). This would allow to
investigatate the stellar atmospheres’ estension in the O-rich case, and compare it to the results
derived in the present thesis for the C-rich stars.

In order to check the validity of the 10 % SiC dust fraction, and of the simultaneous conden-
sation of amC and SiC dust, tests will be performed as soon as the consistent implementation of
SiC in the DARWIN models is available.
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It would be straight forward to enlarge the sample of stars to be placed in the evolutionary
scenario. E.g. taking the targets listed in van Belle et al. (2013) and locate them in the H-R
diagram. It would also be interesting to compare, in the evolutionary context, O-rich objects
with C-rich ones. Also, observations of our C-rich objects in H and K (with AMBER, PIONIER,
GRAVITY) will help in resolving the small-scale, and pulsation-related physics.

An extensive comparison with the whole grid of non-SPL models by the Uppsala group
(Eriksson et al., in prep.), will be a natural continuation of this study. In fact, the exploration
of a larger parameter space may facilitate the research for a better agreement with the data. In
this way the discrepancies denoted in Sect. 9.1.1 that still remain in the comparison between
models and observations, might be settled.

To improve the current constraints on the models, additional spectro-interferometric obser-
vations could be performed with VLTI instruments such as PIONIER and GRAVITY, or with
millimeter/sub-millimeter instruments such as ALMA.

MATISSE will be the next second generation instrument at VLTI, with its first observation
starting supposedly in 2019. Allowing imaging in the L-, M - and N - band, MATISSE will be an
excellent tool for a better reconstruction of the targets’ intensity profiles, the detection of any
(a)symmetries and for the variability study of those stars.
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A.1 Appendix of Paper I

A.1.1 On the intra/inter-cycle variations

As already mentioned, the synthetic visibilities were produced for all the time-steps, i.e. phases,
of the best-fitting spectroscopic model. In general, each model of the grid contains different
“epochs”, and each of them several “cycles”1 of the stellar pulsation. RU Vir best fitting model
holds 2 epochs, with respectively 6 and 11 cycles.

For the epoch to which RU Vir’s best-fitting interferometric time-step belongs, Fig. A.1
shows the visibility curves dispersed in wavelength. The visibilities spectra are plotted for the
first and last cycle, at the four baselines Bp = 40.0, Bp = 47.9, Bp = 60.6 and Bp = 69.4 that best
sample the available MIDI observational baseline range. Both inter- and intra-cycle variations
are detectable in Fig. A.1, and this supports the idea that the discrepancies in the interferometric
fit are due to those variations.

The χ2 of the best-fitting visibility time-step is 12.7. Its baseline is Bp = 67.6 and phase
φ = 0.25, which does not lie in the phase range of MIDI observations (see Table A.2 and A.1).

1We refer to “cycle” to denote a complete variation of the phase from one maximum to the subsequent
one.
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Figure A.1: Synthetic visibilities dispersed in wavelength (in colored lines at different projected
baselines) compared to the MIDI observations (in violet). The model visibilities belong to the
epoch of the best-fitting interferometric time-step. The different panels depict several pulsational
phases, grouped by step of 0.2 in phase.
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A.1.2 Journal of observations

Figure A.2: Comparison of the observational MIDI data with the best-fitting geometrical
model (See Table 4.3). Shown are visibilities vs. wavelength at different position angles and
baseline lengths (See Fig. 4.3 for the complete set of visibilities). Black lines represent the MIDI
observations of RU Vir. Light blue lines represent the fit of the best-fitting UD+Gaussian model.
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Table A.1: Journal of the MIDI observations of RU Vir (observations made in 2014 under
program number ID: 093.D-0708(A), PI Rau.

RU Vir 2014-04-11 T00:48:17 D0-G1 67.6 134 0.96 1.52 HIGH-SENS 0.37
HD 120323 2014-04-11 T01:03:12 . . . 45.3 112 0.79 1.70 . . . . . .
. . . 2014-04-11 T01:28:11 . . . 49.7 113 0.96 1.52 . . . . . .
RU Vir 2014-04-11 T01:15:18 . . . 69.4 132 1.00 1.59 . . . 0.37
HD 120323 2014-04-11 T01:03:12 . . . 45.3 112 0.79 1.70 . . . . . .
. . . 2014-04-11 T01:28:11 . . . 49.7 113 0.96 1.52 . . . . . .
RU Vir 2014-04-11 T02:11:25 H0-I1 40.5 141 1.02 1.32 . . . 0.37
HD 120323 2014-04-11 T02:25:17 . . . 35.2 134 0.95 1.26 . . . . . .
HD 81797 2014-04-11 T02:55:16 . . . 36.5 163 1.03 1.21 . . . . . .
. . . 2014-04-11 T03:20:45 . . . 36.0 168 1.13 1.30 . . . . . .
RU Vir 2014-04-11 T02:38:08 H0-I1 40.0 142 0.98 1.24 . . . 0.37
HD 120323 2014-04-11 T01:58:26 . . . 33.7 133 0.80 1.36 . . . . . .
. . . 2014-04-11 T02:25:17 . . . 35.2 134 0.95 1.26 . . . . . .
HD 81797 2014-04-11 T02:55:16 . . . 36.5 163 1.03 1.21 . . . . . .
. . . 2014-04-11 T03:20:45 . . . 36.0 168 1.13 1.30 . . . . . .
RU Vir 2014-04-11 T03:07:40 H0-I1 39.3 143 1.05 1.18 . . . 0.37
HD 120323 2014-04-11 T02:25:17 . . . 35.2 134 0.95 1.26 . . . . . .
HD 81797 2014-04-11 T02:55:16 . . . 36.5 163 1.03 1.21 . . . . . .
. . . 2014-04-11 T03:20:45 . . . 36.0 168 1.13 1.30 . . . . . .
RU Vir 2014-04-11 T03:58:15 D0-G1 68.4 130 1.18 1.14 . . . 0.37
HD 120323 2014-04-11 T03:45:37 . . . 66.7 124 1.32 1.07 . . . . . .
. . . 2014-04-11 T04:11:45 . . . 68.5 127 1.20 1.04 . . . . . .
. . . 2014-04-11 T04:39:44 . . . 69.9 130 1.38 1.02 . . . . . .
. . . 2014-04-11 T05:47:28 . . . 71.5 138 1.12 1.03 . . . . . .
RU Vir 2014-04-11 T04:25:14 D0-G1 66.2 131 1.28 1.14 . . . 0.37
HD 120323 2014-04-11 T03:45:37 . . . 66.7 124 1.32 1.07 . . . . . .
. . . 2014-04-11 T04:11:45 . . . 68.5 127 1.20 1.04 . . . . . .
. . . 2014-04-11 T04:39:44 . . . 69.9 130 1.38 1.02 . . . . . .
. . . 2014-04-11 T05:47:28 . . . 71.5 138 1.12 1.03 . . . . . .
RU Vir 2014-04-11 T04:53:53 D0-G1 63.4 133 1.26 1.16 . . . 0.37
HD 120323 2014-04-11 T03:45:37 . . . 66.7 124 1.32 1.07 . . . . . .
. . . 2014-04-11 T04:11:45 . . . 68.5 127 1.20 1.04 . . . . . .
. . . 2014-04-11 T04:39:44 . . . 69.9 130 1.38 1.02 . . . . . .
. . . 2014-04-11 T05:47:28 . . . 71.5 138 1.12 1.03 . . . . . .
RU Vir 2014-04-11 T05:19:21 D0-G1 60.6 135 1.10 1.20 . . . 0.37
HD 120323 2014-04-11 T04:11:45 . . . 68.5 127 1.20 1.04 . . . . . .
. . . 2014-04-11 T05:47:28 . . . 71.5 138 1.12 1.03 . . . . . .
RU Vir 2014-04-11 T05:59:56 D0-G1 55.6 139 1.09 1.30 . . . 0.37
HD 120323 2014-04-11 T04:11:45 . . . 68.5 127 1.20 1.04 . . . . . .
. . . 2014-04-11 T05:47:28 . . . 71.5 138 1.12 1.03 . . . . . .
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!hbtp

Table A.2: Journal of the MIDI observations of RU Vir (archive observations).

Target UT date & time Config. Bp PA Seeing Airmass Mode φ
[m] [◦] [”]

RU Vir 2010-05-23 T01:23:12 H0-E0 47.2 73 1.14 1.52 SCI-PHOT 0.11
HD 120323 2010-05-23 T00:32:16 . . . 45.6 53 1.14 1.12 . . . . . .
HD 81797 2010-05-23 T23:05:53 . . . 47.4 73 0.99 1.06 . . . . . .
. . . 2010-05-23 T00:00:32 . . . 44.6 74 0.70 1.18 . . . . . .
HD 133216 2010-05-23 T02:18:36 . . . 65.0 98 1.14 1.05 . . . . . .
RU Vir 2010-06-04 T01:30:24 H0-E0 47.9 72 1.45 1.17 . . . 0.14
HD 120323 2010-06-04 T02:06:52 . . . 43.8 45 1.43 1.21 . . . . . .
. . . 2010-06-04 T00:50:11 . . . 47.6 63 1.41 1.03 . . . . . .
. . . 2010-06-04 T03:03:39 . . . 45.2 82 1.20 1.07 . . . . . .
. . . 2010-06-04 T01:12:54 . . . 47.9 67 1.63 1.02 . . . . . .
. . . 2010-06-04 T01:50:48 . . . 47.8 72 1.53 1.02 . . . . . .
HD 133216 2010-06-04 T03:46:05 . . . 47.0 68 1.43 1.17 . . . . . .
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A.2 Appendix of Paper II: observing log, intensity profiles,
visibilities vs. baselines

Table A.3: Journal of the MIDI observations of R Vol.

