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Abstract

A debris disk is commonly described as a second generation circumstellar disk com-

posed of dust grains, planetesimals and possibly already formed giant planets. It was

long thought that debris disks were systems fully depleted of gas, but in the last few

years the presence of gas has been detected in a increasing number of them. The na-

ture of this gas is still under debate; it may be residual gas (leftover from earlier stages

of the disk) or second generation gas (generated by the sublimation of exocomets or

collisions of icy bodies), however, both possibilities would have great implications in

the process of planet formation and evolution. An efficient way to search for this gas

in debris disks is monitoring gas tracers using multi-epoch high-resolution UV-optical

spectroscopy. A detection of gas in the line of sight of the star shows up as a very

narrow absorption feature superposed to the photospheric absorption of lines such as

Ca ii or Na i, which are very sensitive gas tracers. This Thesis is devoted to the search

for gas via high-resolution spectroscopy in a sample of 301 debris disks with the pur-

pose of estimating the frequency of gas in debris disks. We collected high-resolution

UV-optical spectroscopic data from our own observations and the ESO archive for

273 objects, completing 91% of our sample. We analysed the multi-epoch spectra

of each object searching for variable and stable non-photospheric absorption features

of circumstellar origin. Firstly, we performed a detailed analysis of a sub-sample of

27 objects having multiple stable absorption features with the aim of determining

whether their features were of circumstellar or interstellar origin. In this group we

found two objects; c Aql and HR 4796, with variable absorption features attributable

to the presence of star-grazing exocomets, and one object; HD 110058 with a stable
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circumstellar gas absorption. We concluded from these preliminary results that the

presence of gas in debris disks might be a common phenomenon. Secondly, we studied

the presence of unusually large non-photospheric absorption features found in several

ionized lines of the object HD 37306, that lasted for several days. After analysing

different possibilities we concluded that the most likely explanation might be an ex-

ocometary break-up releasing a stream of gas that remained in orbit for at least a

week around the star. Then, we analyzed the variability found in the Ca ii K lines of

97 objects with the purpose of distinguishing variable absorption features most likely

produced by exocometary activity from variability of a different nature, like stellar

pulsations, spots or radial velocity shifts, for instance. We found five candidates with

variability consistent with exocometary activity: c Aql, 49 Cet, gam Tri, HR 4796 and

HD 37306, two of them with no previous reports of exocomets besides this work.

Finally, we studied a sub-sample of 107 objects presenting stable non-photospheric

features in their Ca ii K lines within our updated database of observations in addi-

tion to those in our first sub-sample of analysis. Similarly, the absorption features

observed in these objects were analysed in order to determine whether they were of

circumstellar or interstellar origin. We confirmed an interstellar origin for the features

in 104 of these objects, one of them, 49 Cet having a blended feature of combined

circumstellar and interstellar origin. In addition, we found three candidates with

features of yet inconclusive origin that might be circumstellar but need further study

to confirm it. Putting together our results, we found six debris disks with presence

of circumstellar gas, five of them presenting variable absorption features attributable

to exocometary activity and one of them with a stable circumstellar gas component.

Considering that our sample is unbiased with respect to inclination, that the gas is

more likely to be detected when the disk is observed close to edge-on, more easily

detected in the spectra of early-type stars, the many detection challenges related to

the sporadical nature of exocometary transits, and the interlopers of gas detection,

then the evidence of circumstellar gas is significant. Taking into account the currently

increasing number of detections, this imply the possibility that most debris disks may

harbor some gas, challenging the current paradigm of debris disks.
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“Llegará una época en la que una investigación diligente y prolongada sacará a la luz

cosas que hoy están ocultas. La vida de una sola persona, aunque estuviera toda ella

dedicada al cielo, seŕıa insuficiente para investigar una materia tan vasta... Por lo

tanto este conocimiento sólo se podrá desarrollar a lo largo de sucesivas edades. Lle-

gará una época en la que nuestros descendientes se asombrarán de que ignoráramos
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las épocas futuras, cuando se haya borrado el recuerdo de nosotros. Nuestro universo
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naturaleza no revela sus misterios de una vez para siempre”

— LUCIO ANNEO SÉNECA, Cuestiones naturales, libro 7, siglo primero
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Preface

I imagine that during thousands of years most human beings have stared at the night sky

and appreciated its beauty. Centuries ago, we did not know that those beautiful bright dots in

the sky were stars similar to our Sun, we did not know that some of those dots were actually

planets, we did not know that we were part of a galaxy and that there were many more galaxies

far, far away. Today, we know these things, however, this knowledge makes us realize that there

are much more things that we do not know.

I also imagine many of us have wondered about our existence; how did we get here? how did

“the beginning of all” happen? We are naturally curious about our surrounding Universe and

about ourselves being part of it. We want to know how things work, what things are made of,

what is their purpose, why are they like that. These questions have motivated many of us to

investigate and transfer our knowledge from generation to generation since thousands of years.

Astronomers in particular, we want to investigate things far beyond our planet in order to better

understand our own tiny world and its role in the Universe. Myself, as many of you, want to

understand the origin of life and find out whether it exists somewhere else outside of this small

rock called Earth. This is my motivation to go towards the research of planetary systems. I want

to understand how they formed and evolved, and what are all the parameters that, combined in

the right way, might favour the origin of life. The research presented in this Thesis is meant to

help us know a little bit more about the building blocks of planetary systems and about part of

their evolutionary process; the debris disk stage.
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Chapter 1

Introduction

There is a long and complex evolutionary process from the moment that a star is born until

it becomes a planetary system. This whole process is not yet well understood to date and many

researchers around the world are working with theoretical simulations and observations trying to

understand at least part of this process. With the research presented in this Thesis, we want to

contribute to the understanding of debris disks, the late stage of planet formation. Not so long

ago, these disks were thought as gas free disks, composed only by dust and rocks of different

sizes. During the last decade, this paradigm has changed considerably by the increasing number

of discoveries of gaseous debris disks. In the present work, we aim to understand how frequent

this phenomenon is. Are all debris disks gaseous in the end? Or are these only rare, exceptional

cases? Do gaseous debris disks share some particular characteristics? These are questions that

we will try to answer in the following Chapters.

1.1 Debris Disks

Circumstellar disks are the natural consequences of the star formation process. The formation

of a star starts with the gravitational collapse of a molecular core. The conservation of angular

momentum triggers the quick formation of a rotating disk around the star called a“protoplanetary

disk”. These disks of gas and dust rapidly evolve, flattening and extending their outer radii to tens

or even hundreds of AU around the star (Williams and Cieza, 2011). Planets are believed to form

in protoplanetary disks. The mass of these disks is thought to be initially composed of 99% gas

1



CHAPTER 1. INTRODUCTION

and 1% dust (interstellar-like ratios, Bohlin et al. 1978; but see, among others, Williams and Best

2014). After a few Myrs (e.g. Hernández et al. 2007 and Fedele et al. 2010) these protoplanetary

disks evolve from optically thick gas-rich systems into transition disks, and later, at a stellar age

of about 10 Myrs, they are transformed into a collection of rocks, dust, planetesimals and maybe

gaseous giant planets known as debris disks (see Fig. 1.1 for a schematic picture and description

of a circumstellar disk evolution). At this stage, the disk is supposed to be fully depleted of gas

due to gas removal processes such as photoevaporation, accretion and radiation pressure (e.g.

Pontoppidan et al. 2014 and Alexander et al. 2006 for reviews on volatiles and photoevaporation

in protoplanetary disks, respectively). Therefore, the current paradigm is that the majority

of debris disks do not harbour gas and contain very little second generation dust produced by

collisions among planetesimals; gas giants would have to form during the earlier gaseous stage of

the disk; and rocky planets can form or continue to grow later during the gas-poor phase of the

disk (Wyatt, 2008).

As mentioned, the study of debris disks help us understand planet formation, in particular,

the formation and evolution of rocky planets. By studying how planets form in other systems

we can better understand the formation of our own planetary system. The Solar System is an

evolved planetary system of „4.5 Gyrs (Bouvier and Wadhwa, 2010) and still possess a debris disk

composed by the Kuiper belt, asteroid belts and Zodiacal dust. However, the Solar System’s

debris disk is less massive and less collisionally active than other observed debris disks, and

therefore it would be impossible to detect with the current instrumentation from the distance of

any other star with a known debris disk (Wyatt 2020, Kral et al. 2017a).

In this section we will shortly review some aspects of debris disks, such as their evolution,

structure, composition and their observation in order to set the context for the next section, in

which we discuss the presence of gas in debris disks.

1.1.1 Evolution: From Protoplanetary Disks to Debris Disks

It is argued that the physical distinction between protoplanetary disks and debris disks relies

mainly on the presence of primordial gas in sufficient quantity to dominate the motion of small

dust grains, rather than on the primary or secondary nature of the dust, or on the stirring levels

of the disk (Wyatt et al., 2015). The opening of a gap in the inner regions of protoplanetary disks

2



1.1. DEBRIS DISKS

Figure 1.1: Figure 6 and caption from Williams and Cieza (2011): “The evolution of a typical disk.
The gas distribution is shown in blue and the dust in brown. (a) Early in its evolution, the disk loses
mass through accretion onto the star and FUV photoevaporation of the outer disk. (b) At the same
time, grains grow into larger bodies that settle to the mid-plane of the disk. (c) As the disk mass and
accretion rate decrease, EUV-induced photoevaporation becomes important, the outer disk is no longer
able to resupply the inner disk with material, and the inner disk drains on a viscous timescale („105 yr).
An inner hole is formed, accretion onto the star ceases, and the disk quickly dissipates from the inside
out. (d) Once the remaining gas photoevaporates, the small grains are removed by radiation pressure and
Poynting-Robertson drag. Only large grains, planetesimals, and/or planets are left. This debris disk is
very low mass and is not always detectable.”

3



CHAPTER 1. INTRODUCTION

would be the first observable step in the evolution from a continuous primordial disk towards

a more radially concentrated disk, and can be triggered by processes such as photoevaporation

or planet formation. The following steps in the evolution of the disk are not well constrained,

particularly with respect to the timescales on which gas and dust should disappear. Wyatt

et al. (2015) identified five key steps in the evolution from protoplanetary to debris disks, which

we will summarize below. It is worth noting that since there are aspects of the evolution that

may depend on the stellar mass, the following description will focus mainly on the evolution

of intermediate mass stars, i.e. A-type stars, which comprise the majority of the stars in our

sample of study, as can be seen in Fig. 1.11. This division of the evolutionary stages is meant to

help our understanding of each transition, but does not claim that the order of the evolution is

uniquely determined, indeed we expect the evolution to be rather chaotic and different for each

system.

Transition disk

The carving of an inner hole in a protoplanetary disk transforms it into a “transition disk”.

However, nowadays this definition of a transition disk has certain caveats. Transition disks were

initially discovered by the lack of warm dust in their spectral energy distribution (SED), but

recent studies have shown that gaps and substructures are ubiquitous in circumstellar disks and,

in some cases, no cavities are detected in disks that were classified as transition disks according

to their SED (e.g. Huang et al. 2018, Facchini et al. 2019). Nevertheless, following the traditional

definition of transition disk, the presence of this inner gap can be observed in their SED and in

high resolution imaging. The mechanism responsible of carving this gap or hole is still under

debate. A planet (or multiple planets) might be able to sculpt a gap in the disk while keeping

the same accretion levels observed in some transition disks (Williams and Cieza 2011, Zhu et al.

2012). However, given that only few stars are found to have giant planets at large distances they

do not provide a good explanation for clearing in all the transition disks, specially for those with

larger gaps. On the other hand, photoevaporation is expected to produce a hole in the disk (e.g.

Alexander and Armitage 2007), but it is not the best explanation for the most massive transition

disks as photoevaporation operates after depletion of disk mass and is not in good agreement

with accreting transition disks. Probably a more realistic scenario might include both processes;
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for instance, planet-induced clearing very close to the star could trigger photoevaporation that

further opens the gap thus there is no need to have planets close to the outer edge of the gap.

Depletion of millimetre-sized dust in the outer disk

The most straightforward difference that can be observed between protoplanetary and debris

disks is the excess emission between infrared and millimetre wavelengths. Signs of grain growth

to millimetre sizes is observed at early stages of protoplanetary disks and most of the dust mass

in the disk remain within this grain size range as it evolves (Wyatt et al., 2015). There is a

clear division at „10 Myr between younger protoplanetary disks having > 1 MC of dust and

older debris disks having < 1 MC of dust (Panić et al., 2013). We must remind though, that we

should not generalize and that there are uncertainties on the nature of the stages, for instance,

there are some optical depth effects like self-obscuration that must be taken into account (e.g.

Galván-Madrid et al. 2018) and several mechanisms competing. Radial drift would remove grains

quickly when there is still enough gas, but at the same time, we know that planetesimals must

be forming, so a significant fraction of the mm-sized grains must be incorporated in them, and

therefore most of their mass is “locked down” in those larger bodies that we cannot detect, thus

we cannot know the true total mass of the disks.

The reduction of mm-sized grains must occur rather fast, as their mass do not show evidence

of changing throughout the protoplanetary disk stage (Carpenter et al., 2014). The ending of

these grains is undetermined and several possibilities have been discussed. One of them suggests

that, since these grains represent a significant fraction of the solid mass in the protoplanetary

disk, and thus they cannot be dragged away by photoevaporation, and Poynting-Robertson drag

would take much longer than 10 Myr to deplete them, then their reduction must be achieved

through collisions. If these dust grains are grinded down through destructive collisions, then the

smaller grains can be removed by other mechanisms, such as radiation pressure or coupling to

the photoevaporative wind. A different outcome could be these grains to end up (again through

collisions) in larger bodies, either accreting onto already formed planetesimals or planets, or

growing into planetesimals. This latter assumption implies masses of solid material in the debris

disks comparable to those present in the protoplanetary disk. Either way, this leave us with two

potential sources for dust in debris disks: pre-existing planetesimals that accreted grains during
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this stage, and the dust resulting from the destruction of whatever structure those mm-sized

grains may have formed.

Evolution of hot dust in inner regions

Some debris disks have been observed to have hot dust, at a temperature that locates it at a

few au from the star (e.g. Smith et al. 2009, Smith et al. 2012). However, the origin of this hot

component is unclear; it is questioned whether they are asteroid belt analogues, sublimation of

comets scattered in from outer regions, or evidence for the ongoing formation of rocky planets.

Systems with ages over 100 Myrs having both cold and hot dust give an indication that the hot

dust in some of these systems may have a cometary origin (Kennedy and Wyatt, 2014), since

the outer belts provide a suitably enduring source population.

High levels of hot dust is a phenomenon observed mainly in young (! 100 Myr) stars (Kennedy

and Wyatt, 2013). This is in agreement with an asteroid belt and with a planet formation

scenario, since fast collisional evolution close to the star means that asteroid belts quickly becomes

undetectable (Wyatt et al., 2007) and provides an explanation for the ultimate ending of planet

formation processes. The formation of rocky planets is an interesting argument for the origin

of the hot dust because models of such processes that are successful at reproducing the Solar

System’s terrestrial planets predict that hot dust should be easily detectable at the current age

of the Solar System.