Target UT date & time Config. Bp PA Seeing Airmass Mode
[m] [◦] [”]

R Vol 2012-10-05 T08:42:06 G1-A1 74.2 -37 0.58 1.59 SCI-PHOT
HD 32887 2012-10-05 T08:11:05 . . . 79.2 -106 0.49 1.01 . . .
HD 82668 2012-10-05 T08:28:26 . . . 127.4 -85 0.66 1.94 . . .
R Vol 2013-01-18 T02:09:01 A1-K0 126.0 -32 0.58 1.57 SCI-PHOT
HD 82668 2013-01-18 T01:54:03 . . . 40.7 -134 0.49 1.81 . . .

Figure A.3: uv-coverage of the MIDI observations of R Vol (left side) and U Hya (right side)
listed in Table A.3 and A.4, dispersed in wavelengths.

Table A.4: Journal of the MIDI observations of U Hya.

Target UT date & time Config. Bp PA Seeing Airmass Mode
[m] [◦] [”]

U Hya 2011-03-11 T01:24:49 H0-I1 39.70 -112.6 0.85 1.29 SCI-PHOT
HD 81797 2011-03-11 T01:09:56.015 . . . 40.76 -125.6 0.85 1.42 . . .
HD 81797 2011-03-11 T01:41:04 . . . 40.70 -134.2 0.82 1.43 . . .
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Figure A.4: R Lep
Figure A.5: R Vol

Figure A.6: Interferometric observational MIDI data of the Mira stars of our sample, R Lep
(upper left), R Vol (upper right), compared with the synthetic visibilities based on the DARWIN
models. Up: intensity profile at two different wavelengths: 8.5 µm and 11.4 µm. Down:
visibility vs. baseline; the black line shows the dynamic model, the colored symbols illustrate
the MIDI measurements at different baseline configurations.
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Figure A.7: Y Pav Figure A.8: AQ Sgr

Figure A.9: U Hya Figure A.10: X TrA

Figure A.11: Interferometric observational MIDI data of the semi-regular and irregular stars
of our sample, Y Pav (upper left), AQ Sgr (upper right), U Hya (lower left) and X TrA
(lower right), compared with the synthetic visibilities based on the DARWIN models. Upper
panels for each star:: intensity profile at two different wavelengths: 8.5 µm and 11.4 µm.
Lower panels for each star: visibility vs. baseline; the black line shows the dynamic model,
the colored symbols illustrate the MIDI measurements at different baseline configurations.
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Figure A.12: Visibilities vs. spatial frequencies, at different selected wavelengths in the MIDI
range. Observations of R Lep are in orange, models in grey. If the wavelength range is the one
in which SiC dust dominates, models are in violet.
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Figure A.13: Visibilities vs. spatial frequencies, at different selected wavelength in the MIDI
range. Observations of R Vol are in orange, models in grey. If the wavelength range is the one
in which SiC dust dominates, models are in violet.
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Figure A.14: Visibilities vs. spatial frequencies, at different selected wavelengths in the MIDI
range. Observations of U Hya are in orange, models in grey. If the wavelength range is the one
in which SiC dust dominates, models are in violet.
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Table A.6: Journal of the MIDI Auxiliary Telescopes observations of θAps.

Target UT date & time φV Config. Bp PA Seeing Airmass Mode
[m] [◦] [”]

LP data
θ Aps 2011-06-11 00:28 9.27 A1-B2 10.4 92 1.01 1.651 SCIPHOT/PRISM
HD167618 2011-06-11 06:24 . . . . . . . . . . . . 0.69 1.036 SCIPHOT/PRISM
HD167618 2011-06-11 08:20 . . . . . . . . . . . . 0.63 1.101 SCIPHOT/PRISM
θ Aps 2011-06-11 01:21 9.27 A1-C1 15.5 76 1.66 1.630 SCIPHOT/PRISM
HD167618 2011-06-11 07:23 . . . . . . . . . . . . 0.67 1.231 SCIPHOT/PRISM
HD206778 2011-06-11 07:54 . . . . . . . . . . . . 0.64 1.286 SCIPHOT/PRISM
HD167618 2011-06-11 09:14 . . . . . . . . . . . . 0.46 1.453 SCIPHOT/PRISM
θ Aps 2011-06-12 05:34 9.28 D0-C1 12.2 92 1.01 1.981 SCIPHOT/PRISM
HD150798 2011-06-12 05:18 . . . . . . . . . . . . 1.01 1.428 SCIPHOT/PRISM
HD152786 2011-06-12 05:48 . . . . . . . . . . . . 1.02 1.225 SCIPHOT/PRISM
θ Aps 2011-06-22 01:37 9.36 D0-C1 15.4 49 1.87 1.643 SCIPHOT/PRISM
HD150798 2011-06-22 01:19 . . . . . . . . . . . . 1.46 1.510 SCIPHOT/PRISM
θ ApsF 2012-01-25 08:43 11.18 C1-A1 15.8 52 1.23 1.693 SCIPHOT/PRISM
HD81797 2012-01-25 05:57 . . . . . . . . . . . . 0.71 1.040 SCIPHOT/PRISM
HD81797 2012-01-25 06:38 . . . . . . . . . . . . 0.69 1.057 SCIPHOT/PRISM
HD81797 2012-01-25 07:01 . . . . . . . . . . . . 0.67 1.083 SCIPHOT/PRISM
HD81797 2012-01-25 07:33 . . . . . . . . . . . . 1.14 1.138 SCIPHOT/PRISM
HD150798 2012-01-25 08:11 . . . . . . . . . . . . 0.91 2.138 SCIPHOT/PRISM
HD152786 2012-01-25 09:03 . . . . . . . . . . . . 1.80 1.795 SCIPHOT/PRISM
θ ApsF 2012-01-26 08:41 11.19 D0-C1 16.7 17 1.87 1.691 SCIPHOT/PRISM
HD150798 2012-01-26 08:21 . . . . . . . . . . . . 1.56 2.055 SCIPHOT/PRISM
θ Aps 2012-01-28 08:56 11.21 B2-A1 10.2 86 0.73 1.668 SCIPHOT/PRISM

A.3 Appendix of Paper III: journal of observations

Where calibrated fluxes are available, points are marked with ‘F’. ‘AM’ gives the airmass at
the time of observation. Calibrators used to calibrate the visibilities are given below the sci-
ence observation. If no calibrator is listed, the science point was not used in the astrophysical
interpretation.
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Table A.7: Journal of the MIDI Auxiliary Telescopes observations of RCrt.

Target UT date & time φV Config. Bp PA Seeing Airmass Mode
[m] [◦] [”]

LP data
R CrtF 2012-01-24 04:57 6.66 C1-A1 13.1 52 1.60 1.242 SCIPHOT/PRISM
HD81797 2012-01-24 05:16 . . . . . . . . . . . . 1.08 1.057 SCIPHOT/PRISM
HD123139 2012-01-24 07:53 . . . . . . . . . . . . 1.16 1.252 SCIPHOT/PRISM
HD112142 2012-01-24 08:25 . . . . . . . . . . . . 0.81 1.069 SCIPHOT/PRISM
HD123139 2012-01-24 08:59 . . . . . . . . . . . . 1.05 1.097 SCIPHOT/PRISM
R CrtF 2012-01-25 06:18 6.66 C1-A1 15.3 64 0.73 1.047 SCIPHOT/PRISM
HD81797 2012-01-25 05:57 . . . . . . . . . . . . 0.71 1.040 SCIPHOT/PRISM
HD81797 2012-01-25 06:38 . . . . . . . . . . . . 0.69 1.057 SCIPHOT/PRISM
HD81797 2012-01-25 07:01 . . . . . . . . . . . . 0.67 1.083 SCIPHOT/PRISM
HD81797 2012-01-25 07:33 . . . . . . . . . . . . 1.14 1.138 SCIPHOT/PRISM
HD150798 2012-01-25 08:11 . . . . . . . . . . . . 0.91 2.138 SCIPHOT/PRISM
HD152786 2012-01-25 09:03 . . . . . . . . . . . . 1.80 1.795 SCIPHOT/PRISM
R CrtF 2012-02-01 05:05 6.71 B2-A1 10.4 108 1.06 1.126 SCIPHOT/PRISM
HD81797 2012-02-01 04:44 . . . . . . . . . . . . 0.96 1.057 SCIPHOT/PRISM
HD81797 2012-02-01 07:43 . . . . . . . . . . . . 1.24 1.238 SCIPHOT/PRISM
HD81797 2012-02-01 08:15 . . . . . . . . . . . . 1.25 1.366 SCIPHOT/PRISM
R Crt 2012-02-01 06:43 6.71 C1-B2 11.2 24 1.28 1.009 SCIPHOT/PRISM
R Crt 2012-02-01 08:00 6.71 B2-A1 10.9 122 1.38 1.037 SCIPHOT/PRISM
R CrtF 2012-02-12 05:47 6.78 C1-A1 15.8 68 0.86 1.014 SCIPHOT/PRISM
HD81797 2012-02-12 04:36 . . . . . . . . . . . . 0.88 1.041 SCIPHOT/PRISM
HD81797 2012-02-12 05:11 . . . . . . . . . . . . 1.13 1.047 SCIPHOT/PRISM
HD81797 2012-02-12 05:27 . . . . . . . . . . . . 0.99 1.058 SCIPHOT/PRISM
HD81797 2012-02-12 06:05 . . . . . . . . . . . . 0.80 1.104 SCIPHOT/PRISM
R CrtF 2012-05-01 00:26 7.27 C1-B2 11.2 22 1.59 1.017 SCIPHOT/PRISM
HD81797 2012-05-01 00:04 . . . . . . . . . . . . 1.05 1.048 SCIPHOT/PRISM
HD81797 2012-05-01 00:46 . . . . . . . . . . . . 1.29 1.091 SCIPHOT/PRISM
Archive
R CrtF 2009-03-17 04:30 0.14 H0-D0 63.9 73 0.78 1.010 SCIPHOT/GRISM
HD81797 2009-03-17 04:05 . . . . . . . . . . . . 1.07 1.130 SCIPHOT/GRISM
R CrtF 2009-03-18 03:17 0.14 H0-D0 62.5 67 1.09 1.020 SCIPHOT/GRISM
HD81797 2009-03-18 03:31 . . . . . . . . . . . . 0.85 1.080 SCIPHOT/GRISM
HD120323 2009-03-18 05:23 . . . . . . . . . . . . 1.46 1.070 SCIPHOT/GRISM
R Crt 2011-02-08 05:54 4.47 D0-A0 125.9 68 0.85 1.020 SCIPHOT/GRISM
R Crt 2011-02-08 06:06 4.47 K0-A0 126.8 69 0.78 1.010 SCIPHOT/GRISM
R CrtF 2011-03-08 02:28 4.64 H0-G0 27.4 56 1.33 1.190 SCIPHOT/GRISM
HD81797 2011-03-08 01:56 . . . . . . . . . . . . 1.23 1.090 SCIPHOT/GRISM
HD81797 2011-03-08 02:44 . . . . . . . . . . . . 1.14 1.040 SCIPHOT/GRISM
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Table A.8: Journal of the MIDI Auxiliary Telescopes observations of RLeo.

Target UT date & time φV Config. Bp PA Seeing Airmass Mode
[m] [◦] [”]

LP data
R Leo 2012-01-24 06:18 7.78 C1-A1 15.7 75 0.77 1.235 SCIPHOT/PRISM
R LeoF 2012-01-25 07:18 7.78 C1-A1 16.0 72 0.75 1.289 SCIPHOT/PRISM
HD81797 2012-01-25 05:57 . . . . . . . . . . . . 0.71 1.040 SCIPHOT/PRISM
HD81797 2012-01-25 06:38 . . . . . . . . . . . . 0.69 1.057 SCIPHOT/PRISM
HD81797 2012-01-25 07:01 . . . . . . . . . . . . 0.67 1.083 SCIPHOT/PRISM
HD81797 2012-01-25 07:33 . . . . . . . . . . . . 1.14 1.138 SCIPHOT/PRISM
HD150798 2012-01-25 08:11 . . . . . . . . . . . . 0.91 2.138 SCIPHOT/PRISM
HD152786 2012-01-25 09:03 . . . . . . . . . . . . 1.80 1.795 SCIPHOT/PRISM
R Leo 2012-01-28 03:32 7.79 B2-A1 10.7 120 0.91 1.605 SCIPHOT/PRISM
R Leo 2012-01-28 04:39 7.79 C1-B2 8.5 21 0.89 1.333 SCIPHOT/PRISM
R LeoF 2012-01-28 05:55 7.79 B2-A1 11.0 112 1.08 1.236 SCIPHOT/PRISM
HD81797 2012-01-28 03:11 . . . . . . . . . . . . 0.79 1.297 SCIPHOT/PRISM
HD81797 2012-01-28 03:51 . . . . . . . . . . . . 0.99 1.169 SCIPHOT/PRISM
HD81797 2012-01-28 05:35 . . . . . . . . . . . . 1.32 1.041 SCIPHOT/PRISM
HD152786 2012-01-28 09:26 . . . . . . . . . . . . 0.90 1.605 SCIPHOT/PRISM
R LeoF 2012-01-28 07:27 7.79 C1-B2 10.6 36 1.08 1.341 SCIPHOT/PRISM
HD81797 2012-01-28 04:20 . . . . . . . . . . . . 1.10 1.107 SCIPHOT/PRISM
HD81797 2012-01-28 04:59 . . . . . . . . . . . . 1.12 1.059 SCIPHOT/PRISM
HD81797 2012-01-28 07:10 . . . . . . . . . . . . 0.94 1.115 SCIPHOT/PRISM
HD81797 2012-01-28 07:48 . . . . . . . . . . . . 0.89 1.203 SCIPHOT/PRISM
R LeoF 2012-02-12 04:55 7.83 C1-A1 15.6 75 0.86 1.237 SCIPHOT/PRISM
HD81797 2012-02-12 04:36 . . . . . . . . . . . . 0.88 1.041 SCIPHOT/PRISM
HD81797 2012-02-12 05:11 . . . . . . . . . . . . 1.13 1.047 SCIPHOT/PRISM
HD81797 2012-02-12 05:27 . . . . . . . . . . . . 0.99 1.058 SCIPHOT/PRISM
HD81797 2012-02-12 06:05 . . . . . . . . . . . . 0.80 1.104 SCIPHOT/PRISM
R Leo 2012-02-12 07:34 7.83 C1-A1 14.7 65 0.97 1.601 SCIPHOT/PRISM
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Table A.9: Journal of the archive MIDI Auxiliary Telescopes observations of RLeo.

Target UT date & time φV Config. Bp PA Seeing Airmass Mode
[m] [◦] [”]

Archive
R Leo 2006-01-02 07:18 0.63 G0-H0 30.6 75 0.94 1.244 HIGHSENS/PRISM
R LeoF 2006-02-25 03:16 0.81 D0-G0 29.2 76 0.70 1.271 HIGHSENS/PRISM
HD48915 2006-02-25 02:48 . . . . . . . . . . . . 0.90 1.106 HIGHSENS/PRISM
R LeoF 2006-02-25 04:38 0.81 D0-G0 31.9 73 0.57 1.248 HIGHSENS/PRISM
HD48915 2006-02-25 02:48 . . . . . . . . . . . . 0.90 1.106 HIGHSENS/PRISM
R LeoF 2006-03-03 05:29 0.83 A0-G0 62.2 69 1.06 1.395 HIGHSENS/PRISM
HD25025 2006-03-03 01:23 . . . . . . . . . . . . 0.68 1.554 HIGHSENS/PRISM
HD25025 2006-03-03 02:10 . . . . . . . . . . . . 1.99 2.034 HIGHSENS/PRISM
HD61421 2006-03-03 04:14 . . . . . . . . . . . . 0.86 1.507 HIGHSENS/PRISM
HD123139 2006-03-03 07:22 . . . . . . . . . . . . 0.76 1.035 HIGHSENS/PRISM
R Leo 2006-03-04 05:55 0.83 A0-G0 60.2 67 0.54 1.514 HIGHSENS/PRISM
HD61421 2006-03-04 01:10 . . . . . . . . . . . . 0.65 1.159 HIGHSENS/PRISM
HD123139 2006-03-04 06:57 . . . . . . . . . . . . 0.57 1.050 HIGHSENS/PRISM
R Leo 2006-04-20 02:17 0.98 D0-G0 31.3 69 0.69 1.38 SCIPHOT/PRISM
R Leo 2006-04-22 00:05 0.99 D0-G0 30.6 75 1.35 1.242 SCIPHOT/PRISM
R LeoF 2006-04-23 03:14 1.0 E0-G0 14.1 63 0.86 1.667 SCIPHOT/PRISM
αHya 2006-04-23 03:38 . . . . . . . . . . . . . . . 1.649 SCIPHOT/PRISM
R LeoF 2006-04-24 23:17 1.0 E0-G0 14.4 76 0.87 1.283 SCIPHOT/PRISM
αHya 2006-04-24 23:40 . . . . . . . . . . . . 0.98 1.043 SCIPHOT/PRISM
αHya 2006-04-24 00:39 . . . . . . . . . . . . 0.73 1.055 SCIPHOT/PRISM
2Cen 2006-04-24 01:49 . . . . . . . . . . . . 0.60 1.207 SCIPHOT/PRISM
2Cen 2006-04-24 02:35 . . . . . . . . . . . . 0.77 1.103 SCIPHOT/PRISM
epsPeg 2006-04-24 09:26 . . . . . . . . . . . . 1.18 1.682 SCIPHOT/PRISM
R Leo 2006-05-25 23:59 1.1 A0-G0 62.5 69 0.74 1.384 SCIPHOT/PRISM
R Leo 2006-11-11 08:27 1.64 H0-D0 41.7 77 0.77 1.681 SCIPHOT/PRISM
αHya 2006-11-11 08:53 . . . . . . . . . . . . 1.02 1.172 SCIPHOT/PRISM
R LeoF 2006-11-12 08:25 1.65 H0-D0 42 77 0.71 1.651 SCIPHOT/PRISM
αHya 2006-11-12 09:03 . . . . . . . . . . . . 0.70 1.138 SCIPHOT/PRISM
R LeoF 2006-12-15 07:27 1.75 E0-G0 13.6 77 0.78 1.338 SCIPHOT/PRISM
αHya 2006-12-15 07:46 . . . . . . . . . . . . 0.64 1.061 SCIPHOT/PRISM
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Table A.10: Journal of RLeo continued.