Disappearance of gas

This is arguably one of the most puzzling stages in the evolution from protoplanetary to

debris disk. In first place, it is very difficult to measure the total amount of gas present either

in protoplanetary disks or in debris disks. Gas detections, either in emission or absorption, can

only trace a minor fraction of the total gas mass (Thi et al. 2001b, Carmona et al. 2011). Gas

emission detections in protoplanetary disks provide a poor measurement of the total gas mass

because of the gas being optically thick. In the case of debris disks, although they are in general

optically thinner than protoplanetary disks, since CO is the main gas tracer, there is a large

uncertainty in its mass given that CO freezes out onto dust grains in the outer regions of the

disk and thus remains undetectable. Gas detected in absorption is limited by the fact that it can
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only trace the gas that is crossing the line of sight of the star. It has been shown that, in general,

there seems to be a transition at „10 Myrs where the primordial gas disappears and the second

generation gas starts to appear (Wyatt et al., 2015). However, there are several counterexamples

that contradict this age limit. Although the origin of the gas detected in debris disks is debated,

secondary gas is thought to be chemically different from primordial gas, as it is released from

ices that reside in dust and planetesimals (e.g. Zuckerman and Song 2012) and thus it should be

likely dominated by CO and water instead of H2, the main component of primordial gas. Another

indication of the possible origin of the gas is its spatial distribution. When the gas is observed to

match the distribution of the dust it is assumed to be second generation as CO is expected to be

short-lived due to photo-dissociation and thus it must be constantly replenished by planetesimals

collisions or sublimation of exocomets (e.g. the case of β Pic; Dent et al. 2014, Telesco et al.

2005). A different case is observed, for instance, in HD 21997, where the observations show that

CO is not co-located with the dust, but it rather extends towards the inner regions very close to

the star (Kóspál et al. 2013, Moór et al. 2013), suggesting it cannot be produced by collisions of

planetesimals thus it must be primordial. This raises the question of how this gas can persist in

the disk at an age of „30 Myr.

Formation of ring-like planetesimal structures

The concentration of planetesimals into a narrow ring (or several narrow rings) is the most

common outcome of the evolution (instead of a broad disk). This general condition of debris

disks being narrow (with a fractional radial width of ∆r{r «10%) does not imply that broad disks

(of ∆r{r ą1) do not exist (Wyatt et al., 2015). Besides, it is possible that the µm-sized dust

may be confined in a narrow ring while the planetesimals from which the dust is produced are

distributed in a broader disk. In this case, the dust production may happen either in a narrowly

confined region, or throughout the whole disk but the smallest dust particles are being dragged

by residual gas into a narrow region (Kenyon and Bromley 2002, Takeuchi and Artymowicz

2001, Lyra and Kuchner 2013). The timing and mechanism of the concentration of planetesimals

into narrow rings remains unclear. There is the possibility that this structure was defined early

during the protoplanetary disk stage. If so, the few observed broader disks may be the result

of a strong interaction with planets (Beust et al. 2014, Pearce and Wyatt 2014, Wyatt 2006).
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Alternatively, it is also possible that these planetesimals got confined into rings during dispersal

of the protoplanetary disk. It may be that the presence of planets could induce the concentration

of planetesimals into a narrow radial distribution, especially if there were planets at both the

inner and outer edges of the planetesimal belt (Rodigas et al., 2014). However, new studies

suggest that scattered light observations show narrower structures likely due to a sensitivity

effect, where observations are more sensitive to detect higher surface-brigtness regions and thus

the contrast enhances the narrow ring, and possibly post-processing methods also contribute to

sharpen the structures (Hughes et al., 2018).

1.1.2 Structure and Composition of Debris Disks

Recent advances in imaging techniques have revealed previously unknown details of debris

disks structure and have provided us with a multi-wavelength picture that allows us to connect

the morphology to the physical processes that shape the disk structure. In this section, we

summarize the properties of spatially resolved structure in Kuiper belt analogues. The diversity

of the structure can be divided into the following categories, described below.

Radial Structure

Debris disks, in general, could be characterized as an assembly of circumstellar rings. These

rings can be broad or narrow, some systems may have multiple rings while others may have a

very broad ring (or disk) with gaps in between (see Fig. 1.2 for examples of different radial

structures). The extrasolar Kuiper belts that have been resolved so far contain far more dust

than the Solar System’s belt and they are also much younger. In fact, the dust in our Solar

System’s Kuiper belt remains undetectable from Earth with current technology (only Kuiper

belt objects have been detected). However, the radial extent of these debris disks is comparable

to our Solar System’s, which has an inner radius of 40 au and a width of „10 au (Barucci et al.

2008, Poppe et al. 2019).

There seem to be no strong correlation between disk radius or disk width and the spectral

type of the host star. Also dust temperatures seem to be constant across all spectral types (e.g.

Morales et al. 2011). However, the maximum radial extent of debris disks shows some trends

with stellar luminosity; the more luminous the star the more extended its debris disk, although
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Figure 1.2: Examples of debris disks with different radial structure. Left: Example of a narrow ring
structure: Fomalhaut. Figure 1 from MacGregor et al. (2017), ALMA image of the 1.3 mm continuum
emission from Fomalhaut. Right: Example of a broad disk with gaps: HD 107146. Figure 9 from Marino
et al. (2018). ALMA image at 1.1 mm (band 6).

in most cases the larger outer radii is composed of a “halo” of smaller grains blown away by

radiation pressure or the stellar wind. Although these extended halos are more common for

debris disks around A-type stars, they can also be found in less luminous stars, like, for instance,

AU Mic, a debris disk surrounding an M star which presents a halo reaching hundreds of au

(Kalas et al., 2004). A model that would explain this configuration was proposed by Strubbe

and Chiang (2006): a “birth ring” of planetesimals start a collisional cascade and the resulting

smallest grains are blown out by radiation pressure or stellar winds into an extended halo. Some

disks have been observed to have dust halos inside the parent ring, which might be the result

of grains spiriling inwards due to Poynting-Robertson drag (Löhne et al. 2012, Schüppler et al.

2016, Ren et al. 2018).

Narrow rings structures (with ∆r{r À0.5, halos aside) are quite common among debris disks

(e.g. Fomalhaut: Kalas et al. 2005, HR 4796A: Perrin et al. 2015 and HD 181327: Schneider

et al. 2014). But there are also some examples of radially broad debris disks (e.g. the cases of

49 Ceti: Hughes et al. 2017, HD 107146: Ricci et al. 2015 and AU Mic: MacGregor et al. 2013).

What makes a debris disk narrow or broad is still unclear, as discussed in the previous section.
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We must also take into account the presence of warps in debris disks. The best example of this

is the disk surrounding β Pic, which showed a clear warp in the inner region that seemed to

point towards the planet β Pic b (Mouillet et al. 1997, Heap et al. 2000, Golimowski et al. 2006,

Lagrange et al. 2009). Similar warps have also been observed in the disks around AU Mic (Wang

et al. 2015, Wisniewski et al. 2019) and HD 110058 (Kasper et al., 2015). Models suggest that

multiple planets or other mechanisms would be necessary to maintain warped structures in the

disk (e.g. Lee and Chiang 2016, and references therein). Another kind of characteristic observed

in some debris disks that shares both radial structure and departures from axisymmetry are

spiral arms. For instance, the debris disks surrounding TWA 7 was observed to present a spiral

arm, possibly explained by the presence of an undetected planet (Olofsson et al., 2018).

Azimutal Structure

The azimutal structure (or departures from axisymmetry) is particularly interesting because

something beyond the star-debris disk system is required in order to break the axisymmetry (see

Fig. 1.3 for examples). There are several theories about what might cause these breaks; it might

be gravitational disruptions by a planet, or a companion, or a stellar flyby, interactions with the

interstellar medium, instabilities due to gas and dust interactions, or collisions of planetesimals.

There are several categories of azimutal structure in debris disks:

a) Eccentricity: Most narrow debris disks have been found to present an eccentric structure

which implies an offset from the central position of the star. Eccentricities have been observed to

range between „0.06 and „0.2 (Hughes et al. 2018 and references therein). An eccentric distri-

bution of the dust around the star translate into the grains having different temperatures: hotter

towards the pericenter (the closest point to the star) and colder towards the apocenter (the most

distant point). Therefore, the disks may exhibit different flux distributions when observed at

different wavelengths: mid- to far-infrared observations can show a “pericenter glow”, while ob-

servations in the submillimiter can result in an “apocenter glow” (e.g. Wyatt et al. 1999, Wyatt

2005). This characteristic can help us understand the grain size density distribution in the disk

as different grain sizes behave differently in scattered light and thermal emission observations.

The origin of eccentricity in debris disks is not yet clear. The proposed mechanisms must break
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Figure 1.3: Examples of debris disks with different azimutal structure. Left: Example of an asymmetric
debris disk: HD 106906. Figure 1 from Kalas et al. (2015), GPI H-band ADI image of HD 106906. Right:
Example of a debris disks with swept-back wings: HD 61005. Figure 7 from Schneider et al. (2014). STIS
scattered light image of HD 61005.

the intrinsic symmetry of the disk, e.g. eccentric planets, interactions between gas and dust and

giant collisions of planetesimals.

b) Swept-back Wings: Asymmetric swept-back features are also observed in dust rings. The

best example is the system HD 61005, also called “The Moth” because of the look of its swept-

back“wings”as seen in scattered light images (Schneider et al. 2014, Olofsson et al. 2016: see Fig:

1.3, right panel). The most accepted explanation for this kind of asymmetry is interactions with

the interstellar medium (e.g. Maness et al. 2009, Debes et al. 2009). Another method involving

torque to break the axisymmetry in the disk requires an eccentric, inclined planet. This was

proposed for the case of HD 61005 by Esposito et al. (2016). Another plausible explanation to

explain these swept-back features could be a recent collision (Mazoyer et al., 2014). However,

there is no definitive answer yet to explain these observed swept-back wings in debris disks.

c) Clumps: The formation of clumps in debris disks has been speculated long ago to be the

result of resonant interactions between dust and planets (e.g. Liou and Zook 1999, Ozernoy

et al. 2000). This prediction is based on an analogy with Neptune and the resonant structure it

produces on Kuiper belt objects in the Solar System. However, recent modeling of debris disk
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evolution shows that resonant structure can be broken by collisions (Kuchner and Stark 2010,

Nesvold and Kuchner 2015). Clumpy features are most easily observed at long wavelengths

which better trace the larger dust grains, as smaller grains are affected by radiation pressure

smoothing the clumpy structure (Wyatt, 2006). Clumpy structure may appear ambiguous in

some systems as different observations do not always show the clumpy features, but a system

that shows clear signs of clumps is β Pic. It shows a relatively weak departure from axisymmetry

in dust continuum emission and a stronger azimutal variation in CO emission (Dent et al. 2014,

Matrà et al. 2017a). β Pic has shown so far to be an exception to the principle that debris disks

are generally azimutally smooth at millimiter wavelengths.

Vertical Structure

The analysis of the vertical structure of debris disks can provide us with plenty of information

about the physical processes involved in sculpting the structure of the disks (see, for instance,

Fig. 1.4). However, given the degeneracy between the radial and vertical structure in optically

thin disks observed at intermediate inclinations, vertical height is often difficult to constrain.

The most favorable disk inclination for studying the vertical structure of a disk is when observed

edge-on, although interpreting the radial distribution becomes challenging. The vertical structure

deduced from modeling imaging observations is frequently expressed as an h{r ratio, where h is

the scale height and r is the disk radius. Some observations of debris disks with sufficiently high

resolution seem to show a trend where the projected FWHM perpendicular to the disk major

axis is either constant or decreases with radius close to the star, but then increases with radius

far from the star (Hughes et al., 2018). Good examples of this are the cases of AU Mic and

β Pic (Graham et al. 2007, Kalas and Jewitt 1995). This structure might be the result of a

forward-scattering phase function inside the debris belt and an effect of the degeneracy between

radial and vertical structure in the outer region of the disk. The most reliable estimates of h are

the ones where the modeling of the scattered light takes into account the phase function. This

has been done for several systems (e.g. HD 15115: Sai et al. 2015, HD 61005: Olofsson et al.

2016 and HD 36546: Currie et al. 2017) and the obtained h{r values range between 0.02–0.12,

with 0.06 being the median.

The vertical structure of debris disks can be interpreted as a measurement of dynamical
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Figure 1.4: Example of a debris disk with an interesting vertical structure: AU Mic. This object presents
fast moving features observed in its vertical structure. Figure 4 from Boccaletti et al. (2018), HST images
of the disk from 2004, 2010, and 2011 showing changes in its structure.

excitation as it is the most direct way of assessing the velocity dispersion in the system, along

with the processes and masses of the bodies that shape its structure. The massive bodies that

stir the collisional cascade in the disk have a gravitational impact on the small dust grains

and increase their eccentricity and inclination through collisions, bringing all the bodies into

equilibrium with high impact velocities. Therefore, the disk thickness can be directly related to

the mass of the largest bodies stirring the collisional cascade (e.g. Thébault and Augereau 2007,

Quillen et al. 2007). However, Thébault (2009) shows that the vertical structure as observed at

optical and infrared wavelengths seems to have a “natural” h of 0.04˘0.02 attributed to radiation

pressure from the star, which has an impact on the small grains, thus scale height values must

be interpreted with caution when trying to assess the dynamical state of debris disks.

1.1.3 Observations of Debris Disks

Debris disks are usually discovered by an excess of infrared emission above that expected from

the star itself. Far-IR surveys such as Herschel have shown that „20% of stars host detectable

amounts of dust (Eiroa et al. 2013, Matthews et al. 2014, Sibthorpe et al. 2018), although this

number could be much higher if it was possible to detect fainter dust emission. The first evidence
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of circumstellar dust was found over 30 years ago with the InfraRed Astronomical Satellite

(IRAS). Aumann et al. (1984) reported the first detection of a large infrared excess from a main-

sequence star. After this discovery, hundreds of stars have been searched for infrared excesses.

Debris disks surveys of nearby stars such as DUNES (Eiroa et al. 2010, Montesinos et al. 2016)

and DEBRIS (Sibthorpe et al., 2018) performed with Herschel have shown that detection rates

decrease for later spectral types. Indeed, few debris disks have been detected around M stars

(Matthews et al., 2014). However, it is not clear whether this is due to a detection bias or

intrinsic to the system properties and evolution. The fractional luminosity of debris disks also

declines with age, which is expected because of their collisional evolution (Montesinos et al.,

2016). Morey and Lestrade (2014) shows that the fractional dust luminosity in M stars could

be analogous to those of earlier spectral-types and thus, consistent with the lack of detections in

surveys.

There are several different ways of observing a debris disk. As mentioned, the infrared excess

emission has been the primary diagnostic used to infer the presence of a dusty belt around the

star. Although, recently this diagnostic has been challenged with, for example, the discovery of

a debris disk around the GSC 07396-00759 M star, which did not have any sign of excess in the

SED (Sissa et al., 2018). In addition, images of their thermal emission and scattered light can

also be obtained and provide further details of the structure and composition of the disks. We

will describe these observational methods in the following subsections. Here, we will focus only

on the observation of the dust, as observations of the gas component will be discussed in the

next section.

Thermal Emission

The dust grains in a debris disk are heated by absorbing the stellar radiation. The ab-

sorbed energy is re-radiated as thermal radiation, typically in the infrared (IR). IR surveys have

been performed with IRAS, the Spitzer Space Telescope, the Herschel Space Observatory, Akari

and the Wide-field Infrared Surver Explorer (WISE), allowing the detection of the thermal IR

radiation generated by a debris disk.

The Spectral Energy Distribution (SED) is used to characterize the excess luminosity of the

disk over the stellar photosphere (see example shown in Fig. 1.5). By modeling the SED one is
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Figure 1.5: Spectral Energy Distribution (SED) of 49 Cet. The thin black line represents the stellar
photosphere, the red line shows the warm inner ring while the blue line shows the outer belt (Fig. 6 from
Pawellek et al. 2019). The estimated temperatures for the warm and cold components are 125˘2 K and
63˘3, respectively.

able to estimate the dust temperature in the disk as well as its possible location around the star,

although one is not able break the degeneracies between disk temperature, grain distribution

and location of those grains. The SED can be modeled by multiple components with different

temperatures when the dataset available is rich, or by a simple blackbody excess if the data

is sparse. Since the absorptivity and emissivity of a dust grain depends strongly on its size

and shape, a modified blackbody model that considers the decrease in emission and absorption

efficiency of the smaller dust grains should be used when photometric data points in the long-

wavelength (sub-millimeter) tail of the SED are present (Hughes et al., 2018). This is because

observations mainly probe grains that have a size comparable to the wavelength of observations.

While the excess emission observed in the SED of a stellar source is the primary method of

detection of circumstellar dust around a star, an image of the thermal emission generated by a

debris disk can also be obtained and provides us with better constraints on the morphology and

extension of the disk. Indeed, the thermal image can reveal that the expected disk radius inferred

from the SED may differ from the observed, and this difference may offer some constraints re-

15



CHAPTER 1. INTRODUCTION

Figure 1.6: Left: Thermal image of HR 4796 taken with ALMA (Figure 1 from Kennedy et al. 2018).
Right: Continuum image of βPictoris obtained using ALMA. The disk has been rotated by +29 degrees
(Figure 1 (A) from Dent et al. 2014).

garding grain size, as the smaller grains tend to be the hottest and dominate the thermal emission

(Hughes et al., 2018). Spatially (or only partially) resolved thermal observations of debris disks

have been obtained with the Herschel/PACS, the Submillimiter Array (SMA), Spitzer/MIPS and

ALMA (see, for instance, Fig. 1.6 showing two disks resolved with ALMA). These observations

provide us with important information about the overall structure of the disk, including size,

eccentricity, inclination, gaps, asymmetries, warps, scale height, wings and halos and some ad-

ditional information regarding the dust properties of the disks, such as its composition, porosity

and grain size distribution.

Scattered Light

Similarly to thermal images, scattered light images can also reveal the morphology of the disk

and provide constraints on the properties of the dust grains. However, scattered light images offer

additional information such as the color of the disk, dust albedo, the degree of forward scattering

of the dust particles and their linear polarization induced by scattering. The light emitted by

the star is unpolarized, but the light scattered by the circumstellar dust is polarized and its

degree of polarization can be imaged with instruments such as the Gemini Planet Imager (GPI),

the Spectro-Polarimetric High-contrast Exoplanet REsearch instrument (SPHERE), NICMOS,

NACO, NICI, HST/STIS and HST/ACS/HRC. Two examples of scattered light images of debris

disks are shown in Fig. 1.7 (these are the same two disks shown previously in thermal images

for comparison).
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Figure 1.7: Left: Scattered light image of HR 4796 obtained with SPHERE/ZIMPOL (Figure 3 from
Olofsson et al. 2019). Right: Scattered light image of βPictoris taken with HST/STIS (Figure 1 (right)
from Apai et al. 2015).

The scattering phase function is the angular distribution of light intensity scattered by a par-

ticle at a given wavelength. There are several methods to analyse scattering phase functions, each

one having advantages and disadvantages. The most commonly used is the Henyey-Greentein

prescription, which is characterized by the asymmetry parameter g (Henyey and Greenstein,

1941). However, inferring dust properties from g is not straightforward as it depends signifi-

cantly on the scattering theory. Scattered light images mainly trace micron-sized dust grains.

The smaller grains scatter light nearly isotropically whereas larger grains tend to scatter for-

ward (Hughes et al., 2018). Therefore, scattered light analysis can provides us with additional

constraints on the dust properties.

1.2 Gas in Debris Disks

The idea that debris disks should be gas free has been challenged in the past few years by the

discovery of a (currently increasing) number of debris disks containing some gas detected either

in the (sub-)mm, far-infrared (FIR), infrared (IR), optical or UV wavelengths. These gaseous

debris disks have been found mainly around young A type stars, like the well-studied β Pictoris

(Brandeker et al., 2004), 49 Ceti (Roberge et al., 2014), HD 32297 (Redfield, 2007), HD 172555
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(Riviere-Marichalar et al., 2012), HD 21997 (Moór et al., 2011), some B type stars like σ Her

(Chen and Jura, 2003) and HD 142926 (Jaschek et al. 1969, Slettebak 1982), few F type stars

like HD 181327 and η Corvi (Marino et al. 2016, Marino et al. 2017) and only two M stars: AU

Mic and CE Ant (France et al. 2007, Matrà et al. 2019). Although in this work we mainly focus

on the presence of gas in debris disks surrounding main sequence stars, it is worth mentioning

that white dwarfs also harbour debris disks and seven of them have been found to contain gas

(Manser et al., 2020). Several tracers have been used to this end, for instance CO, C and O

emissions at mm wavelengths (Greaves et al. 2016, Kral et al. 2017b), C and O emissions in

the farIR (Cataldi et al. 2015, Brandeker et al. 2016), Ca ii and Na i absorptions in the optical

(Kiefer et al., 2014c) and different C species (C i, C ii) and Fe i absorptions in the far-UV, among

others (Brandeker et al. 2004, Roberge et al. 2006, Roberge et al. 2014).

Possibly the most fundamental question about the gas in debris disk is: what is its origin? Is it

primordial material leftover from the earlier gas-full phase of the disk, or it is of second-generation

origin, and thus constantly replenished by outgassing mechanisms? In the next sections, we will

refer to this question as well as the detection of this gas and the implications of its presence in

planet formation processes.

1.2.1 Gas Detection Methods

There are two main ways to detect the presence of gas in debris disks. It can be detected

directly by observing emission of gas species, or it can be detected in an indirect manner by

observing the stellar spectrum and detect non-photospheric absorption features produced by the

presence of gas. Below, we describe each of these methods.

Direct Method: Emission

We can directly observe the presence of gas in a debris disk by detecting emission lines

of species that produce energy transitions mainly in the far-IR and millimeter wavelengths.

Within this range, only cold gas having excitation temperatures in the order of tens of K can

be detected. These emissions are due to low-energy rotational transitions in the mm regime

and fine-structure forbidden lines from atomic species in the far-IR. Given that the total gas

mass present in a gas-rich debris is much smaller than the amount of gas in a protoplanetary
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Figure 1.8: CO emission of HD 21997 observed with ALMA (Figure 1 from Kóspál et al. 2013). Left:
Integrated flux densities in Jy of different CO transitions. Right: Spectra normalized to their respective
line areas to compare the line profiles.

disk (between 10´6 and 10´2 MC, Kral et al. 2017b), these detections are quite challenging and

high-sensitivity instruments are required. Facilities such as ALMA, APEX, IRAM and Herschel

have the capability of detecting gas-phase species including CO, O, C and H2. An example of

several CO transitions detected with ALMA in the debris disk surrounding HD 21997 is shown

in Fig. 1.8 (Kóspál et al., 2013). The double peak emission is typical for rotating material

seen with a certain inclination; one side being redshifted (with respect to the radial velocity of

the system) as moving away from us while the material moving towards us appears blueshifted.

High angular resolution observations of emission lines can also show the spatial distribution of

gas in the disk and thus can reveal whether the gas is co-located with the dust or not, providing

a hint about the origin of the gas. A special case of spatially resolved gas observations is the

study of the β Pictoris debris disk performed by Brandeker et al. (2004). Unlike other far-IR

and mm observations, Brandeker et al. (2004) used VLT/UVES to study the well known gas-rich

surrounding β Pic in the optical by placing the slit in different positions and orientations along

the disk and offset from the star. β Pictoris is the only debris disk so far whose gas has been

spatially resolved at optical wavelengths allowing the detection of emission lines from species

such as Fe, Na, Ca and Ti (typically detected in absorption).
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Indirect Method: Absorption

Traces of gas in debris disks can also be detected in an indirect manner through absorption

spectroscopy. This method uses the stellar spectrum to study the material that crosses the line

of sight of the star. The caveat is that this method restricts the detections to a narrow range of

inclination angles in order for the material to pass through the line of sight from the observer’s

perspective and thus it is only useful for disks seen close to edge-on. However, this method is

more sensitive to small amounts of gas than emission line studies and thus it allows the detection

of a larger variety of species, such as Ca, Mg, Mn, O, Fe, N, Na, Ti, C, S, Si, Cl, Al, Cr and

Sc (e.g. Roberge et al. 2014, Grady et al. 2018, Jaschek et al. 1969). These absorption lines are

typically narrow (depending on the velocity dispersion of the gas) and, therefore, are more easily

detected when found superposed on rotationally broadened spectral lines, such as those of early-

type stars (for instance, see Fig. 1.9 showing the detection of Ca ii in HD 172555, an A-type star

surrounded by a debris disk; Kiefer et al. 2014a). Gas absorption features are mainly detected at

UV and optical wavelengths and since they are produced at higher excitation temperatures than

emission lines it indicates that this gas should be closer to the star and thus hotter. Therefore, it

is sometimes referred to as “hot” gas, unlike the “cold” gas detected in emission (Rebollido et al.,

2018). Given that these absorption features are very narrow, having FWHM in the order of 10

km.s´1 or less (Kiefer, 2014), it is necessary to use high-resolution spectrographs (R>10,000) in

order to detect them. Instruments such as HARPS, UVES, FEROS, MIKE, HERMES, FIES,

the Sandiford Echelle Spectrograph, the HST Imaging Spectrograph and COS have been used

to detect these gas features in debris disks and other kind of stars. Since these instruments

require much shorter integration times than emission line observations (minutes versus hours),

it is possible to perform much larger surveys and to monitor the variability (or stability) of the

gas absorptions. Therefore, this is the method used throughout this Thesis. Further details

about the interlopers of gas detections using this method and about the detection of variable

absorption features produced by the so-called “Falling Evaporating Bodies” (FEBs) are given in

the following subsections.
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Figure 1.9: Ca ii absorption in the K (left) and H (right) lines of HD 172555 observed with HARPS
(Figure 1 from Kiefer et al. 2014a). Reference spectrum in red and dispersion from all the combined
spectra in black dots. The position of the circumstellar (CS) absorption is marked in red and the position
of an interstellar (IS) absorption in black.

1.2.2 Interlopers of Gas Detection Through Absorption Spectroscopy

Circumstellar gas is not the only source of absorption features and variability in the spectral

lines of the stars. They can also be produced by other phenomena and therefore, can be easily

misidentified. Here we describe those other processes that might be confused with circumstellar

gas and the methods that can help to discriminate between them.

Interstellar Medium

Interstellar clouds in the line of sight of stars produce narrow absorption features superim-

posed on the stellar spectra that are very similar to circumstellar gas features. Same as for

circumstellar gas, these features are more easily detected in early-type radiative stars (Redfield

and Linsky, 2008).

There are several criteria that can be helpful to determine the origin of non-photospheric

features. Here we describe some general prescriptions to follow when studying the origin of these

narrow absorptions:

• Circumstellar gas should be found near the radial velocity of the star since it belongs to the

system and thus it moves together with it. However, interstellar clouds are often also found

at similar velocities, so this characteristic does not necessarily rule out interstellar origin.

On the other hand, FEB-like events, which are of circumstellar origin, are often detected at
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redshifted or blueshifted velocities with respect to the star’s (Kiefer et al. 2014b, Rebollido

et al. 2020).

• Following on the previous statement, if there is short term (night to night) variability in the

absorptions there is a high probability that it is caused by FEBs, thus this is a strong sign

of circumstellar origin. Interstellar clouds are not likely to present short term variability.

Only mid to long term (months to years) variations have been reported in the interstellar

medium (ISM)ranging from small to large variations in column density (e.g. McEvoy et al.

2015).

• As a very general rule, column density Caii/Nai and equivalent width K{D2 ratios have

values > 1 for circumstellar and < 1 for interstellar gas (Kiefer et al., 2014c). This rule

might be helpful when determining the origin, however we need to be careful as it not

a strict border. In this Thesis we have found several exceptions (shown in Chapter 3),

for instance η Cha, having both absorptions with ratios > 1 while its nearby stars show

clear confirmation of interstellar origin, and in the other side, HD 110058, presenting the

complete opposite case in its circumstellar absorption at „12 km/s.

• If we find a known interstellar cloud traversing the line of sight of the star and its radial

velocity matches the feature’s, then the most likely possibility is that we are observing an

absorption due to such a cloud, therefore the origin is interstellar. Throughout this Thesis,

we often use the Local Interstellar Medium (LISM) database of clouds within 15pc from

the Sun compiled by Redfield and Linsky (2008) to compare against the absorptions found

in our database of debris disks.

• If we analyse other rotationally broadened stars with a similar line of sight and they present

similar absorption features at similar velocities, this is a strong confirmation of interstellar

origin of the features since the same cloud must be covering all the stars within a certain

radius and therefore they show the same absorptions. On the opposite side, the same

rule applies if the feature is not observed in any other nearby star; this strongly suggests

circumstellar origin, as in the case of HD 110058’s feature at „12 km/s discussed in Chapter

3. However, some caution must be taken as we cannot be certain about the spatial extent
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of the clouds. It would be best, if possible, to analyse nearby stars distributed at different

locations around the target to make sure to cover all the surrounding area.

• If we detect absorptions from Diffuse Interstellar Bands (DIBs), this confirms the presence

of ISM in the line of sight of the star, as DIBs are only found in the ISM (Farhang et al.,

2019).

Variability

As mentioned in the previous subsection, the detection of variable absorption features super-

imposed to the stellar spectra can be a sign of exocometary activity or the so-called FEB-like

events. Although the variable nature of these features immediately rules out an interstellar ori-

gin, they can be confused with other sources of variability in the stellar spectra. Spectral lines

can present, for instance, changes in their overall shape, or intensity or radial velocity shifts, and

since those lines are the base upon we detect non-photospheric features, the characteristics of the

latter can be “artificially altered” by the variations of the former. These variations can be the re-

sult of different factors, such as multiplicity, stellar pulsations, hot/cold spots, accretion/ejection

activity or flares. Photospheric pulsations can produce travelling absorption features superim-

posed on the photospheric profile, which can look very similar to the absorptions produced by

transiting FEBs. However, these so-called “migrating subfeatures” induced by pulsations have a

certain periodicity and can be detected simultaneously in several lines (e.g. Nazé et al. 2020).

Another thing that must be taken into account is that the Ca ii doublet, in particular, being the

most sensitive circumstellar gas tracer in the optical and, therefore, the most used one to detect

exocometary activity, is also a sensitive magnetic activity indicator (Lovis et al. 2011, Wise et al.

2018, Karoff et al. 2019). An interesting case of variability wrongly attributed to exocomets is the

case of HR 10. This system, previously reported to present FEB-like events (e.g. Lagrange-Henri

et al. 1990a, Redfield 2007, Welsh et al. 1998) was later identified to be a spectroscopic binary

and the variability attributed to each star having a circumstellar shell Montesinos et al. (2019).

Similarly to the interstellar case, below we describe some general indications that might help

discriminate between variability caused by exocometary activity or other kinds of activity. It

is worth noting that, in order to better assess the origin of the variability, several epochs are
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necessary. In this work, we have established a minimum of three observations for our analysis.