Target UT date & time φ Config. Bp PA Seeing Airmass Mode
[m] [◦] [”]

R LeoF 2006-12-19 06:01 1.77 K0-G0 42.5 77 0.39 1.63 SCIPHOT/PRISM
αHya 2006-12-19 05:49 . . . . . . . . . . . . 0.50 1.28 SCIPHOT/PRISM
αHya 2006-12-19 07:09 . . . . . . . . . . . . 0.65 1.08 SCIPHOT/PRISM
αHya 2006-12-19 07:46 . . . . . . . . . . . . 0.68 1.049 SCIPHOT/PRISM
R LeoF 2006-12-21 07:07 1.78 H0-G0 27.5 77 0.91 1.33 SCIPHOT/PRISM
αHya 2006-12-21 07:26 . . . . . . . . . . . . 1.20 1.057 SCIPHOT/PRISM
R LeoF 2007-01-13 08:18 1.85 E0-G0 15.9 71 1.03 1.323 SCIPHOT/PRISM
αTau 2007-01-13 01:38 . . . . . . . . . . . . 1.80 1.223 SCIPHOT/PRISM
αTau 2007-01-13 04:05 . . . . . . . . . . . . 0.86 1.670 SCIPHOT/PRISM
2Cen 2007-01-13 07:32 . . . . . . . . . . . . 1.19 1.436 SCIPHOT/PRISM
αHya 2007-01-13 08:04 . . . . . . . . . . . . 1.00 1.113 SCIPHOT/PRISM
2Cen 2007-01-13 08:36 . . . . . . . . . . . . 1.35 1.889 SCIPHOT/PRISM
R LeoF 2007-01-18 04:07 1.86 H0-G0 21.6 77 -1.0 1.612 SCIPHOT/PRISM
αHya 2007-01-18 03:54 . . . . . . . . . . . . 0.95 1.271 SCIPHOT/PRISM
2Cen 2007-01-18 07:09 . . . . . . . . . . . . 1.25 1.450 SCIPHOT/PRISM
αHya 2007-01-18 07:41 . . . . . . . . . . . . 0.97 1.462 SCIPHOT/PRISM
2Cen 2007-01-18 08:15 . . . . . . . . . . . . 1.53 1.191 SCIPHOT/PRISM
αHya 2007-01-18 08:50 . . . . . . . . . . . . 1.62 1.296 SCIPHOT/PRISM
R LeoF 2007-01-21 07:29 1.87 H0-D0 63.9 72 0.70 1.296 SCIPHOT/PRISM
αHya 2007-01-21 07:03 . . . . . . . . . . . . 0.55 1.071 SCIPHOT/PRISM
2Cen 2007-01-21 07:54 . . . . . . . . . . . . 0.62 1.491 SCIPHOT/PRISM
αHya 2007-01-21 08:28 . . . . . . . . . . . . 0.64 1.252 SCIPHOT/PRISM



192 Appendix

Table A.11: Journal of the MIDI Auxiliary Telescopes observations of TMic.

Target UT date & time φV Config. Bp PA Seeing Airmass Mode
[m] [◦] [”]

LP data
T Mic 2011-06-06 07:02 0.36 B2-C1 11.3 18 1.33 1.040 SCIPHOT/PRISM
T Mic 2011-06-06 07:57 0.36 B2-C1 11.3 18 1.33 1.004 SCIPHOT/PRISM
HD167618 2011-06-06 07:39 . . . . . . . . . . . . 1.60 1.096 SCIPHOT/PRISM
T Mic 2011-06-11 06:44 0.37 B2-A1 10.9 109 0.64 1.039 SCIPHOT/PRISM
T Mic 2011-06-11 07:40 0.37 C1-A1 16.0 70 0.73 1.003 SCIPHOT/PRISM
HD167618 2011-06-11 07:23 . . . . . . . . . . . . 0.63 1.101 SCIPHOT/PRISM
HD167618 2011-06-11 09:14 . . . . . . . . . . . . 0.46 1.453 SCIPHOT/PRISM
T Mic 2011-06-11 08:35 0.37 B2-A1 11.2 121 0.53 1.01 SCIPHOT/PRISM
HD167618 2011-06-11 08:20 . . . . . . . . . . . . 0.67 1.231 SCIPHOT/PRISM
HD167618 2011-06-11 06:24 . . . . . . . . . . . . 0.69 1.036 SCIPHOT/PRISM
T Mic 2011-06-11 09:29 0.37 C1-A1 14.8 82 0.55 1.079 SCIPHOT/PRISM
HD167618 2011-06-11 07:23 . . . . . . . . . . . . 0.63 1.101 SCIPHOT/PRISM
HD167618 2011-06-11 09:14 . . . . . . . . . . . . 0.46 1.453 SCIPHOT/PRISM
Archive
T Mic 2004-07-08 10:09 0.08 U3-U2 33.5 55 0.77 1.735 HIGHSENS/PRISM
HD165135 2004-07-08 03:52 . . . . . . . . . . . . 0.68 1.006 HIGHSENS/PRISM
HD165135 2004-07-08 04:43 . . . . . . . . . . . . 0.71 1.036 HIGHSENS/PRISM
HD165135 2004-07-08 05:56 . . . . . . . . . . . . 0.77 1.162 HIGHSENS/PRISM
HD165135 2004-07-08 07:12 . . . . . . . . . . . . 0.56 1.458 HIGHSENS/PRISM
HD165135 2004-07-08 08:51 . . . . . . . . . . . . 0.65 2.637 HIGHSENS/PRISM
T MicF 2004-07-30 07:09 0.14 U3-U2 41.5 52 1.31 1.212 SCIPHOT/PRISM
HD129456 2004-07-30 01:20 . . . . . . . . . . . . 0.52 1.196 SCIPHOT/PRISM
HD169916 2004-07-30 02:14 . . . . . . . . . . . . 0.74 1.005 SCIPHOT/PRISM
HD169916 2004-07-30 04:57 . . . . . . . . . . . . 1.08 1.175 SCIPHOT/PRISM
HD177716 2004-07-30 06:16 . . . . . . . . . . . . 1.04 1.390 SCIPHOT/PRISM
T MicF 2004-07-31 05:10 0.14 U3-U2 46.2 44 1.08 1.014 HIGHSENS/PRISM
HD169916 2004-07-31 01:32 . . . . . . . . . . . . 0.59 1.029 HIGHSENS/PRISM
HD169916 2004-07-31 02:50 . . . . . . . . . . . . 0.67 1.003 HIGHSENS/PRISM
HD165135 2004-07-31 03:31 . . . . . . . . . . . . 0.65 1.057 HIGHSENS/PRISM
HD169916 2004-07-31 04:47 . . . . . . . . . . . . 0.71 1.161 HIGHSENS/PRISM
T Mic 2010-10-09 00:51 0.34 D0-H0 62.8 76 0.90 1.021 SCIPHOT/GRISM
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Table A.12: Journal of the MIDI Auxiliary Telescopes observations of RTVir.