However, in an ideal case, it would be best to have a large number of epochs covering a variety

of temporal samplings in order to study the variability at different times-scales and be able to

better understand it and reach a reliable conclusion. It is also advisable to use as many tracers

as possible, but due to time constraints in Chapter 5 we focus mainly on the most intense, the

Ca ii K line, for a first order identification.

• It is very helpful to search in the literature about any report that could be related to vari-

ability in the spectral lines of the object. For instance, whether this is a known spectroscopic

binary or a variable star. A possible co-relation to those scenarios must be checked. Pre-

vious reports of FEB-like events and/ or the presence of gas emissions must also be taken

into account as they further strengthen the exocomets scenario.

• In the FEBs (or exocomets) scenario, the variability must be caused be variable absorption

features superposed to the stellar spectral lines. Other kinds of variations such as radial

velocity shifts, oscillation of the lines, or changes in the overall shape of the lines are likely

caused by other phenomena.

• Variations due to circumstellar gas should only be observed in certain spectral lines such

as Ca ii, Fe ii, Na i or Ti ii, for instance. If variability is observed in all the spectral lines

at the same time, an exocometary origin is likely discarded.

• Variability presenting certain periodicity is likely attributable to other phenomena such as

stellar hot/cold spots, pulsations, magnetic fields or multiplicity (e.g. Cunha et al. 2019).

FEB-like events have a sporadic nature and are not likely to be periodic.

• Variable emission lines within the optical range, especially those observed in the Balmer

lines are indicators of other phenomena such as accretion, stellar activity or radiative

processes rather than exocomets.

• Transiting exocometary gas usually produces an absorption feature that remains detectable

for at least a few hours (Kiefer et al. 2014b, Tobin et al. 2019). If an absorption feature is

observed to appear and disappear completely in a matter of seconds, it might be probably

an instrumental artifact.
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1.2.3 Demographics of Debris Disks with Gas

As described in previous sections, gas has been detected in an increasing number of debris

disks either in emission or absorption spectroscopy. Here we provide an inventory of all (to the

best of our knowledge) reported detections of gas in these dusty circumstellar disks. In Table

1.1, we list all debris disks having public records of traces of gas. This list includes disks having

confirmed gas detections (i.e. multiple detections in several gas tracers) and disks with weak

hints of gaseous features. This means that we have compiled all the reports of gas detections in

debris disks, however, it is possible that not all of them are ‘reliable’ detections. Also, it is worth

noting that this list includes both stable gas components and transient gas detections.

As can be seen in Table 1.1, a total of 21 debris disks present cold gas emission; 16 of them

surrounding A-type stars, 3 of them around F stars and 2 around M stars. Regarding hot gas

absorptions, they have been reported for 31 debris disks systems (including those being reported

in this work, a total of six systems), 24 of them being A stars, 7 of them being B stars and none

of them being of later spectral types. According to our inventory, a total of 44 debris disks have

been reported to present some gas content, eight of them having reports of both gas emission

and absorption (all of which are A-type stars). It is not well understood why there is a gas

detection bias favoring earlier spectral types. It might be related to the fact that detections of

debris disks are also biased towards earlier types. Hughes et al. (2018) compares all the searches

and detections of CO, O i and C ii by subdividing in AB, FGK and M spectral types and also

compared between young and old ages. The three species show the same trend, favouring AB

stars and young ages. These trends still remain in our updated inventory. On the other hand,

Matrà et al. (2019) demonstrates that the release of secondary gas in M stars by a collisional

cascade is different from the process in early-type stars because in M stars the collisional cascade

is affected by removal of the smallest grains by the stellar wind as opposed to radiation pressure

in more massive stars, which might be an explanation for the lack of detections in low mass stars.

As mentioned before, our study focuses on the presence of gas in debris disks around main

sequence stars. Therefore, in Table 1.1 we present only detections towards main sequence stars.

However, it is worth mentioning that a similar study has been performed for debris disks sur-

rounding white dwarfs. Manser et al. (2020) studied the frequency of gaseous debris disks around

white dwarfs by determining the occurrence rate of emission detected in the Ca ii triplet. They
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showed that a 4˘4
2 percent of white dwarfs having a dusty debris disks present an observable

gaseous component in emission.
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Table 1.1: Inventory of gas detections in debris disks. Spectral types were taken from Simbad (Wenger
et al., 2000). The systems included in our sample are flagged with a *. Weak (3σ) detections are
flagged with a (?). Detected species are listed according to their detection method ‘Ab’= absorption or
‘Em’=emission.

Object Spectral Age Detected Detection References

Type [Myr] Species Method

β Pictoris A6V 23˘3 [49] Ca, Na, Fe, Mg Ab e.g. [1], [2], [3]

CO, C, O Em e.g. [4], [5]

Fe, Na, Ca, Ni, Ti, Cr Em [6]

49 Ceti* A1V 40 [50] CO, C, H2 Em e.g. [7], [8], [9]

C, O, Fe, S, Si, Cl, Al, Ca Ab [10], [11]

σ Her B9V 140 [12] C, N Ab [12]

HD 32297 A0V 30 [51] Na Ab [13]

C, CO Em [14], [15]

HD 141569 A2VekB9mB9( lB) 5 [16] C, O, CO Em [16]

Mg, Fe, Mn Ab [17]

HD 172555 A7V 23˘3 [49] O Em [18]

Ca, Si, C, O Ab [19], [20]

HD 21997* A3IV/V 30 [22] CO Em [21], [22]

AU Mic* M1VeBa1 23˘3 [52] H2 Em [23]

η Tel* A0V+M7/8V 23˘3 [49] C / Ca Em / Ab [24] / [25], [26]

HD 131835* A2IV 16 [27] CO, C Em e.g. [27], [28]

HD 158352* A8Vp 750˘150 [53] Ti, Ca(?) Ab e.g. [29], [30]

24 CVn* A4V 804 [54] Ti, Ca Ab e.g. [29]

HD 21620 A0Vn 80 [55] Ca Ab [31]

HD 142926* B9pe 78 [56] Fe, Cr, Sc, Ca, Na Ab e.g. [32], [33]

Mg, Ti, Si Ab e.g. [34], [35]

c Aql* A1V 448 [57] Ca Ab e.g. [36], [37]

HR 4796* A2V 10 [57] Ca Ab [38], [37]

HD 110058* A0V 15 [57] CO(?) / Ca Em / Ab [39] / [37], [40]

CE Ant* M2Ve 10 [58] CO Em [41]

HD 37306* A1V 30 [52] Ca, Fe, Ti Ab [42]

HD 138813* A0V 10 [59] CO Em [39]

Continued on next page
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Table 1.1 – continued from previous page

Object Spectral Age Detected Detection References

Type [Myr] Species Method

HD 146897* F2/3V 10 [59] CO Em [39]

HD 156623 A0V 10 [59] CO Em / Ab [39] / [26]

HD 181327* F6V 23 [59] CO Em [43]

η Crv* F2V 1400 [44] CO Em [44]

Fomalhaut A4V 440 [45] CO Em [45]

HD 95086* A8III 17 [46] CO(?) Em [46]

HD 121191 A5IV/V 15-16 [60] CO Em [47]

HD 121617 A1V 16 [60] CO Em [47]

HD 131488 A1V 16 [60] CO Em [47]

α Pic A8VnkA6 700 [61] Ca Ab [48]

λ Gem A4IV 550 [61] Ca Ab [38]

HD 58647 B9IV 0.4˘0.1 [62] Ca Ab [38]

φ Gem A5IV 637˘111 [54] Ca Ab [38]

HD 85905 A1IVn 481 [63] Ca Ab [48]

δ Crv A0IV(n)kB9 260 [61] Ca Ab [38]

ρ Vir* A0Va lB 10 [64] Ca Ab [31]

HD 145964* B9V 5 [64] Ca Ab [31]

5 Vul* A0V 100 [64] Ca Ab [11]

HD 24966* A0V 10 [65] Ca Ab [25]

HD 38056* B9.5V 250 [66] Ca Ab [25]

θ Hya* B9.5V+DA1.6 90 [54] Ca Ab [25]

HD 225200* A1V 90 [67] Ca Ab [25]

HD 36546 B8 10 [69] Ca Ab [68]

gam Tri A1Vnn 160 [61] Ca Ab [70]

[1] Ferlet et al. (1987), [2] Kiefer et al. (2014b), [3] Vidal-Madjar et al. (2017) [4] Roberge et al. (2006),

[5] Dent et al. (2014), [6] Brandeker et al. (2004), [7] Zuckerman et al. (1995), [8] Roberge et al. (2013),

[9] Thi et al. (2001b), [10] Roberge et al. (2014), [11] Montgomery and Welsh (2012), [12] Chen and Jura

(2003), [13] Redfield (2007), [14] Donaldson et al. (2013), [15] MacGregor et al. (2018), [16] Thi et al.

(2014), [17] Malamut et al. (2014), [18] Riviere-Marichalar et al. (2012), [19] Kiefer et al. (2014a), [20]

Grady et al. (2018), [21] Moór et al. (2011), [22] Kóspál et al. (2013), [23] France et al. (2007), [24] Riviere-
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Marichalar et al. (2014), [25] Welsh and Montgomery (2018), [26] Rebollido et al. (2018), [27] Moór et al.

(2015), [28] Kral et al. (2019), [29] Abt and Moyd (1973) [30] Lagrange-Henri et al. (1990b), [31] Welsh

and Montgomery (2013), [32] Jaschek et al. (1969), [33] Harmanec et al. (1976), [34] Slettebak (1982),

[35] Koubsky et al. (1993), [36] Montgomery and Welsh (2017), [37] Iglesias et al. (2018), [38] Welsh and

Montgomery (2015), [39] Lieman-Sifry et al. (2016), [40] Hales et al. (2017), [41] Matrà et al. (2019), [42]

Iglesias et al. (2019), [43] Marino et al. (2016), [44] Marino et al. (2017), [45] Matrà et al. (2017b), [46]

Booth et al. (2019), [47] Moór et al. (2019), [48] Welsh et al. (1998), [49] Mamajek and Bell (2014), [50]

Zuckerman and Song (2012), [51] Kalas et al. (2005), [52] Torres et al. (2006), [53] Moór et al. (2006), [54]

David and Hillenbrand (2015), [55] Roberge and Weinberger (2008), [56] Zorec et al. (2005), [57] Nielsen

et al. (2019), [58] Bell et al. (2015), [59] Kral et al. (2017b), [60] Pecaut and Mamajek (2016), [61] Vican

(2012), [62] Montesinos et al. (2009), [63] Gontcharov (2012), [64] Morales et al. (2009), [65] Rhee et al.

(2007), [66] Morales et al. (2016), [67] Su et al. (2006), [68] Rebollido et al. (2020) [69] Currie et al. (2017),

[70] Iglesias et al. (in prep.)

1.2.4 Origin of Gas in Debris Disks: Residual or Second Generation?

The possible origin of the gas detected in debris disks has been widely discussed (Moór et al.

2011, Wyatt et al. 2015, Kóspál and Moór 2016, Kral et al. 2017a). In short, it could be residual

gas that remained from the earlier gaseous stage of the disk, which would imply that the efficiency

of gas removal processes may be lower than we thought. Or, it could be second generation gas,

produced by icy comets that, either orbiting or as they approach the star, begin to “evaporate”

(or, more correctly, sublimate) and release small amounts of gas. Gas of secondary origin could

also be produced by collisions among volatile-rich dust grains or comet-like bodies (Higuchi et al.

2017 and references therein) or even by photon-stimulated desorption of solids (Matthews et al.,

2014). These latter two processes could replenish the disk with a stable gaseous component likely

to be located in the outer regions of the disk (Brandeker et al., 2004). On the other hand, the

idea of the “falling evaporating bodies” (FEBs) has been gaining more acceptance in the last few

years, since FEB-like events have been detected (mostly) around A-type stars with debris disks

and some shell stars (e.g., Beust et al. 1998, Kiefer et al. 2014a, Eiroa et al. 2016).

While the general consensus is that the origin of the gas is due to the sublimation of icy

bodies, this is not a satisfactory explanation for the detection of colder CO found at tens of
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AU from the star (Marino et al., 2020). In some cases, the large amount of gas found in the

system is more consistent with primordial origin (e.g. Kóspál et al. 2013). The timescale for

photodissociation of CO is of the order of 100 years, orders of magnitude too quick compared

to the ages of the systems (>10 Myrs, Visser et al., 2009). Therefore, it is not clear how the

gas can survive for so long in the disk. It could be that CO and other gas species are being

constantly replenished by outgassing processes or that the gas is shielded somehow from the UV

radiation that induces photo-dissociation. Since debris disks are optically thin (regarding the

dust), it is not well understood how CO is shielding and surviving. Some possibilities are that

sufficient amounts of CO could become self-shielded, or that H2 is serving as a shield (although it

has not been found to have enough density), or maybe the C product of dissociation can protect

CO from photons and become ionized (Kral et al. 2017b, Wyatt 2018). We know of at least 17

systems with CO detections and additional C i emission has been detected for 4 of them (e.g.

Dent et al. 2014, Moór et al. 2019, Cataldi et al. 2015, 2020). In these cases, it has been possible

to calculate the C i/CO column density ratio and the results suggest a strong over-abundance

of atomic carbon with respect to CO, supporting the hypothesis that quite quickly after being

produced, CO is photo-dissociated. Therefore, since multiple species have been detected in only

a handful of systems, current surveys aim to study a larger number of gas tracers in order to

improve our understanding about the origin and composition of gas in debris disks.

1.2.5 Falling Evaporating Bodies (FEBs)

The first evidence of exocometary gas features dates back to 1975, when Slettebak (1975)

reported the detection of very strong, sharp absorption features in the Ca ii H & K line of an

interesting early-type star called β Pictoris. A decade later, Ferlet et al. (1987) detected drastic

changes in the narrow absorption features observed in the Ca ii K line of β Pic, attributing them

for the first time to the presence of cometary-like objects falling towards the star. Since then,

this variable infalling material in β Pic was studied extensively and the term “Falling Evaporat-

ing Bodies” (FEBs) was coined (e.g. Lagrange-Henri et al. 1988, Beust and Tagger 1993, Beust

et al. 1998, Beust and Morbidelli 2000). Nowadays, evidence of star-grazing exocomets has been

reported in close to 30 debris disks (e.g. Iglesias et al. 2018, Rebollido et al. 2018, Welsh and

Montgomery 2018). These events manifest as stochastic absorption features usually at redshifted
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or blueshifted velocities with respect to the radial velocity of the star. Variable absorption fea-

tures have been detected over short time windows of hours or night to night as well as over

months (Barnes et al. 2000, Thébault and Beust 2001, Welsh and Montgomery 2013). The case

of β Pictoris remains to this day the most studied case of exocometary activity, both theoretically

and observationally, with thousand of observations tracing hundreds of exocometary transits and

the most extensive evidence of different gaseous species detected in both emission and absorp-

tion (e.g. Beust et al. 2001, Brandeker et al. 2004, Thébault and Beust 2001, Dent et al. 2014,

Beust et al. 2014, Vidal-Madjar et al. 2017, Tobin et al. 2019). Kiefer et al. (2014b) reported

the presence of two different families of exocomets in the disk of β Pic determined from the

statistical analysis of „6,000 variable absorption features, one corresponding to shallow absorp-

tions attributed to old, exhausted comets depleted in volatiles and the other one corresponding

to deep absorptions related to recently fragmented exocomets (see Fig. 1.10). β Pictoris is also

the only system where exocomets have been detected in both high-resolution spectroscopy and

broadband photometry (Zieba et al., 2019).

One interesting by-product of studying FEBs is posing the question on the cause of such

instabilities in the debris disk. A possible cause for such instabilities could be the presence of

a larger body like a planetesimal or a planet disturbing the disk (Dvorak et al. 2020, Raymond

et al. 2012). The inward scattering of exocomets in β Pic being triggered by the presence of

a massive planet was early suggested by Beust et al. (1998) and this was confirmed years later

by the detection of a giant planet (Lagrange et al., 2009). Therefore, detecting FEB-like events

could be seen as an indirect hint for the presence of at least one giant planet embedded in the

debris disk system. The study of exocomets over large samples, with improving cadence and

number of species traced is a recently open research field that will likely further develop with the

JWST, WFIRST and PLATO missions in the future (Matra et al., 2019). Its development will

allow the study of the composition of exocomets in comparison to the comets in the Solar System

and the study of volatiles transport to the inner regions of forming planetary systems (Strøm

et al. submitted, Dvorak et al. 2020, Matra et al. 2019). So far a number of surveys searching

for exocomets in early-type stars has been performed (e.g. Welsh and Montgomery 2013, Welsh

and Montgomery 2015, Welsh and Montgomery 2018, Rebollido et al. 2020) demonstrating they

are mainly detected in A-type stars, either shell stars or debris disks stars, and that there is an
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Figure 1.10: Ca ii absorption in the K (a) and H (b) lines of β Pictoris observed with HARPS (Extended
Data Figure 2 from Kiefer et al. 2014b). Reference spectrum in red and all the different observations are
shown in black dots. The position of the stable circumstellar (CS) absorption is marked in red.

expected correlation with them being detected in debris disks with a near edge-on inclination

with respect to the observer. As mentioned, this sub-field of planetary science is rapidly evolving

with an increasing number of detections in the last few years and likely more are yet to come in

the future allowing us to better understand their role in planetary systems.

1.2.6 Implications of the Presence of Gas in Debris Disks and its impact in

Planet Formation

Independently of its origin, whether primordial or secondary, the implications of the presence

of gas in debris disks are many (see, for a recent review, Hughes et al. 2018). It can change our

understanding of gas removal processes by setting new constraints on their efficiency (Williams

and Cieza, 2011), particularly for photoevaporation, thought to be the main cause of gas removal

in protoplanetary disks (Alexander et al. 2006, Canovas et al. 2017). In addition, gas can influence

the morphology of the dust in the disk providing us with a possible answer to the formation of

the observed gaps in some debris disks (Lyra and Kuchner, 2013). Gas can also imprint changes

in the dynamics of the system since even small amounts of gas can drag dust and pebbles (Wyatt,

2008), and dust grains can couple to the gas component which acts as a fluid affecting rocky

planet formation processes (Fernández et al. 2006, Cleeves et al. 2016, Kenyon et al. 2016). It can

also affect the interpretation of the observed dust properties of the disk since it might prevent

radiation pressure from expelling micron-sized dust grains and thus might provide an explanation
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for the overheated dust temperatures observed in some disks (Wyatt 2018, Moór et al. 2017).

Sufficient amount of gas can dampen planetary eccentricities and inclinations and thus can lead

to planet migration (Wyatt 2018, Morbidelli 2018).

In a recent study by Kral et al. (2020), the presence of gas in debris disks was shown to

produce the formation of a secondary atmosphere on terrestrial planets. If rocky planets are

already formed in a gaseous debris disk they can accrete this gas forming a new atmosphere

with a composition similar to that of the gas. Furthermore, debris disks with a considerable gas

content can even produce massive atmospheres forming sub-Neptune-like planets.

Since the presence of gas can have a strong impact on the formation and evolution of planetary

systems it is essential to understand its frequency and how gas detections relate to properties

of debris disk systems, such as age, multiplicity, stellar type, metallicity, dust content and disk-

planet interaction. The study of this gas also gives us information regarding the composition of

volatile-rich planetesimals and whether they could transport this volatile material to planets in

the habitable zone, opening the question to whether they contribute to the development of life.

1.3 This Thesis

1.3.1 Aim of This Work

In this work we studied a robust sample of 301 debris disk (Olofsson et al. in prep.) to learn

what percentage of debris disks contains gas, how the gas is physically related to the dust and

what properties characterize the stars that possess circumstellar gas in their surrounding debris

disks. Instruments such as ALMA and APEX can provide us with a plethora of information

about disks besides being able to detect gas emission. However, observing such a large sample

with either facility would be extremely expensive in terms of telescope time. In comparison, the

analysis of UV-optical ground-based spectra provides a very efficient way to find debris disks

with gas to be followed-up with other instruments (Montgomery and Welsh 2012, Welsh and

Montgomery 2013, Kiefer et al. 2014c). Just as a simple illustration, integration times of CO

surveys with ALMA or APEX are „1 hour per target (Kóspál et al. 2013, Hales et al. 2014),

while optical high-resolution high-signal-to-noise-ratio spectroscopic observations of similar tar-

gets conforming our sample take only a few minutes or even seconds (making for perfect filler /

33



CHAPTER 1. INTRODUCTION

poor weather condition programs on class 2 to 8 meter telescopes). Thus the number of spectra

taken during one night ranges from „50 to „100, depending on the telescope/instrument and

the targets.

1.3.2 Our Sample

The full sample of debris disks we studied in this Thesis consists of 301 systems selected

from an original list compiled by Olofsson et al. (in prep). The original list, was assembled via

a thorough literature search for debris disks that had been observed with the IRS instrument

(Houck et al., 2004) on board of the Spitzer space telescope (Werner et al., 2004). This search

resulted in „ 500 objects that were then filtered down to 301 imposing different criteria on

the significance of the excess in the mid-infrared and excluding debris disks that display strong

emission features in their IRS spectra (e.g., Olofsson et al., 2012), as these objects are not really

representative of “classical” debris disks. It follows then that the selection criteria applied to

achieve our database of 301 debris disks are unbiased with respect to disk inclinations as the

disks are optically thin and, since most inclinations are unknown, they can be assumed to be

following a uniform distribution.

The sample is presented in Table A.1 in the Appendix. This Table contains the main identifier

used in Simbad database (Wenger et al., 2000), other commonly used identifiers such as the “HD”

from the Henry Draper Catalogue (Cannon and Pickering, 1918), the“HR”(Harvard obs., Revised

photometry) from the Bright Star Catalogue (Hoffleit, 1964), and “HIP” from the Hipparcos

Catalogue (HIP, 1997). In addition, the Table presents “My ID”, an identifier used through the

whole Thesis process to manage the objects database. The names were chosen with a preference

for the designation used in Simbad. Finally, ICRS (ep=J2000) coordinates of the targets obtained

from Simbad are also given.

The main parameters of the sample are given in Table A.2, found in the Appendix. All these

parameters were obtained from Simbad, except for the Ldisk{L‹ luminosity ratio which were

obtained from the SED model fitting (Olofsson et al. in prep.) and ages, which were estimated

using a very simplistic approach based on either the system belongs to a moving group or not. If

the system is a “field star”, then it is assumed to be older than 100 Myrs and thus is classified as

“old” (O). On the other hand, if the system is likely to belong to a moving group, it is assumed
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Figure 1.11: Histogram of the spectral types of the host stars of the debris disks in our sample. Colors
are only a representation of the spectral types.
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Figure 1.12: Histogram of the distances of the debris disks in our sample.
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to be younger than 100 Myrs and is categorized as “young” (Y). About 27% of the sample was

classified as “young” debris disks. A histogram of the spectral types of the host stars in our

sample is shown in Fig. 1.11 and a histogram of the distances of all the systems is presented in

Fig. 1.12. It can be appreciated from these figures that most of the host stars in the sample are

A-type stars and that most of the systems are located within „200 pc.
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Spectroscopic data

We collected high-resolution, high-signal-to-noise UV-optical spectroscopic data for our sam-

ple by obtaining our own observations, exploiting the ESO archive and exchanging data with

collaborators. The purpose of collecting these observations was to analyse the sample in the

wavelength ranges covering the Ca ii H and K lines at 3968.5Å and 3933.7Å, and the Na i D1

and D2 lines at 5895.9Å and 5889.9Å, as these are the most sensitive gas tracers in the UV-optical

range. We were able to collect adequate data for 273 objects in our sample, missing mainly the

northern targets, as shown in Fig. 2.1.

We obtained spectroscopic observations with UVES (Dekker et al., 2000) on the VLT UT2

telescope at Paranal Observatory, Chile, FEROS (Kaufer et al., 1999) on the MPG/ESO 2.2m

telescope at the La Silla Observatory in Chile, and MIKE (Bernstein et al., 2003) mounted on the

Magellan-Clay telescope at Las Campanas Observatory, Chile. We also queried the ESO archive

searching for all relevant high-resolution spectra covering the UV-optical wavelength ranges. In

particular data from HARPS (Mayor et al., 2003), UVES and FEROS instruments were searched

for. Additionally, data from FEROS, HERMES and FIES were shared to this project by two

teams of collaborators. All the collected observations are summarized in Table B.1, found in the

Appendix. Proprietary observations are flagged with a *. Since UVES and MIKE spectrographs

can take simultaneous observations of different wavelength coverage using a dichroic, a single

observation consists of two spectra (usually one covering the blue wavelength ranges and one

covering the red wavelength ranges). Therefore, in Table B.1 we only present the number of
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Figure 2.1: Coordinates of all the objects in our sample. Spectroscopic data were obtained for all the
objects shown in red.

observations covering the Ca ii doublet to better assess the number of single observations we

have collected (although, in some cases we collected UVES observations covering other ranges).

The actual total amount of spectra covering all the different ranges used in this Thesis reaches

„17’500 spectra.

2.1 Proprietary data

2.1.1 FEROS observations

We performed observations with the FEROS Échelle spectrograph during two nights under the

ESO Programme ID 096.A-9018(A). The instrument choice was motivated by its characteristics:

large wavelength range (the complete optical spectral region from „3500Å to „9200Å in only

one exposure), high resolution (R = 48,000) and high spectral stability, which makes it suitable

for detecting narrow absorption features in a wide variety of spectral lines. The spectra were
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taken with exposure times computed with the online FEROS Exposure Time Calculator1 to

obtain a signal-to-noise ratio (S/N hereafter) of about „150 around the blue wavelength range.

Standard calibrations were taken and the FEROS DRS2 (Data Reduction Software) with the

default parameters was used to reduce the data. The reduced spectra were corrected for telluric

contamination (see Sec. 2.3).

Additional proprietary data from FEROS obtained from the Programmes 0101.A-9012(A),

0102.A-9008(A) and 0103.A-9010(A) were used for this project. These observations were reduced

using the CERES pipeline (Brahm et al., 2017). In this case, wavelengths were transformed from

the default vacuum wavelength calibration to observed wavelength in air. All these proprietary

FEROS data are shown in Table B.1 with a *.

2.1.2 UVES observations

We obtained UVES spectra in service mode during periods under the ESO Programme IDs:

096.C-0238(A), 097.C-0409(A), 097.C-0409(B), 098.C-0463(A), 098.C-0463(B), 098.C-0463(C),

0102.C-0547(A), and 0102.C-0564(A). These spectra are listed in Table B.1 with a *. Data from

Programme 096.C-0238(A) were observed with the blue arm centred at 4370Å and with a spectral

coverage of 3731–4999Å and data from all the other Programmes were observed in dichroic mode

with the blue arm centred at 3900Å and the red arm centred at 5800Å, covering the spectral

ranges 3282–4562Å and 4726–6835Å, respectively. The narrowest slits were used in order to

achieve the maximum resolution possible; the 0.42 slit in the blue arm and the 0.32 slit in the

red arm, yielding resolutions of 80,000 and 110,000, respectively. Exposure times were computed

with the online UVES Exposure Time Calculator3 aiming to obtain a S/N „150 (achieved for

most of the spectra) around the blue wavelength range under thick (very low transparency)

sky conditions. Standard calibrations were also taken and the ESO pipeline4 with the default

parameters was used to reduce the data. The spectra were a posteriori corrected for telluric

contamination (see Sec. 2.3) and barycentric radial velocity shifts were corrected by the value

provided in the header by the ESO pipeline.

1https://www.eso.org/observing/etc/bin/gen/form?INS.NAME=FEROS+INS.MODE=spectro

2https://www.eso.org/sci/facilities/lasilla/instruments/feros/tools/DRS.html

3https://www.eso.org/observing/etc/bin/gen/form?INS.NAME=UVES+INS.MODE=spectro

4http://www.eso.org/sci/software/pipelines/
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2.1.3 MIKE observations

We obtained observations with MIKE double echelle spectrograph in visitor mode during two

runs (a total of three nights) awarded for this project. These observations are listed in Table

B.1 with a *. We took our observations using the dichroic in the standard configuration, which

reaches a wavelength coverage from about 3350-5000Å in the blue arm and 4900-9500Å in the

red arm. We used the 0.352 slit (the smallest slit available) in order to achieve the highest

resolution; 83,000 on the blue side and 65,000 on the red side. Since the objects we observed are

very bright (Vmag<11) we used no binning and fast readout mode as it is possible to achieve

high S/N within short exposure times. The exposure times were computed following the MIKE

User Manual5 aiming a S/N „200. Standard calibrations were taken, including a bright B-type

star during twilight using a “milky flat” diffuser for flat field corrections. The spectra were

reduced with the Carnagie CarPy pipeline (Kelson et al. 2000, Kelson 2003) and barycentric

radial velocity shifts were corrected using the PyAstronomy package (Czesla et al., 2019).

2.1.4 FIES observations

We collected observations from FIES spectrograph (Telting et al., 2014), mounted at the 2.5m

Nordic Optical Telescope (NOT) located at El Roque de los Muchachos Observatory in Canary

Islands, Spain (shown in Table B.1 with a *). The instrument counts with a 1.32 fibre offering

a maximum spectral resolution of R=67,000, which was used for these observations, and covers

a spectral range of 370-830nm. Observations reach a S/N in the order of „100 near the Ca ii

doublet. Data reduction were performed with the dedicated reduction software (FIEStool6) and

barycentric corrections were applied a posteriori.

2.1.5 HERMES observations

Observations from HERMES spectrograph (Raskin et al., 2011) attached at the 1.5 m Mer-

cator Telescope at El Roque de los Muchachos Observatory in Canary Islands, Spain, were also

collected for this Thesis, as shown in Table B.1 (marked with a *). HERMES covers a wave-

length range from 380 to 900nm with a spectral resolution of R„85,000 in a single exposure.

5http://www.lco.cl/Members/magins/mike-kb/mike-user-manual

6http://www.not.iac.es/instruments/fies/fiestool/
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Figure 2.2: Absorption profiles of the Ca ii K of the object HD 110058 taken with HARPS, FEROS and
XSHOOTER spectrographs, respectively.

The collected observations have a S/N of „100 near the Ca ii H & K lines. Data reduction

were performed using a dedicated automated data reduction pipeline and radial velocity toolkit

(HermesDRS7) and barycentric corrections were applied to the reduced spectra.