Target UT date & time φV Config. Bp PA Seeing Airmass Mode
[m] [◦] [”]

LP data
RT VirF 2012-01-24 07:33 0.76 C1-A1 12.6 72 0.86 1.338 SCIPHOT/PRISM
HD81797 2012-01-24 05:16 . . . . . . . . . . . . 1.08 1.057 SCIPHOT/PRISM
HD112142 2012-01-24 07:17 . . . . . . . . . . . . 0.86 1.207 SCIPHOT/PRISM
HD123139 2012-01-24 07:53 . . . . . . . . . . . . 1.16 1.252 SCIPHOT/PRISM
HD112142 2012-01-24 08:25 . . . . . . . . . . . . 0.81 1.069 SCIPHOT/PRISM
HD123139 2012-01-24 08:59 . . . . . . . . . . . . 1.05 1.097 SCIPHOT/PRISM
RT VirF 2012-01-24 08:42 0.76 C1-A1 14.9 74 0.81 1.182 SCIPHOT/PRISM
HD81797 2012-01-24 05:16 . . . . . . . . . . . . 1.08 1.057 SCIPHOT/PRISM
HD112142 2012-01-24 07:17 . . . . . . . . . . . . 0.86 1.207 SCIPHOT/PRISM
HD123139 2012-01-24 07:53 . . . . . . . . . . . . 1.16 1.252 SCIPHOT/PRISM
HD112142 2012-01-24 08:25 . . . . . . . . . . . . 0.81 1.069 SCIPHOT/PRISM
HD123139 2012-01-24 08:59 . . . . . . . . . . . . 1.05 1.097 SCIPHOT/PRISM
RT Vir 2012-05-01 02:44 0.02 B2-A1 11.2 113 0.77 1.158 SCIPHOT/PRISM
RT Vir 2012-05-01 03:50 0.02 B2-A1 10.5 113 0.67 1.172 SCIPHOT/PRISM
RT Vir 2012-05-02 00:19 0.02 C1-B2 8.70 6 0.79 1.554 SCIPHOT/PRISM
RT Vir 2012-05-02 01:18 0.02 C1-B2 9.00 16 0.60 1.294 SCIPHOT/PRISM
Archive
RT Vir∗ 2011-02-08 08:29 0.82 A0-G1 89.0 113 0.90 1.151 SCIPHOT/GRISM
HD120323 2011-02-08 08:06 . . . . . . . . . . . . 0.90 1.053 SCIPHOT/GRISM
HD120323 2011-02-08 08:55 . . . . . . . . . . . . 1.00 1.019 SCIPHOT/GRISM
RT Vir∗ 2011-03-06 06:10 0.89 G0-H0 30.0 74 1.20 1.169 SCIPHOT/GRISM
HD120323 2011-03-06 05:42 . . . . . . . . . . . . 1.20 1.118 SCIPHOT/GRISM
HD120323 2011-03-06 06:35 . . . . . . . . . . . . 1.20 1.043 SCIPHOT/GRISM
RT Vir∗ 2011-03-13 07:06 0.91 A0-K0 128.0 73 1.40 1.176 SCIPHOT/GRISM
HD120323 2011-03-13 06:46 . . . . . . . . . . . . 1.30 1.018 SCIPHOT/GRISM
HD120323 2011-03-13 07:26 . . . . . . . . . . . . 1.20 1.018 SCIPHOT/GRISM
RT Vir∗ 2009-03-18 05:03 0.98 D0-H0 59.0 74 1.70 1.189 SCIPHOT/GRISM
HD120323 2009-03-18 05:23 . . . . . . . . . . . . 1.50 1.068 SCIPHOT/GRISM
RT Vir∗ 2009-03-18 06:03 0.98 D0-H0 63.0 73 1.00 1.152 SCIPHOT/GRISM
HD120323 2009-03-18 06:26 . . . . . . . . . . . . 0.80 1.018 SCIPHOT/GRISM
RT Vir∗ 2009-06-03 01:33 0.18 G0-H0 32.0 73 1.00 1.166 SCIPHOT/GRISM
HD120323 2009-06-03 02:00 . . . . . . . . . . . . 1.10 1.017 SCIPHOT/GRISM
RT Vir∗ 2009-07-01 00:26 0.26 A0-K0 126.0 72 2.40 1.017 SCIPHOT/GRISM
RT VirF 2008-06-29 23:40 0.28 H0-G0 31.9 73 1.02 1.159 SCIPHOT/PRISM
HD133216 2008-06-29 01:59 . . . . . . . . . . . . 1.10 1.016 SCIPHOT/PRISM
RT Vir 2008-06-29 01:09 0.28 H0-G0 30.6 70 0.90 1.317 SCIPHOT/PRISM
HD133216 2008-06-29 01:59 . . . . . . . . . . . . 1.10 1.016 SCIPHOT/PRISM
RT Vir 2008-06-29 01:45 0.28 H0-G0 28.7 68 1.15 1.464 SCIPHOT/PRISM
HD133216 2008-06-29 01:59 . . . . . . . . . . . . 1.10 1.016 SCIPHOT/PRISM
RT VirF 2008-07-03 00:08 0.29 E0-G0 15.9 72 0.70 1.206 SCIPHOT/PRISM
HD120323 2008-07-03 01:49 . . . . . . . . . . . . 1.01 1.141 SCIPHOT/PRISM
HD120323 2008-07-03 02:19 . . . . . . . . . . . . 1.41 1.220 SCIPHOT/PRISM
RT VirF 2008-07-03 00:45 0.29 E0-G0 15.4 71 0.85 1.291 SCIPHOT/PRISM
HD120323 2008-07-03 01:49 . . . . . . . . . . . . 1.01 1.141 SCIPHOT/PRISM
HD120323 2008-07-03 02:19 . . . . . . . . . . . . 1.41 1.220 SCIPHOT/PRISM
RT VirF 2008-07-03 01:19 0.29 E0-G0 14.7 69 1.06 1.416 SCIPHOT/PRISM
HD120323 2008-07-03 01:49 . . . . . . . . . . . . 1.01 1.141 SCIPHOT/PRISM
HD120323 2008-07-03 02:19 . . . . . . . . . . . . 1.41 1.220 SCIPHOT/PRISM

Notes. ∗ These observations have been published in Sacuto et al. (2013).
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Table A.13: Journal of the MIDI Auxiliary Telescopes observations of π1 Gru.

Target UT date & time φV Config. Bp PA Seeing Airmass Mode
[m] [◦] [”]

LP data
π1Gru 2011-05-09 09:03 . . . B2-C1 11.1 4 0.80 1.30 SCI-PHOT
π1Gru 2011-05-09 09:34 . . . B2-C1 11.1 8 0.80 1.22 SCI-PHOT
π1Gru 2011-06-12 07:52 . . . A1-B2 10.0 96 1.45 1.16 SCI-PHOT
HD206778 2011-06-12 07:36 . . . . . . . . . . . . 1.08 1.32 SCI-PHOT
HD206778 2011-06-12 08:50 . . . . . . . . . . . . 0.62 1.22 SCI-PHOT
π1Gru 2011-06-12 08:35 . . . A1-B2 10.6 103 0.62 1.10 SCI-PHOT
HD206778 2011-06-12 07:36 . . . . . . . . . . . . 1.08 1.32 SCI-PHOT
HD206778 2011-06-12 08:50 . . . . . . . . . . . . 0.62 1.22 SCI-PHOT
π1Gru 2011-06-12 09:30 . . . A1-C1 15.9 70 0.74 1.10 SCI-PHOT
HD206778 2011-06-12 09:14 . . . . . . . . . . . . 0.62 1.22 SCI-PHOT
HD206778 2011-06-12 09:44 . . . . . . . . . . . . 0.70 1.24 SCI-PHOT
π1Gru 2011-08-11 07:01 . . . A1-C1 15.1 85 1.20 1.11 SCI-PHOT
HD206778 2011-08-11 06:41 . . . . . . . . . . . . 1.20 1.33 SCI-PHOT
HD224935 2011-08-11 07:38 . . . . . . . . . . . . 1.35 1.45 SCI-PHOT
Archive
π1Gru∗ 2006-05-21 09:09 . . . E0-G0 15.7 50 1.26 1.18 SCI-PHOT
HD214952 2006-05-21 09:28 . . . . . . . . . . . . 1.57 1.85 SCI-PHOT
π1Gru∗ 2006-05-23 09:32 . . . A0-G0 63.5 56 0.76 1.28 SCI-PHOT
HD214952 2006-05-23 10:06 . . . . . . . . . . . . 0.71 1.12 SCI-PHOT
π1Gru∗ 2006-05-24 09:27 . . . D0-G0 31.8 56 0.72 1.30 SCI-PHOT
HD214952 2006-05-24 09:44 . . . . . . . . . . . . 0.65 1.40 SCI-PHOT
π1Gru∗ 2006-05-25 08:09 . . . A0-G0 61.2 41 -1 1.29 SCI-PHOT
HD214952 2006-05-25 07:51 . . . . . . . . . . . . 0.66 1.42 SCI-PHOT
π1Gru∗ 2006-05-27 09:20 . . . E0-G0 15.9 57 1.51 1.23 SCI-PHOT
HD214952 2006-05-27 09:37 . . . . . . . . . . . . 1.30 1.13 SCI-PHOT
π1Gru∗ 2006-06-19 10:16 . . . D0-G0 30.6 83 0.62 1.10 SCI-PHOT
HD214952 2006-06-19 09:50 . . . . . . . . . . . . 0.72 1.082 SCI-PHOT
π1Gru∗ 2006-08-08 08:40 . . . A0-G0 52.6 102 0.88 1.28 SCI-PHOT
HD214952 2006-08-08 08:13 . . . . . . . . . . . . 1.27 1.18 SCI-PHOT

Notes. ∗ These observations have been published in Sacuto et al. (2008).
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Table A.14: Journal of observations of omiOri.