2.2 Archival data

We queried the ESO archive looking for optical spectra with resolution high enough to detect

narrow absorption features with widths in the order of „0.1Å. This restricted the instruments

to HARPS, UVES and FEROS. Initially, we had considered including XSHOOTER data in our

analysis, but soon we realized that its resolution (which reaches a maximum of 9’700 in the UV)

is not capable of resolving the narrow features we are searching for. An example of this is given in

Fig. 2.2. Here we show a comparison of the Ca ii K line of the object HD 110058, which presents

both an interstellar absorption (shallow feature at the left) and a circumstellar absorption (deep

feature at the right) observed with HARPS, FEROS and XSHOOTER. Clearly the features

(which are stable) are not detected with XSHOOTER. FEROS has the lowest resolution among

all the spectrographs used in this study (while HARPS provides the highest) but its resolution is

high enough (R=48,000) to detect narrow absorptions. Our targets have been observed multiple

times (e.g., searching for planets via radial velocity variations), hence we found a large number

of spectra (from one spectrum up to 3000 spectra). Consequently, a considerable fraction of our

dataset comes from archival data.

7https://www.aao.gov.au/science/software/2dfdr
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2.2.1 HARPS data

HARPS is an echelle spectrograph fed by a pair of fibres, one of them collects the star

light, while the second is used to either record simultaneously a Th-Ar reference spectrum or

the background sky. HARPS spectra covers the wavelength range 3780–6910Å, has a spectral

resolution of 120,000 and has been optimised for mechanical stability, which makes it ideal for our

study. We retrieved several epochs of HARPS data for the debris disks listed in Table B.1. All

these observations were already reduced with the HARPS DRS8 (Data Reduction Software) and

corrected for heliocentric radial velocity shifts, and we then corrected for telluric contamination

(see Sec. 2.3).

2.2.2 UVES data

Additional to the HARPS data, we found a considerable number of UVES observations for

our sample (see Table B.1). UVES is a two-arm cross-dispersed echelle spectrograph, its blue

arm covers the wavelength range 3000–5000Å and the red arm covers 4200–11000Å. Overall, the

spectral coverage depends on the instrumental set-up used for the observations since UVES allows

the use of dichroic beam splitters, but in general we have spectra covering the ranges 3043–3916Å,

3236–4563Å, 3731–4999Å, 4549–6686Å, 4726–6835Å and 6650–10426Å. These UVES data had

already been reduced with dedicated ESO pipelines but additional corrections of heliocentric

radial velocity shifts and telluric contamination were necessary.

2.2.3 FEROS data

We also retrieved FEROS archival data for some of our targets (Table B.1). Similarly to the

HARPS data, the FEROS observations were reduced with the available instrument pipelines and

corrected for heliocentric radial velocity shifts. Posterior corrections for telluric contamination

were performed.

8https://www.eso.org/sci/facilities/lasilla/instruments/harps/doc/DRS.pdf
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2.3. TELLURIC LINES CORRECTION

Figure 2.3: Example of telluric correction in HR 1919’s Na i D2 line. Telluric lines modeled by molecfit
in red, original spectrum in black, and corrected spectrum in blue. The different spectra are shifted with
respect to each other for clarity.

2.3 Telluric lines correction

The red domain of the spectra contains many telluric absorption features mostly due to water

vapour, O2 and O3. Since one of our main tracers is the sodium doublet at 5895.9 and 5889.9Å,

it is imperative to perform a correct subtraction of telluric contamination. To this end, we used

Molecfit9 (Smette et al. 2015, Kausch et al. 2015), a tool developed to correct observations

for telluric absorption which can be used for any kind of spectra without the need to observe a

standard star. We used the wavelength range 5902.5-5927.0Å to fit the continuum but excluded

gas absorption features to ensure that they do not affect our best-fitting result. We successfully

removed telluric absorptions and reduced them to the noise level (i.e. they were reduced by

about 99%). An example of the telluric correction is shown in Figure 2.3.

9http://www.eso.org/sci/software/pipelines/skytools/molecfit
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Chapter 3

Debris disks with multiple

absorption features in metallic lines:

circumstellar or interstellar origin?

This chapter is a slightly improved version of the paper: Iglesias, D., Bayo, A., Olofsson, J.,

Wahhaj, Z., Eiroa, C., Montesinos, B., Rebollido, I., Smoker, J., Sbordone, L., Schreiber, M.

R., and Henning, T. (2018). “Debris discs with multiple absorption features in metallic lines:

circumstellar or interstellar origin?”, published in Montly Notices of the Royal Astronomical

Society, 480(1): 488–520.

The main change we made with respect to the publication was including the analysis of four

additional objects: HD 144981, HD 145554, HD 145631 and HR 6051. Thus here we present the

analysis of a sample of 27 objects instead of 23 as in the paper. The introduction of the paper

was not included in this chapter as the scientific context is already given in the introduction

of this Thesis. The inclusion of the four new objects in this chapter did not affect the overall

conclusions with respect to the previously published.
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3.1 Sub-sample

In this chapter, we present a sub-sample of 27 gas-bearing debris disk candidates characterized

by showing detections of non-photospheric absorption features at different radial velocities within

our database of observations prior to December 2016. The main properties of this sub-sample are

detailed in Tables 3.1 and 3.2. Unless otherwise indicated, most of the stellar parameters reported

in Table 3.2 were retrieved from the Simbad database (Wenger et al., 2000). In particular,

distances came from the Tycho-Gaia Astrometric Solution (TGAS) from the Gaia data-release

1 (Gaia Collaboration et al., 2016) or from the Hipparcos new reduction of van Leeuwen (2007)

when the former were not available. Luminosities are estimated via SED fitting (assuming the

previously mentioned distances) with Kurucz models (Castelli et al., 1997) using VOSA1 (Bayo

et al., 2008). Isochronal ages are estimated with VOSA based on the SED fitted parameters and

different sets of isochrones (Siess et al. 2000, Baraffe et al. 1998). Note that the large uncertainties

in isochronal ages are attributable to uncertainties in the distance to the objects and/or the set

of isochrones assumed for the estimates (further discussion on the ages of the sample will be

given in Olofsson at al. in prep.). For those objects confirmed to belong to young moving groups

(i.e. β03 Tuc, 66 Psc, νHor, HD 24966, HD 54341, η Cha, HD 110058, HD 144981, HD 145554,

HD 145631, HR 6051 and HR 6507), we have adopted the literature age commonly assigned to

those moving groups (in principle more precise than isochronal dating). The multiplicity column

highlights objects reported in the literature to be multiple systems.

As mentioned before, the 27 candidates presented in this chapter have been chosen because

they display particularly interesting gas absorption features: they all have not only one, but

multiple, stable, absorptions at different radial velocities with respect to the star within the 15

years of baseline considered for this analysis. Merely by statistical arguments, this multiplicity

increases the chances of a circumstellar gas detection, and for the cases that a circumstellar

origin for several simultaneous features could be confirmed, it would imply a very interesting

disk configuration and/or geometry. For instance, a disk containing several gas rings at different

distances from the star or different populations of exocomets, which would require further study

and possible follow-up with high angular resolution instruments like ALMA. A description of the

1http://svo2.cab.inta-csic.es/theory/vosa/
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Table 3.1: Sub-sample of gas-bearing debris disk candidates with multiple absorption features and their
respective coordinates.

Name HD Id R.A. Dec.
[J2000] [J2000]

β03 Tuc HD 3003 00:32:43.9 -63:01:53.4
66 Psc HD 5267 00:54:35.2 +19:11:18.3
ν Hor HD 17848 02:49:01.5 -62:48:23.5
HD 24966 HD 24966 03:56:29.4 -38:57:43.8
HD 290540 HD 290540 05:31:31.4 -01:49:33.3
HD 36444 HD 36444 05:31:40.5 -01:07:33.3
HD 290609 HD 290609 05:33:05.6 -01:43:15.5
HR 1919 HD 37306 05:37:08.8 -11:46:31.9
HD 54341 HD 54341 07:06:20.9 -43:36:38.7
HD 60856 HD 60856 07:35:56.9 -14:42:39.0
HR 3300 HD 71043 08:22:55.2 -52:07:25.4
η Cha HD 75416 08:41:19.5 -78:57:48.1
HD 92536 HD 92536 10:39:22.8 -64:06:42.4
3 Crv HD 105850 12:11:03.8 -23:36:08.7
HD 106036 HD 106036 12:12:10.3 -63:27:14.8
HR 4796 HD 109573 12:36:01.0 -39:52:10.2
HD 110058 HD 110058 12:39:46.2 -49:11:55.5
HD 112810 HD 112810 12:59:59.9 -50:23:22.5
HD 126135 HD 126135 14:24:43.9 -40:45:18.6
HD 141378 HD 141378 15:48:56.8 -03:49:06.6
HD 141327 HD 141327 15:49:43.1 -32:48:29.8
HD 144981 HD 144981 16:09:20.9 -19:27:25.9
HD 145554 HD 145554 16:12:21.8 -19:34:44.6
HD 145631 HD 145631 16:12:44.1 -19:30:10.3
HR 6051 HD 145964 16:14:28.9 -21:06:27.5
HR 6507 HD 158352 17:28:49.7 +00:19:50.3
cAql HD 183324 19:29:00.9 +01:57:01.6
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Table 3.2: Stellar parameters for the sample.

Name vsini Spectral radV distance Isochronal Age Literature Age logpLbolpLdqq Multi-
[km.s´1] Type [km.s´1] [pc] [Myr] [Myr] [dex] plicity

β03 Tuc 93 A0V 7.70˘0.80 45.56˘0.394b 115.48˘137.30
115.48 30.0d˘0.0

20.0 1.19˘0.01
0.01 Xj

66 Psc 144 A1Vn 8.50˘2.80 108.11˘7.48b 5.00˘0.98
0.31 200e 1.46˘0.06

0.07 Xk

ν Hor 143.7 A2V 30.90˘2.00 52.13˘1.76c 529.02˘103.10
129.08 100e 1.23˘0.04

0.05 –

HD 24966 – A0V – 105.82˘4.03b 195.41˘102.01
195.41 10e 1.13˘0.04

0.04 –

HD 290540 – A2 – 357.32˘54.90c 11.57˘338.74
11.57 112 f 1.23˘0.12

0.17 –

HD 36444 – B9V – 458.20˘98.20c 4.33˘603.23
1.33 101 f 1.57˘0.16

0.26 –

HD 2906091 – A0 – 23.86˘11.43b – 5g 2.41˘0.44
0.00 –

HR 1919 148.1 A1V 23.00˘0.70 70.76˘4.15c 28.52˘307.72
28.52 453 f 1.10˘0.06

0.07 –

HD 54341 – A0V – 102.35˘3.77b 7.94˘391.30
0.97 10e 1.34˘0.05

0.05 –

HD 60856 44 B5V 31.20˘1.90 363.83˘88.54c 2.19˘595.55
0.20 196 f 1.84˘0.17

0.29 –
HR 3300 224 A0V 22.50˘1.10 70.03˘1.13b 710.26˘111.03

701.81 404 f 1.11˘0.02
0.02 –

η Cha 296a B8V 14.00˘7.40 94.97˘1.44b 3.09˘297.86
0.09 6.0d˘1.0

0.0 1.80˘0.03
0.03 –

HD 92536 – B8V 10.00˘1.00 145.13˘8.75c 4.04˘0.49
0.90 231 f 1.66˘0.07

0.08 –

3 Crv 126.8 A1V 11.00˘4.20 58.82˘1.94b 907.37˘92.96
899.21 465 f 1.14˘0.04

0.05 –

HD 106036 – A2V 7.70˘1.30 99.00˘3.87c 463.25˘238.95
463.25 17h 0.98˘0.05

0.05 –

HR 4796 152.0 A0V 7.10˘1.10 72.78˘1.75b 69.59˘30.88
69.59 378 f 1.56˘0.05

0.05 Xl

HD 110058 – A0V 5.00˘1.20 188.76˘34.11c 560.29˘48.08
560.29 10e 1.24˘0.19

0.34 –

HD 112810 82 F3/5IV/V 4.20˘1.20 134.60˘7.22c 1997.73˘1012.17
1997.73 10i 0.46˘0.05

0.05 –

HD 126135 – B8V 12.00˘6.00 165.02˘16.34b 5.00˘692.27
0.80 103 f 1.44˘0.10

0.08 –
HD 141378 107 A5IV-V -16.40˘2.00 55.54˘2.32c 10.05˘0.65

0.15 587 f 0.99˘0.04
0.04 –

HD 141327 – B9V -5.10˘2.40 213.29˘22.48c 4.88˘794.54
0.88 196 f 1.46˘0.09

0.12 –
HD 144981 155.20 A0V -1.30˘1.90 148.05˘10.17c 8.69˘1.17

1.53 11m 1.11˘0.08
0.07 Xn

HD 145554 340 B9V -6.15˘2.57 153.85˘11.26c 4.00˘76.72
4.00 11m 1.99˘0.10

0.13 –
HD 145631 287.00 B9V -5.56˘0.21 144.39˘8.88c 4.02˘93.26

4.02 11m 1.90˘0.07
0.08 –

HR 6051 306 B9V -7.80˘1.70 108.70˘6.85b 7.16˘737.63
1.59 11m 1.30˘0.06

0.06 –

HR 6507 180 A8Vp -36.10˘2.00 59.63˘0.93b 7.83˘0.22
0.72 600e 1.17˘0.01

0.01 –
cAql 110 A0IVp 12.00˘4.30 61.20˘1.35b 60.55˘0.00

60.55 506 f 1.29˘0.05
0.06 –

aZorec and Royer (2012), bvan Leeuwen (2007), cTGAS, dTorres et al (in prep.), eRhee et al. (2007),
f Gontcharov (2012), gHernández et al. (2006), hMittal et al. (2015), iBallering et al. (2013),
jDommanget and Nys (2002), kDocobo and Ling (2007), lJura et al. (1993), mPecaut et al. (2012),
nAndrews et al. (2017).

1Distances reported for this object range from „24 pc (van Leeuwen, 2007) to „775 pc (Kharchenko,
2001); both of those estimates report huge uncertainties (above 50%), and propagate to unreal-
istic luminosities and thus isochronal ages. For this reason we do not include this object in any
comparative analysis that involves age, luminosity and/or distance.
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data used in this study is shown in Table 3.3.

3.2 Methods and results

We analysed the calcium H & K lines at 3968.47 and 3933.66Å and the sodium D1 & D2 lines

at 5895.92 and 5889.95Å, respectively. The aim is to detect narrow absorption lines superimposed

on the photospheric line. These “extra” absorption lines indicate the presence of gas in the line

of sight of the star. To determine the nature of the gas we followed different approaches, that

we detail in the following sub-sections.

The first step in our analysis is to measure the radial velocity of the stars. Afterwards, we

determined the photospheric contribution for each line either by performing spectral synthesis

or by finding a “spectral twin”. Then, we identified additional (stable or transient) components

by removing the photospheric contribution before characterizing their properties.

Additionally, we also searched for signatures of Diffuse Interstellar Bands (DIBs), compared

the radial velocity of the absorption features to the radial velocities of known local clouds and

searched for similar extra absorption lines in nearby stars to better assess their nature.

3.2.1 Radial velocities

Since five of our objects did not have any reported radial velocity measurements in the

literature, we performed our own estimates for all objects aiming at a homogeneously determined

set of values and to assess the accuracy of our results.

In a first attempt to obtain the radial velocities, we computed the cross correlation function

for every epoch of each object using a synthetic model as a template. Unfortunately, since most

of our objects are fast rotators, their absorption lines have very wide profiles, and we did not

obtain consistent results between all the epochs, with dispersions up to 30 km.s´1. Therefore, we

decided to take a different approach and use a simpler but, in this case, more suitable technique.