Target UT date & time φV Config. Bp PA Seeing Airmass Mode
[m] [◦] [”]

LP data
oOri 2011-11-01 04:08 . . . G1-I1 26.8 27 1.42 1.794 HIGHSENS/PRISM
oOri 2011-11-01 05:04 . . . K0-I1 34.9 0 0.77 1.474 HIGHSENS/PRISM
HD18884 2011-11-01 04:50 . . . . . . . . . . . . 0.83 1.143 HIGHSENS/PRISM
HD18884 2011-11-01 06:50 . . . . . . . . . . . . 1.45 1.277 HIGHSENS/PRISM
oOri 2011-11-01 06:04 . . . G1-I1 36.9 45 1.04 1.321 HIGHSENS/PRISM
HD18884 2011-11-01 03:55 . . . . . . . . . . . . 1.12 1.198 HIGHSENS/PRISM
HD18884 2011-11-01 07:51 . . . . . . . . . . . . 1.18 1.547 HIGHSENS/PRISM
HD18884 2011-11-01 08:35 . . . . . . . . . . . . 0.93 1.924 HIGHSENS/PRISM
oOri 2011-11-01 07:03 . . . K0-I1 37 16 1.38 1.285 HIGHSENS/PRISM
HD18884 2011-11-01 04:50 . . . . . . . . . . . . 0.83 1.143 HIGHSENS/PRISM
HD18884 2011-11-01 06:50 . . . . . . . . . . . . 1.45 1.277 HIGHSENS/PRISM
oOri 2011-11-01 08:04 . . . G1-I1 44.7 48 0.88 1.355 HIGHSENS/PRISM
HD18884 2011-11-01 03:55 . . . . . . . . . . . . 1.12 1.198 HIGHSENS/PRISM
HD18884 2011-11-01 07:51 . . . . . . . . . . . . 1.18 1.547 HIGHSENS/PRISM
HD18884 2011-11-01 08:35 . . . . . . . . . . . . 0.93 1.924 HIGHSENS/PRISM
oOri 2011-11-01 08:47 . . . G1-I1 46 47 1.05 1.482 HIGHSENS/PRISM
HD18884 2011-11-01 03:55 . . . . . . . . . . . . 1.12 1.198 HIGHSENS/PRISM
HD18884 2011-11-01 07:51 . . . . . . . . . . . . 1.18 1.547 HIGHSENS/PRISM
HD18884 2011-11-01 08:35 . . . . . . . . . . . . 0.93 1.924 HIGHSENS/PRISM
oOri 2011-11-04 04:40 . . . H0-I1 39.6 141 0.87 1.526 HIGHSENS/PRISM
oOri 2011-11-04 07:24 . . . H0-I1 31.9 146 1.80 1.309 HIGHSENS/PRISM
HD18884 2011-11-04 04:23 . . . . . . . . . . . . 0.80 1.150 HIGHSENS/PRISM
HD18884 2011-11-04 07:08 . . . . . . . . . . . . 1.62 1.382 HIGHSENS/PRISM
oOri 2011-11-05 04:58 . . . H0-I1 38.9 140 0.83 1.439 HIGHSENS/PRISM
HD18884 2011-11-05 04:40 . . . . . . . . . . . . 1.42 1.142 HIGHSENS/PRISM
Archive data
oOri 2005-11-12 06:51 . . . U1-U4 128 65 0.56 1.314 SCIPHOT/PRISM
HD50778 2005-11-12 08:04 . . . . . . . . . . . . 0.58 1.025 SCIPHOT/PRISM
HD50778 2005-11-12 09:18 . . . . . . . . . . . . 0.66 1.068 SCIPHOT/PRISM
oOri 2005-12-26 05:51 . . . U1-U4 125 57 1.78 1.718 SCIPHOT/PRISM
HD39425 2005-12-26 00:25 . . . . . . . . . . . . 0.73 1.553 SCIPHOT/PRISM
HD50778 2005-12-26 07:13 . . . . . . . . . . . . 1.23 1.159 SCIPHOT/PRISM
oOri 2005-12-30 05:10 . . . U1-U4 128 59 0.80 1.570 SCIPHOT/GRISM
HD50778 2005-12-30 05:48 . . . . . . . . . . . . 0.85 1.040 SCIPHOT/GRISM
HD50778 2005-12-30 05:37 . . . . . . . . . . . . 0.81 1.040 SCIPHOT/GRISM
oOri 2005-12-30 05:00 . . . U1-U4 128 60 0.86 1.510 SCIPHOT/GRISM
HD50778 2005-12-30 05:48 . . . . . . . . . . . . 0.85 1.040 SCIPHOT/GRISM
HD50778 2005-12-30 05:37 . . . . . . . . . . . . 0.81 1.040 SCIPHOT/GRISM
oOri 2005-12-30 04:50 . . . U1-U4 129 61 0.77 1.480 SCIPHOT/GRISM
HD50778 2005-12-30 05:48 . . . . . . . . . . . . 0.85 1.040 SCIPHOT/GRISM
HD50778 2005-12-30 05:37 . . . . . . . . . . . . 0.81 1.040 SCIPHOT/GRISM
oOriF 2005-12-31 02:53 0.61 U1-U4 123 66 0.70 1.280 SCIPHOT/GRISM
HD50778 2005-12-31 03:29 . . . . . . . . . . . . 0.59 1.100 SCIPHOT/GRISM
oOri 2005-12-31 02:42 . . . U1-U4 121 67 0.64 1.290 SCIPHOT/GRISM
HD50778 2005-12-31 03:29 . . . . . . . . . . . . 0.59 1.100 SCIPHOT/GRISM
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Table A.15: Journal of the MIDI Auxiliary Telescopes observations of U Ant.

Target UT date & time φV Config. Bp PA Seeing Air- Mode
[m] [◦] [”] mass

LP data
U Ant 2012-01-25 04:03 . . . D0-A1 35.7 28 1.26 1.3 HIGHSENS/PRISM
U Ant 2012-01-25 05:10 . . . D0-A1 35.7 28.8 1.08 1.1 HIGHSENS/PRISM
HD29139 2012-01-25 02:12 . . . . . . . . . . . . 1.1 1.40 HIGHSENS/PRISM
U Ant 2012-01-29 04:46 . . . B2-D0 33.8 11 1.00 1.1 HIGHSENS/PRISM
U Ant 2011-11-04 08:38 . . . H0-I1 30.2 129 1.54 1.5 HIGHSENS/PRISM
U Ant 2011-11-06 05:10 . . . H0-I1 28.6 128 1.39 1.6 HIGHSENS/PRISM
Archive data
U Ant∗ 2008-01-10 08:25 . . . G0-H0 31.5 75.5 1.07 1.0 HIGHSENS/PRISM
HD48915 2008-01-10 06:50 . . . . . . . . . . . . 1.46 1.0 HIGHSENS/PRISM
HD120323 2008-01-10 09:00 . . . . . . . . . . . . 0.92 1.1 HIGHSENS/PRISM
U Ant∗ 2008-01-11 05:47 . . . G0-H0 31.5 49 0.74 1.1 HIGHSENS/PRISM
U Ant∗ 2008-01-11 07:22 . . . G0-H0 32.0 66 1.24 1.0 HIGHSENS/PRISM
U Ant∗ 2008-01-11 09:17 . . . E0-H0 15.2 84 0.66 1.1 HIGHSENS/PRISM
U Ant∗ 2008-02-20 04:22 . . . A0-H0 95.6 62.6 0.66 1.0 HIGHSENS/PRISM
HD48915 2008-02-20 05:14 . . . . . . . . . . . . 0.58 1.2 HIGHSENS/PRISM
U Ant∗ 2008-03-14 01:42 . . . E0-G0 15.3 50 0.67 1.1 HIGHSENS/PRISM
U Ant∗ 2008-03-14 02:24 . . . E0-H0 15.8 58 0.75 1.1 HIGHSENS/PRISM
U Ant∗ 2007-11-26 08:33 E0-G0 15.1 46 1.68 1.2 HIGHSENS/PRISM
Notes. ∗ These observations have been published in Ladjal (2011), but we performed a new

data reduction.
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Table A.16: Journal of the MIDI Auxiliary Telescopes observations of RLep.

Target UT date & time φV Config. Bp PA Seeing Airmass Mode
[m] [◦] [”]

LP data
R LepF 2011-10-24 06:36 1.40 D0-A1 34 219 0.82 1.042 SCIPHOT/PRISM
HD20720 2011-10-24 06:16 . . . . . . . . . . . . 0.69 1.00 SCIPHOT/PRISM
HD48915 2011-10-24 06:54 . . . . . . . . . . . . 0.56 1.208 SCIPHOT/PRISM
HD20720 2011-10-24 07:25 . . . . . . . . . . . . 0.41 1.077 SCIPHOT/PRISM
HD48915 2011-10-24 08:02 . . . . . . . . . . . . 0.62 1.059 SCIPHOT/PRISM
R LepF 2011-10-24 07:44 1.40 D0-A1 35 226 0.60 1.016 SCIPHOT/PRISM
HD20720 2011-10-24 06:16 . . . . . . . . . . . . 0.67 1.00 SCIPHOT/PRISM
HD48915 2011-10-24 06:54 . . . . . . . . . . . . 0.62 1.208 SCIPHOT/PRISM
HD20720 2011-10-24 07:25 . . . . . . . . . . . . 0.41 1.077 SCIPHOT/PRISM
HD48915 2011-10-24 08:02 . . . . . . . . . . . . 0.69 1.059 SCIPHOT/PRISM
R LepF 2011-10-26 07:44 1.41 D0-B2 34 208 1.03 1.019 SCIPHOT/PRISM
HD48915 2011-10-26 07:28 . . . . . . . . . . . . 1.53 1.01 SCIPHOT/PRISM
HD20720 2011-10-26 08:03 . . . . . . . . . . . . 1.65 1.179 SCIPHOT/PRISM
HD20720 2011-10-26 08:20 . . . . . . . . . . . . 1.39 1.239 SCIPHOT/PRISM
HD48915 2011-10-26 09:04 . . . . . . . . . . . . . . . 1.01 SCIPHOT/PRISM
R LepF 2011-10-26 08:40 1.41 D0-B2 34 212 1.22 1.068 SCIPHOT/PRISM
HD48915 2011-10-26 07:28 . . . . . . . . . . . . 1.53 1.01 SCIPHOT/PRISM
HD20720 2011-10-26 08:03 . . . . . . . . . . . . 1.65 1.179 SCIPHOT/PRISM
HD20720 2011-10-26 08:20 . . . . . . . . . . . . 1.39 1.239 SCIPHOT/PRISM
HD48915 2011-10-26 09:04 . . . . . . . . . . . . . . . 1.01 SCIPHOT/PRISM
R Lep 2011-11-04 02:55 1.43 H0-I1 36 140 1.14 1.77 SCIPHOT/PRISM
HD20720 2011-11-04 02:37 . . . . . . . . . . . . 1.30 1.22 SCIPHOT/PRISM
HD20720 2011-11-04 03:12 . . . . . . . . . . . . 1.31 1.12 SCIPHOT/PRISM
R LepF 2011-11-04 06:26 1.43 H0-I1 40 147 1.01 1.22 SCIPHOT/PRISM
HD20720 2011-11-04 06:08 . . . . . . . . . . . . 0.84 1.03 SCIPHOT/PRISM
HD48915 2011-11-04 06:49 . . . . . . . . . . . . 1.38 1.11 SCIPHOT/PRISM
Archive
R Lep 2010-12-08 02:47 0.66 H0-I1 40 142 0.75 1.12 SCIPHOT/PRISM
HD20720 2010-12-08 02:29 . . . . . . . . . . . . 0.77 1.00 SCIPHOT/PRISM
HD48915 2010-12-08 03:11 . . . . . . . . . . . . 0.65 1.47 SCIPHOT/PRISM
R Lep 2011-03-11 00:35 0.88 H0-I1 38 113 1.16 1.17 SCIPHOT/PRISM
HD48915 2011-03-11 00:14 . . . . . . . . . . . . 1.16 1.01 SCIPHOT/PRISM
HD20720 2011-03-11 00:47 . . . . . . . . . . . . 1.09 1.73 SCIPHOT/PRISM
R LepF 2012-10-05 07:57 2.22 A1-G1 79 249 0.5 1.034 SCIPHOT/PRISM
HD20720 2012-10-05 07:41 . . . . . . . . . . . . 0.44 1.01 SCIPHOT/PRISM
HD32887 2012-10-05 08:11 . . . . . . . . . . . . 0.52 1.01 SCIPHOT/PRISM
R LepF 2012-10-12 04:18 2.23 A1-G1 48 97 1.21 1.79 SCIPHOT/PRISM
HD20720 2012-10-12 04:01 . . . . . . . . . . . . 1.15 1.26 SCIPHOT/PRISM
HD32887 2012-10-12 04:34 . . . . . . . . . . . . 0.95 1.61 SCIPHOT/PRISM
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Table A.17: Journal of the MIDI Auxiliary Telescopes observations of Y Pav

Target UT date & time φV Config. Bp PA Seeing Airmass Mode
[m] [◦] [”]

LP data
Y PavF 2011-05-30 07:12:53 0.57 D0-H0 63.9 43 0.63 1.55 HIGH-SENS
HD 150798 2011-05-30 06:55:42 . . . . . . . . . . . . 0.84 1.48 . . .
Y Pav 2011-05-30 09:07:32 0.57 H0-G1 51.2 6 0.78 1.42 HIGH-SENS
HD 150798 2011-05-30 08:50:24 . . . . . . . . . . . . 0.75 1.77 . . .
HIP 82363 2011-05-30 09:22:51 . . . . . . . . . . . . 0.82 1.83 . . .
Y Pav 2011-05-30 09:59:51 0.57 D0-G1 63 129 0.82 1.42 HIGH-SENS
HIP 82363 2011-05-30 09:42:36 . . . . . . . . . . . . 0.78 2.03 . . .
HIP 82363 2011-05-30 10:15:22 . . . . . . . . . . . . 0.87 2.12 . . .
Y Pav 2011-05-30 08:04:00 0.57 D0-H0 63.6 55 0.95 1.47 HIGH-SENS
Y Pav 2011-05-31 07:54:30 0.57 H0-G1 51.3 -4 0.77 1.47 HIGH-SENS
Y Pav 2011-05-31 08:50:28 0.57 D0-G1 60.1 116 0.63 1.42 HIGH-SENS
Y Pav 2011-07-02 04:26:06 0.71 H0-I1 51.0 85 0.53 1.83 HIGH-SENS

Table A.18: Journal of MIDI observations of TXPsc.

Target UT date & time φ Config. Bp PA Seeing Airmass Mode
[m] [◦] [”]

LP data
TX Psc 2011-10-30 01:42 . . . K0-G1 80.9 28 1.26 1.136 HIGH-SENS
HIP 1170 2011-10-30 01:55 . . . . . . . . . 1.31 1.012 HIGH-SENS
TX Psc 2011-10-30 02:29 . . . K0-A1 128 67 1.44 1.147 HIGH-SENS
HIP 154 2011-10-30 02:16 . . . . . . . . . . . . 1.29 1.056 HIGH-SENS
HIP 1170 2011-10-30 02:41 . . . . . . . . . . . . 1.30 1.008 HIGH-SENS
TX Psc 2011-10-30 03:29 . . . G1-A1 68.8 107 1.17 1.239 HIGH-SENS
HIP 1170 2011-10-30 03:41 . . . . . . . . . . . . 1.10 1.058 HIGH-SENS
TX Psc 2011-10-31 00:55 . . . K0-G1 77.4 23 1.00 1.170 HIGH-SENS
TX Psc 2011-10-31 01:45 . . . G1-A1 79.5 106 0.87 1.135 HIGH-SENS
TX Psc 2011-11-01 00:38 . . . K0-G1 76.4 21 0.66 1.190 HIGH-SENS
TX Psc 2011-11-01 01:57 . . . K0-A1 127 67 0.75 1.135 HIGH-SENS
HIP 154 2011-11-01 02:08 . . . . . . . . . . . . 0.77 1.059 HIGH-SENS
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Table A.19: Journal of archive MIDI observations of TXPsc.

Archive
TX Psc 2006-08-28 02:50 . . . E0-G0 9.4 81 1.41 1.718 HIGH-SENS
TX Psc ∗ 2006-10-19 00:19 . . . E0-G0 11.9 70 . . . 1.387 HIGH-SENS
HD48915 2006-10-19 08:26 . . . . . . . . . . . . 0.57 1.325 HIGH-SENS
TX Psc ∗ 2006-10-18 05:46 . . . E0-G0 13.2 66 0.89 1.659 HIGH-SENS
HD48915 2006-10-18 06:57 . . . . . . . . . . . . 0.87 1.278 HIGH-SENS
TX Psc 2005-06-29 08:55 . . . E0-G0 13.7 82 0.54 1.238 HIGH-SENS
TX Psc 2010-09-07 04:13 . . . E0-G0 14.4 73 0.93 1.194 HIGH-SENS
TX Psc 2006-08-28 05:48 . . . E0-G0 15.6 73 1.30 1.136 HIGH-SENS
TX Psc 2009-11-15 02:18 . . . E0-G0 15.7 72 1.26 1.225 HIGH-SENS
TX Psc∗ 2006-10-18 03:18 . . . E0-G0 16.0 73 1.00 1.149 HIGH-SENS
HD48915 2006-10-18 06:57 . . . . . . . . . . . . 0.87 1.278 HIGH-SENS
TX Psc 2006-09-20 02:28 . . . D0-G0 25.1 71 1.21 1.327 HIGH-SENS
TX Psc 2006-09-20 03:23 . . . D0-G0 29.0 73 1.90 1.189 HIGH-SENS
TX Psc 2006-10-16 02:12 . . . H0-G0 30.5 73 0.67 1.150 HIGH-SENS
TX Psc 2009-11-16 02:13 . . . H0-G0 31.0 72 0.95 1.219 HIGH-SENS
TX Psc∗ 2006-09-20 05:47 . . . D0-G0 31.6 72 1.64 1.201 HIGH-SENS
HD20720 2006-09-20 09:48 . . . . . . . . . . . . 0.89 1.095 HIGH-SENS
TX Psc 2009-11-16 01:20 . . . H0-G0 32.0 73 1.36 1.146 HIGH-SENS
TX Psc 2006-09-21 01:48 . . . K0-G0 44.0 68 1.01 1.489 HIGH-SENS
TX Psc∗ 2006-09-21 03:32 . . . K0-G0 59.2 73 1.02 1.169 HIGH-SENS
HD48915 2006-09-21 08:36 . . . . . . . . . . . . 1.51 1.309 HIGH-SENS
TX Psc 2006-09-17 04:20 . . . A0-G0 62.0 73 1.36 1.140 HIGH-SENS
TX Psc∗ 2006-09-21 05:55 . . . K0-G0 62.5 72 1.39 1.225 HIGH-SENS
HD48915 2006-09-21 08:36 . . . . . . . . . . . . 1.51 1.309 HIGH-SENS
TX Psc 2008-09-27 04:45 . . . G1-D0 63.6 133 1.00 1.155 HIGH-SENS
TX Psc∗ 2006-08-17 07:00 . . . A0-G0 63.7 73 0.39 1.137 HIGH-SENS
HD224935 2006-08-17 07:23 . . . . . . . . . . . . 0.43 1.060 HIGH-SENS
TX Psc∗ 2004-10-30 03:28 . . . UT2-UT4 84.3 80 0.78 1.244 HIGH-SENS
HD49161 2004-10-30 09:19 . . . . . . . . . . . . 0.72 1.196 HIGH-SENS
TX Psc∗ 2006-08-16 07:06 . . . A0-G1 87 113 0.85 1.137 HIGH-SENS
HD18884 2006-08-16 07:57 . . . . . . . . . . . . 0.81 1.353 HIGH-SENS
TX Psc 2006-08-15 06:20 . . . A0-G1 90.3 113 0.88 1.145 HIGH-SENS
TX Psc 2011-09-21 05:39 . . . I1-A1 104.0 84 1.03 1.186 HIGH-SENS
TX Psc 2011-10-05 04:21 . . . K0-A1 129.0 67 0.57 1.158 HIGH-SENS
TX Psc∗ 2011-10-02 05:44 . . . A1-J3 140.0 46 1.02 1.305 HIGH-SENS
HD45348 2011-10-02 06:42 . . . . . . . . . . . . 0.88 1.512 HIGH-SENS