For every epoch of each object we fit Lorentzian profiles to the most prominent absorption lines

in our spectra: Hα, Hβ, Hγ and Hδ. We excluded Hε because it is blended with the Ca ii H

line. We used a range of 1000 km.s´1 for the profile fitting of each (previously normalized) line

in velocity space and obtained the radial velocity of the line from the position of the profile with
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CHAPTER 3. DEBRIS DISKS WITH MULTIPLE ABSORPTION FEATURES

Table 3.3: Number of spectra for each star per date, instrument, ESO observing period and dates of
observations. Observations from our programmes are flagged with a *.

Name Number of Spectra Instrument Period Observation dates

β03 Tuc 6, 4, 2, 2, 2 HARPS P73, P75, P77, P77, P77 2004-09-30, 2005-08-19, 2006-05-[20, 25, 26]
2, 2, 2, 2, 2, 2 HARPS P84, P84, P84, P84, P84, P84 2009-11-[12, 13, 14, 15], 2009-12-[05, 08]

2, 2, 2, 2 HARPS P85, P86, P86, P87 2010-07-07, 2011-01-[06, 07], 2011-07-23
1, 1 FEROS P96, P96 2015-10-[23, 24]

66 Psc 1, 2 UVES P96, P97 2015-11-14*, 2016-07-23*
ν Hor 6, 2, 2 HARPS P75, P75, P77 2005-08-19, 2005-09-09, 2006-09-11

2, 2, 2, 6, 2 HARPS P80, P80, P80, P94, P94 2007-12-[05, 06, 10], 2015-01-[18, 20]
HD 24966 1 FEROS P96 2016-01-04*

2, 2, 2 UVES P97, P97, P97 2016-07-23*, 2016-08-[21, 29]*
HD 290540 1, 1 FEROS P96, P96 2016-01-[03, 04]*
HD 36444 1 FEROS P96 2016-01-04*
HD 290609 1 FEROS P96 2016-01-04*
HR 1919 4, 2, 2, 2, 2, 2 HARPS P76, P76, P76, P76, P76, P76 2006-02-[08, 09, 10, 11, 13], 2006-03-12

2, 2, 2, 2 HARPS P78, P80, P80, P80 2006-11-18, 2007-12-[05, 06, 10]
2, 1, 1 FEROS P96, P96, P96 2015-10-23, 2016-03-[28, 29]

HD 54341 3, 1 HARPS P94, P94 2015-01-[19, 20]
HD 60856 1 FEROS P96 2016-01-04*
HR 3300 6, 2, 2 HARPS P94, P4, 94 2015-01-[18, 20, 21]

1, 2, 3, 3 FEROS P82, P82, P82, P88 2008-11-[18, 21, 22], 2011-12-07
1, 1 FEROS P96, P96 2015-10-23, 2016-03-26

η Cha 2, 3 UVES P66, P66 2001-02-[16, 18]
3, 6, 2 HARPS P60, P94, P94 2005-02-12, 2015-01-[19, 20]
2, 2, 5 FEROS P60, P60, P60 2006-10-24, 2006-12-08, 2007-01-01
4, 4, 4 FEROS P60, P60, P60 2007-2-[16, 23, 24]
1, 1, 1 FEROS P84, P84, P84 2009-11-30, 2009-12-[05, 07]

1, 1, 1, 1, 1, 1 FEROS P84, P84, P84, P84, P85, P85 2010-01-[27, 28, 29, 30], 2010-06-[01, 14]
HD 92536 3, 3, 2, 1 HARPS P94, P94, P94, P94 2015-01-[18, 19, 20, 21]
3 Crv 6, 2, 2, 2, 2 HARPS P77, P77, P77, P80, P84 2006-05-[20, 21, 25], 2007-12-10, 2009-12-05

4, 2, 6, 2 HARPS P85, P85, P86, P86 2010-07-[08, 09], 2011-01-[04, 07]
2, 2, 2, 2 HARPS P86, P86, P86, P87 2011-02-[4, 5, 6], 2011-07-21

1, 1 FEROS P96, P96 2016-03-[26, 29]
HD 106036 2 UVES P96 2016-02-21*
HR 4796 74, 152, 76, 76, 92, 16 UVES P68, P79, P79, P79, P79, P79 2002-01-19, 2007-05-[07, 08, 13, 14, 15]

2, 3, 2, 3 HARPS P80, P94, P94, P94 2007-12-06, 2015-01-[19, 20, 21]
1, 1, 2, 1, 1 FEROS P79, P79, P79, P79, P79 2007-03-09, 2007-05-[01, 04, 12, 27]
2, 3, 4, 3 FEROS P96, P96, P96, P96 2016-03-[26, 27, 28, 29]

HD 110058 2, 1 FEROS P84, P87 2010-01-31, 2011-04-16
6, 2, 2, 2 HARPS P94, P94, P94, P94 2015-01-[18, 19, 20, 21]

HD 112810 2 UVES P96 2016-03-23*
HD 126135 1, 1, 2 HARPS P94, P94, P94 2015-01-[18, 20, 21]
HD 141378 1 FEROS P92 2014-02-18
HD 141327 1, 1, 2 FEROS P79, P81, P82 2007-04-02, 2008-04-01, 2009-02-06
HD 144981 1 FEROS P96 2016-03-28
HD 145554 1 FEROS P96 2016-03-29
HD 145631 1 FEROS P96 2016-03-29
HR 6051 1, 1, 1, 1 FEROS P96, P96, P96, P96 2016-03-[26, 27, 28, 29]
HR 6507 4, 2, 2, 2 HARPS P75, P77, P77, P77 2005-08-20, 2006-05-[20, 25], 2006-09-12

2, 5, 2, 2 HARPS P80, P80, P84, P84 2008-03-[17, 21], 2010-07-[08, 09]
6 UVES P83 2009-04-16

c Aql 10, 38 UVES P79, P87 2007-06-30, 2011-05-27
1, 1, 1 FEROS P83, P83, P83 2009-06-[02, 03], 2009-08-24
1, 1, 1 FEROS P85, P85, P85 2010-07-22, 2010-08-[23, 31]
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respect to the rest frame.

In order to address possible changes in the estimates of radial velocities due to activity, we

checked all our objects for emission features in the Balmer lines (not only for emission dominated

lines, but also for shallow core emissions). Only one object, namely HD 60856, presents emission

features in these lines. This emission is dominating the full line in the case of Hα and thus it

was not possible to model the photospheric profile. Therefore, only for this object, we decided

to exclude Hα from the radial velocity measurements. In addition, we bootstrapped each of

the remaining Balmer lines to estimate the impact of a core emission in our fitting procedure.

The standard deviation for the radial velocity from this procedure with 1000 realizations was

„1.6 km.s´1. This object has only one epoch of observations, therefore our estimated uncertainty

for the radial velocity takes into account the individual line fitting uncertainties and the dispersion

found among the different lines.

For all the other objects, since the cores of the lines appeared purely photospheric, we averaged

over all the epochs and lines, and the uncertainties were derived propagating the estimated errors.

In most cases, our radial velocity measurements are in good agreement with the ones found

in the literature (see Table 3.2), having average differences of „3 km.s´1. However, the radial

velocity value we determined for ν Hor differed by „17 km.s´1 with respect to the literature.

We compared both radial velocity values when fitting Kurucz (Castelli et al., 1997) models (see

Section 3.2.2) and concluded that our estimate provides a better match to our data. In general,

although differences with the literature were relatively small, in the model fitting process we

always obtained a better fit when shifting the model to our own estimates of radial velocity. In

any case, the large difference found for ν Hor is not that surprising given the high dispersion

in the measurements provided from different datasets in Wilson (1953), the reference adopted

in Simbad. Finally, we must also note that, for the whole sample, no significant shifts were

found between epochs, obtaining velocity dispersions per object of the order of „2 km.s´1. Our

resulting radial velocity estimates are shown in Table 3.4.

3.2.2 Spectral synthesis

For most objects (except HD 112810, see Sec. 3.2.3), we used Kurucz models (Castelli et al.,

1997) to fit and normalize the photospheric absorption, thus isolating the additional absorp-
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CHAPTER 3. DEBRIS DISKS WITH MULTIPLE ABSORPTION FEATURES

Table 3.4: Stellar parameters determined from the synthetic model fitting and radial velocity estimates
computed as described in Section ??. Radial velocity of stars in multiple or binary systems are flagged
with *. The typical uncertainties for the estimates of vsini and Teff(Ca ii K), are of „5 km.s´1 and 5-10%,
respectively. Dispersion values come from the measurements in the four different lines or from the grid
step size (entries marked with g) when the four lines yielded the same values.

Name vsini radV Teff(Ca ii K) log g [Fe/H]
[km.s´1] [km.s´1] [K] [dex]

β03 Tuc 100 6.05 ˘ 1.60* 9550 4.00 ˘ 0.50 +0.17 ˘ 0.20
66 Psc 150 4.32 ˘ 2.66* 10750 3.90 ˘ 0.23 -0.38 ˘ 0.54
ν Hor 140 13.58 ˘ 1.67 8300 4.25 ˘ 0.25 -0.20 ˘ 0.31
HD 24966 210 15.70 ˘ 3.15 9250 4.38 ˘ 0.22 -0.03 ˘ 0.58
HD 290540 200 27.26 ˘ 3.12 10500 4.25 ˘ 0.25 -0.88 ˘ 0.22
HD 36444 360 26.72 ˘ 4.50 10250 4.00 ˘ 0.35 -0.62 ˘ 0.65
HD 290609 100 25.87 ˘ 1.65 10500 3.88 ˘ 0.41 -0.07 ˘ 0.26
HR 1919 140 23.49 ˘ 1.28 8800 4.15 ˘ 0.38 -0.12 ˘ 0.22
HD 54341 140 41.03 ˘ 0.95 10500 4.50 ˘ 0.25g -0.12 ˘ 0.22
HD 60856 40 34.78 ˘ 3.58 14000 4.12 ˘ 0.22 -0.38 ˘ 0.41
HR 3300 210 22.35 ˘ 0.72 9550 4.25 ˘ 0.25 +0.10 ˘ 0.37
η Cha 280 15.21 ˘ 1.41 11750 3.75 ˘ 0.25 -0.88 ˘ 0.22
HD 92536 180 15.45 ˘ 0.44 11150 3.88 ˘ 0.41 -0.45 ˘ 0.55
3 Crv 130 14.41 ˘ 1.09 8500 4.12 ˘ 0.22 +0.17 ˘ 0.41
HD 106036 160 9.37 ˘ 2.34 9000 4.50 ˘ 0.25g +0.00 ˘ 0.25g
HR 4796 150 5.35 ˘ 2.94* 9800 4.25 ˘ 0.25 -0.07 ˘ 0.26
HD 110058 150 11.20 ˘ 0.81 9000 4.03 ˘ 0.36 -0.33 ˘ 0.47
HD 112810 – 5.25 ˘ 2.24 – – –
HD 126135 310 11.73 ˘ 0.67 11250 3.88 ˘ 0.41 -0.62 ˘ 0.65
HD 141378 80 -14.68 ˘ 2.62 8750 4.50 ˘ 0.25g +0.42 ˘ 0.13
HD 141327 250 -4.65 ˘ 2.40 10550 4.00 ˘ 0.35 -0.50 ˘ 0.50
HD 144981 210 -6.47 ˘ 1.59 10000 4.38 ˘ 0.22 -0.12 ˘ 0.41
HD 145554 250 -9.66 ˘ 1.49 10750 3.88 ˘ 0.41 -1.00 ˘ 0.25g
HD 145631 300 -9.86 ˘ 1.90 9750 4.00 ˘ 0.35 -1.00 ˘ 0.25g
HR 6051 320 -7.26 ˘ 4.11 10250 3.77 ˘ 0.28 -1.00 ˘ 0.25g
HR 6507 140 -36.13 ˘ 2.49 7750 4.25 ˘ 0.25 +0.28 ˘ 0.13
c Aql 90 17.29 ˘ 2.61 9700 4.35 ˘ 0.26 -0.57 ˘ 0.49
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tion lines. The models were computed using the spectral synthesis codes SYNTHE and ATLAS 9

(Sbordone et al., 2004).

For each line we computed the normalized median spectrum from all the epochs, to use it

as a robust reference for the fitting process. Since the radial velocity dispersion along all the

epochs is small („2 km.s´1), the median can be used as a good reference. For each of the median

spectrum, the uncertainties are derived using the standard deviation of all epochs if there are

more than 2 epochs. For objects with only one or two epochs, the pipelines do not always

provide uncertainties. Therefore, for each wavelength point, we estimate the standard deviation

in a moving box with a width of 33 wavelength points. Then, we computed a grid of models with

different stellar parameters for the wavelength ranges containing the Ca ii and Na i doublets. The

free parameters that can be investigated in the modelling process are: the effective temperature

Teff, the surface gravity log g, the metallicity [Fe/H], turbulent velocity, additional turbulence,

opacity threshold for the lines, and projected rotational velocity vsini. We adopted standard

values for the turbulent velocity, additional turbulence and opacity threshold; and explored the

remaining parameters: Teff, log g, [Fe/H] and vsini. Table 3.5 summarizes the fixed values and

range of parameters that we explored in the fitting process. Those ranges were chosen according

to previous estimates available in the literature. Our model fitting procedure consists of a simple

two-step χ2 minimization. The fits were performed for each line independently since, possibly

due to non-Local Thermodynamic Equilibrium (non-LTE) effects (Mashonkina et al. 2000, Plez

2013 and Sitnova et al. 2017), it is hardly possible to obtain good matches for all of them

simultaneously. The only parameter determined using all the lines at once is vsini. The first step

consists of estimating approximate values for all the parameters, within a coarse grid of models.

The step sizes are reported in Table 3.5. Afterwards, we used a simplex downhill method with

finer interpolations for Teff and log g, with steps of 50 K and 0.1 dex, respectively. To avoid

local minima, we repeated the simplex downhill algorithm several times (6–10 times, depending

on the convergence of each object), initializing it from different regions of the parameter space

that yielded similar (a factor 2 with respect to the minimum) χ2 values in the coarse grid. The

convergence criterion for the downhill algorithm was set to an improvement in the goodness of fit

by 10´4. Given that Ca ii K is the most sensitive photospheric temperature tracer among all the

lines studied (Gray and Corbally, 2009), in Table 3.4 we report as the best fitting temperature
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Table 3.5: Adopted and explored values for the parameters of the Kurucz models.

Parameter Values

Turbulent Velocity 2.0 km.s´1

Additional Turbulence 0.0 km.s´1

Opacity Threshold 0.001
Teff 6000–13000 K, with ∆=250 K
log g [3.5, 4.0, 4.5]
rFe{Hs [-1.0, -0.5, 0.0, +0.2, +0.5]
vsini 20–400 km.s´1, with ∆=10 km.s´1

the one obtained for that line. A rather conservative confidence interval is estimated from all

the models that returned a relative change in χ2 smaller than 50% compared to the best fitting

model. On the other hand, for log g and [Fe/H], we provide an average of the values obtained

for the four lines, and the associated uncertainties correspond to their standard deviations.

Once the best fitting model per line is found, it is used to isolate the extra absorption lines

from the photospheric profile. The best fits for each object and lines are displayed in Figures 3.1

(below) and C.1 to C.4 (in the Appendix).