Notes. ∗ These observations have been published in Klotz et al. (2013a).
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Table A.20: Journal of the MIDI Auxiliary Telescopes observations of S Sct

Target UT date & time φV Config. Bp PA Seeing Airmass Mode
[m] [◦] [”]

LP data
S Sct 2011-05-02 08:18:31 0.84 H0-I1 40 146 0.37 1.05 HIGH-SENS
S Sct 2011-05-28 05:34:10 0.02 K0-I1 44 1 1.23 1.13 HIGH-SENS
S Sct 2011-05-28 06:34:05 0.02 K0-I1 44.3 8 1.24 1.05 HIGH-SENS
S Sct 2011-05-28 08:28:37 0.02 G1-I1 46.6 45 0.55 1.11 HIGH-SENS
S Sct 2011-05-28 09:18:32 0.02 G1-I1 45.9 46 0.90 1.23 HIGH-SENS
S SctF 2011-05-28 07:27:11 0.02 K0-I1 44.9 14 0.96 1.05 HIGH-SENS
HIP89931 2011-05-28 06:15:23 . . . K0-I1 46.5 9 1.01 1.01 HIGH-SENS
HIP89931 2011-05-28 07:08:03 . . . K0-I1 46.3 14 1.41 1.01 HIGH-SENS
S SctF 2011-05-30 06:06:29 0.03 H0-I1 40.5 144 1.01 1.07 HIGH-SENS
HIP89931 2011-05-30 05:44:39 . . . H0-I1 40.1 144 0.94 1.02 HIGH-SENS
HIP90496 2011-05-30 06:23:06 . . . H0-I1 40.7 148 0.86 1.00 HIGH-SENS
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Table A.21: Journal of the MIDI Auxiliary Telescopes observations of AQ Sgr

Target UT date & time φV Config. Bp PA Seeing Airmass Mode
[m] [◦] [”]

LP data
AQ SgrF 2011-05-02 07:14:32 0.86 G1-I1 42.5 21 0.46 1.20 HIGH-SENS
HIP89931 2011-05-02 07:00:03 . . . G1-I1 46.3 29 0.47 1.06 HIGH-SENS
HIP89931 2011-05-02 09:01:28 . . . H0-I1 40.7 154 0.49 1.02 HIGH-SENS
HIP90496 2011-05-02 07:31:27 . . . G1-I1 46.2 33 0.42 1.02 HIGH-SENS
HIP90496 2011-05-02 08:01:01 . . . H0-I1 40.6 146 0.37 1.01 HIGH-SENS
AQ Sgr 2011-06-25 09:29:49 0.14 K0-I1 46.0 27 1.14 1.55 HIGH-SENS
AQ Sgr 2011-06-25 10:14:24 0.14 K0-I1 45.1 28 1.54 1.98 HIGH-SENS
AQ Sgr 2011-06-26 08:39:47 0.14 G1-I1 42.5 48 1.40 1.29 HIGH-SENS
AQ Sgr 2011-06-29 08:53:11 0.16 H0-I1 37.9 174 1.51 1.41 HIGH-SENS
HIP89931 2011-06-29 08:35:10 . . . H0-I1 37.9 174 1.47 1.70 HIGH-SENS
AQ Sgr 2011-07-26 05:50:55 0.29 K0-I1 46.6 21 0.55 1.13 HIGH-SENS
AQ Sgr 2011-07-26 06:36:13 0.29 G1-I1 43.8 48 0.43 1.27 HIGH-SENS
AQ Sgr 2011-07-29 03:20:37 0.31 H0-I1 40.7 146 0.76 1.02 HIGH-SENS
Archive
AQ Sgr 2008-06-29 02:18:18 0.65 H0-G1 22.5 42 1.01 1.50 SCIPHOT
AQ Sgr 2008-06-29 03:28:33 0.65 H0-G1 27.0 56 0.99 1.18 SCIPHOT
AQ Sgr 2008-06-29 07:53:17 0.65 H0-G1 28.4 78 2.08 1.18 SCIPHOT
AQ Sgr 2008-07-01 02:50:34 0.66 E0-G0 12.5 51 0.51 1.29 SCIPHOT
AQ Sgr 2008-07-01 04:01:38 0.66 E0-G0 14.6 62 0.45 1.09 SCIPHOT
AQ Sgr 2008-07-01 05:44:36 0.66 E0-G0 16.0 72 064 1.01 SCIPHOT
AQ Sgr 2008-07-02 05:41:29 0.67 E0-G0 16.0 71 0.84 1.01 SCIPHOT
AQ Sgr 2008-07-02 06:50:18 0.67 E0-G0 15.4 76 0.74 1.07 SCIPHOT
AQ Sgr 2008-07-02 08:46:43 0.67 E0-G0 11.7 81 0.91 1.46 SCIPHOT
AQ Sgr 2008-07-03 07:21:32 0.67 H0-G0 29.3 77 1.43 1.14 SCIPHOT
AQ Sgr 2008-07-03 07:56:31 0.67 H0-G0 27.2 79 0.86 1.24 SCIPHOT
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Table A.22: Journal of the MIDI Auxiliary Telescopes observations of X TrA

Target UT date & time φV Config. Bp PA Seeing Airmass Mode
[m] [◦] [”]

LP data
X TrAF 2011-04-23 03:47:06 . . . K0-I1 34.0 178 0.82 1.52 HIGH-SENS
X TrAF 2011-04-23 05:11:55 . . . . . . 33.7 160 0.67 1.43 HIGH-SENS
HD 150798 2011-04-23 03:24:38 . . . . . . . . . . . . 0.85 1.81 HIGH-SENS
HD 150798 2011-04-23 04:02:21 . . . . . . . . . . . . 0.71 1.68 HIGH-SENS
HD 150798 2011-04-23 04:56:30 . . . . . . . . . . . . 0.74 1.54 HIGH-SENS
X TrA 2011-06-12 06:26:20 . . . D0-A1 23.2 106 1.08 1.81 HIGH-SENS
HD 150798 2011-06-12 06:12:58 . . . . . . . . . . . . 1.09 1.50 HIGH-SENS
HD 150798 2011-06-12 06:38:46 . . . . . . . . . . . . 0.95 1.55 HIGH-SENS
X TrAF 2011-07-01 23:32:31 . . . H0-I1 28.9 120 0.50 1.59 HIGH-SENS
HD 150798 2011-07-01 23:17:56 . . . . . . . . . . . . 0.54 1.71 HIGH-SENS
HD 150798 2011-07-01 23:47:03 . . . . . . . . . . . . 0.50 1.61 HIGH-SENS
X TrA 2011-07-02 07:40:35 . . . H0-I1 33.2 -149 0.51 2.80 HIGH-SENS
X TrA 2011-07-29 02:33:26 . . . H0-I1 34.5 173 0.96 1.65 HIGH-SENS
X TrA 2011-08-10 03:36:41 . . . D0-A1 20.9 124 1.65 2.10 HIGH-SENS
HD 150798 2011-08-10 03:17:22 . . . . . . . . . . . . 1.55 1.62 HIGH-SENS
HD 150798 2011-08-10 03:59:46 . . . . . . . . . . . . 1.32 1.76 HIGH-SENS
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