We were able to find matching photospheric models for all the objects except for one, and

the resulting parameters are consistent with their spectral types from the literature. The only

exception is HD 112810, which is an F3/5IV/V spectral type according to the literature and the

only F-type star within the sample presented in this chapter (we further discuss this object in

Section 3.2.3). Otherwise, for each individual object, the dispersion in Teff for the four different

lines is of the order of „ 300 K, which is expected when accounting for non-LTE effects (Przybilla

et al. 2011, Plez 2013 and Sitnova et al. 2017).

3.2.3 Spectral twins

As an alternative to the synthetic spectrum, we also performed a search for the closest

spectral match within all the objects in our sample for which we have spectra (i.e. 234 objects).

In particular, we compared the median spectrum (the same as the reference spectrum) of each

candidate against the median spectrum of each object in the sample with similar spectral types.

We used a range of 11 subtypes (e.g. between A0 and F0 for an A5 candidate) for the spectral

twin search.
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Figure 3.1: Best-fit models for β03 Tuc’s, 66 Psc’s, ν Hor’s, HD 24966’s, HD 290540’s and HD 36444’s
Ca ii H&K and Na i D1&D2 lines. Median from the real spectra in black, synthetic spectrum in red.
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HD 112810’s Spectral Twin

Figure 3.2: Spectral twin found for HD 112810 (in black): the F4IV type star HD 15115 (in red). The
radial velocities of both stars have been shifted to zero for a better comparison. No additional broadening
has been added to the spectra of any of the two objects.

Similar to the synthetic model fit, we selected the best fitting “template” in terms of mini-

mum χ2. The only difference is that in the χ2 calculation we neglected the wavelength regions

containing the 10% most distant data points between the two spectra being compared, in order

to avoid a bias induced by the presence of extra features in either spectra.

In the case of HD 112810, since we were not able to find a satisfactory Kurucz model, we

used the spectral twin we found for the object as a photospheric model to isolate the absorption

feature. As can be seen in Fig. 3.2, HD 15115 is a good match to the spectrum of HD 112810.

3.2.4 Identification and characterization of features

We started by normalizing the reference (median) spectrum by the synthetic model (or spec-

tral twin for HD 112810) to isolate the extra absorption features. In some cases when the model

is not a perfect match (often the case in the wings of the photospheric lines), the normalized

spectrum shows a “wavy” pattern, that makes the characterization of the extra features more

challenging. In those cases we performed a polynomial fit to the normalized spectrum to remove

this wavy pattern.

Afterwards, we performed Gaussian fitting to each of the extra absorption features in order

to derive radial velocities, equivalent widths and apparent column densities. In the case of

blended absorption lines, we modelled a combined Gaussian profile with the minimum number
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of Gaussians that would finely fit the profile, as shown in Figs. 3.3 (below) and C.5–C.12 (in the

Appendix). We only considered as “real absorption features” those with significance above 3σ

over the residual spectrum, the significance being measured from the amplitude of the Gaussian

fit. We considered a feature to be “the same” as that present in another line of the same object

when the absolute difference of the radial velocity of both features is ď 2σ, where σ “
b

σ2
1 ` σ2

2 ,

being σ1 and σ2 the uncertainty of the radial velocity of each feature.

Radial velocities and equivalent widths were estimated from the best Gaussian(s) fit. In

addition, apparent column densities were estimated following Savage and Sembach (1991) and

using the oscillator strength values f from Morton (1991). We checked our own estimates for

three stars against results produced by the Vapid code (Voigt Absorption Profile Interstellar

Dabbler Howarth et al., 2002, which can model interstellar absorption lines) and they agreed

within the uncertainties. Apparent column density (Caii/Nai) ratios were also computed as they

can help to discriminate the origin of the features.

We noticed that for some of the objects with Na i column densities exceeding 12.0, the column

density in Na i D1 is larger by about 0.2 dex than the one for Na i D2. This is likely caused

by saturation, i.e. the line with the weaker transition yields a higher column density. Although

this problem affects the precision of the measurements in these particular cases, in the end it

does not strongly bias the final verdict on the origin of the gas, since we have performed several

independent kinds of analysis in order to reach our conclusions.

The parameters for each line and feature are presented in Table 3.6. The average radial

velocity of each feature and their N(Caii/Nai) are shown in Table 3.8. As can be seen in the

Tables, the range of properties is very wide, including blue and red-shifted components, weak

and intense features, either Ca ii or Na i rich. The detailed discussion on the impact of these

parameter in determining the origin of the gas responsible for the feature is left to Section 3.3.
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Table 3.6: Absorption feature parameters. Heliocentric radial velocity, apparent column density and
equivalent width of the features present in each line. Uncertainties for the radial velocities are in the order
of 2.3 km.s´1 for the Caii lines and 1.5 km.s´1 for the Nai lines. Apparent column densities and equivalent
widths have uncertainties of 3–4% for the Caii lines and 1–2% for the Nai lines.

Caii K Caii H Nai D1 Nai D2

Name radV log10 N EW radV log10 N EW radV log10 N EW radV log10 N EW

[km.s´1] [cm´2] [mÅ] [km.s´1] [cm´2] [mÅ] [km.s´1] [cm´2] [mÅ] [km.s´1] [cm´2] [mÅ]

β03 Tuc -12.23 9.78 0.52 – – – – – – -10.21 9.24 0.34

-3.52 10.03 0.91 -4.41 10.14 0.60 -3.50 10.50 3.10 -3.51 10.51 6.25

1.89 10.57 3.19 1.72 10.29 0.84 – – – 3.18 9.64 0.85

66 Psc -5.14 11.10 10.38 -6.01 11.05 4.72 -5.83 11.28 17.49 -5.85 11.27 31.64

2.58 10.25 1.51 – – – -1.44 10.48 2.93 0.32 10.18 2.93

10.74 10.56 3.09 – – – 12.23 9.71 0.51 – – –

νHor 5.41 10.55 3.04 4.18 10.35 0.96 3.86 9.52 0.33 2.97 9.78 1.20

13.03 10.46 2.46 12.35 10.36 1.00 13.02 10.02 1.03 12.57 9.86 1.43

– – – – – – -8.91 9.67 0.46 -9.27 9.41 0.51

HD 24966 -13.10 10.52 2.79 – – – – – – – – –

17.00 10.89 6.55 15.04 10.71 2.23 15.34 9.90 0.78 15.32 9.87 1.45

30.21 10.37 1.98 – – – – – – 34.08 9.55 0.69

HD 290540 9.51 11.61 32.77 9.27 11.50 13.29 9.09 11.45 26.23 9.26 11.44 49.67

23.96 12.00 64.17 24.15 12.14 49.91 23.47 12.13 98.75 23.56 11.96 123.98

33.78 11.13 11.33 37.80 10.67 2.02 35.16 11.30 18.97 35.30 11.29 35.55

– – – – – – -4.17 10.28 1.86 -3.82 10.44 5.31

HD 36444 7.27 11.16 12.03 6.91 11.28 7.96 9.02 11.44 25.95 8.79 11.30 36.31

21.96 11.70 38.88 21.72 11.82 27.16 22.13 11.95 72.57 22.15 11.87 109.98

31.40 11.11 10.57 31.98 11.13 5.79 30.81 11.23 16.26 31.00 10.98 18.06

38.79 11.21 13.46 42.23 11.33 9.06 – – – – – –

HD 290609 -9.23 10.91 6.86 – – – -8.56 10.43 2.61 – – –

9.65 11.98 71.21 9.35 12.04 44.61 8.46 11.62 38.92 8.50 11.54 61.20

24.00 12.01 69.05 24.08 12.06 43.66 22.92 12.26 125.13 23.02 12.08 149.96

34.38 11.62 33.45 37.31 11.85 29.57 35.39 11.33 20.65 32.52 11.12 24.87

49.65 11.63 35.35 55.24 11.63 17.92 53.69 10.78 5.84 46.45 10.75 11.01

HR 1919 10.92 11.20 12.71 10.56 11.11 5.48 10.39 10.44 2.71 10.63 10.36 4.44

32.17 11.57 28.28 30.84 11.37 9.74 30.92 10.46 2.80 30.51 10.34 4.27

38.79 10.64 3.66 35.43 11.12 5.61 36.77 9.69 0.48 35.58 9.97 1.82

HD 54341 10.32 10.07 1.01 – – – – – – – – –

24.49 10.36 1.96 26.17 10.50 1.35 24.95 9.91 0.79 25.91 10.05 2.22

– – – – – – – – – 3.31 9.85 1.39

HD 60856 20.39 11.69 36.77 20.14 11.82 26.63 20.38 12.25 118.41 20.38 12.03 134.94

30.65 10.71 4.37 31.10 10.82 2.85 28.72 10.70 4.86 29.47 10.42 5.13

HR 3300 5.62 10.77 4.99 4.95 10.50 1.38 7.52 10.18 1.49 5.72 10.19 3.01

15.83 10.21 1.37 16.04 10.28 0.83 17.66 10.20 1.57 17.45 10.22 3.27

20.82 10.30 1.69 – – – – – – – – –

ηCha -3.37 10.13 1.16 -3.46 10.11 0.55 -1.05 9.57 0.36 -3.46 9.84 1.36

10.09 10.77 4.97 9.55 10.76 2.49 11.92 10.46 2.85 12.20 10.44 5.34

HD 92536 2.81 10.60 3.36 1.57 10.22 0.72 -0.23 9.50 0.31 -0.56 9.74 1.07

9.94 11.40 19.84 9.59 11.45 11.85 9.19 11.55 31.90 9.18 11.53 56.67

18.21 11.27 15.18 18.31 11.22 6.96 17.59 10.90 7.77 17.25 10.90 15.15

3 Crv -6.64 11.05 9.23 -7.69 10.83 2.89 -6.81 10.76 5.53 -6.86 10.71 9.60

-1.45 10.67 3.86 -3.19 11.01 4.35 -1.22 9.83 0.67 -1.71 9.91 1.60

2.21 10.54 2.95 3.70 9.69 0.21 – – – – – –

HD 106036 -6.17 11.03 9.13 -3.40 11.20 6.78 – – – – – –

9.97 11.30 16.57 10.39 11.08 5.13 – – – – – –

HR 4796 -14.40 10.41 2.18 -14.60 10.49 1.33 -11.10 9.89 0.76 -11.76 9.85 1.40

-5.57 10.40 2.14 -5.84 10.26 0.79 -5.01 10.51 3.19 -5.11 10.54 6.75

Continued on next page
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Table 3.6 – continued from previous page

Caii K Caii H Nai D1 Nai D2

Name radV log10 N EW radV log10 N EW radV log10 N EW radV log10 N EW

[km.s´1] [cm´2] [mÅ] [km.s´1] [cm´2] [mÅ] [km.s´1] [cm´2] [mÅ] [km.s´1] [cm´2] [mÅ]

5.20 9.78 0.52 – – – – – – – – –

HD 110058 1.85 11.47 24.38 0.97 11.45 12.04 0.56 11.23 16.31 0.42 11.24 32.67

12.50 11.50 21.89 12.19 11.77 20.79 12.36 11.76 41.72 12.34 11.49 43.52

HD 112810 -12.11 11.07 9.76 -10.86 10.88 3.23 – – – – – –

-3.76 11.60 29.69 -4.49 11.57 14.99 – – – – – –

3.77 11.01 8.46 2.28 11.25 7.58 – – – – – –

HD 126135 -22.78 10.25 1.51 – – – -22.49 10.01 1.01 -22.12 10.06 2.23

-14.89 10.73 4.45 -15.59 10.60 1.71 -13.47 10.84 6.73 -14.36 10.67 9.03

-8.32 10.59 3.27 -9.90 10.56 1.57 -7.83 10.02 1.04 -10.23 10.46 5.64

4.16 10.92 6.83 3.83 10.85 3.05 4.25 11.59 33.50 4.36 11.57 58.21

– – – – – – – – – 26.30 9.63 0.84

HD 141378 -30.03 10.79 5.16 – – – – – – – – –

-15.02 10.36 1.93 – – – – – – – – –

HD 141327 -18.37 11.33 18.11 -21.23 11.22 7.07 -23.48 10.42 2.58 -23.69 10.41 4.97

-1.43 11.95 66.92 -2.40 11.97 37.57 -4.17 12.51 203.27 -4.20 12.43 260.97

14.78 11.80 47.59 14.23 11.82 26.94 14.66 10.77 5.73 14.16 10.77 11.18

22.92 11.04 9.25 21.83 10.97 4.06 23.11 10.60 3.90 22.75 10.75 10.90

HD 144981 -27.17 10.86 6.15 -30.40 10.81 2.77 -21.05 11.09 11.84 -22.45 11.01 19.47

-8.20 11.69 36.90 -8.63 11.75 22.69 -9.81 12.52 181.35 -10.01 12.33 208.88

HD 145554 -26.55 10.87 6.22 -23.03 11.00 4.25 -26.91 11.60 35.07 -26.96 11.47 49.80

-9.45 11.81 44.49 -9.64 11.83 25.87 -12.01 12.36 141.27 -12.20 12.13 155.45

HD 145631 -28.32 10.86 6.17 -29.29 10.61 1.74 -26.75 11.31 19.19 -26.80 11.25 32.55

-8.51 11.72 37.67 -8.77 11.82 25.33 -11.14 12.37 143.45 -11.41 12.16 163.49

HR 6051 -26.76 11.05 9.43 -27.04 11.02 4.50 -24.12 11.67 40.88 -24.20 11.53 56.64

-9.38 10.73 4.57 -10.08 10.78 2.60 -11.17 11.73 46.34 -11.34 11.56 59.13

HR 6507 -38.93 10.32 1.78 -39.26 11.02 4.49 -38.62 10.39 2.40 -39.01 9.97 1.82

-30.41 11.12 10.98 -29.52 11.29 8.22 -29.80 10.26 1.80 -29.10 10.42 5.09

-24.86 11.25 14.00 -25.05 11.22 6.84 -25.08 10.97 8.71 -25.09 10.91 14.68

c Aql -31.19 10.49 2.64 -31.67 10.52 1.44 – – – – – –

-19.67 10.34 1.88 -19.88 10.44 1.21 – – – – – –

3.2.5 Variability of the extra absorption features

We investigated the variability of additional absorption lines in two ways: first by analysing

their stability when they are detected in all the epochs and second by looking for transient

absorption features that appear in a handful of epochs. For the first method, we performed

the same Gaussian fitting described above, but on each individual epoch and we searched for

variations in flux and velocity of those “stable” components (since they are present in all the

epochs they also appear in the reference spectrum). For the second method, we searched for

additional variable detections above a 3σ level that might appear in some of the epochs. Such

transient detections could be related to FEB-like events.
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Figure 3.3: Absorption profiles of the Ca ii H & K and Na i D1 & D2 lines for β03 Tuc, 66 Psc and ν Hor.
Photospheric absorptions have been subtracted and the remaining extra components have been modelled
by gaussian profiles. Individual gaussian fits are shown in dotted magenta lines and the combined profile
is shown in red. Dashed black line marks the estimated radial velocity of the star and cyan lines mark
the velocity of the traversing clouds in the line of sight with their respective errors as their line widths.
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Figure 3.4: Left: Variability in the Caii K line of c Aql during the night of 2011-05-27, the UT of each
observation is shown in the legend. Right: Example of variability detected in HR 4796 at the stellar radial
velocity along a selection of spectra taken on 2002-01-19. The thick black line in each Figure shows the
median spectrum for comparison. The radial velocity of the star is marked with a dashed black line in
both Figures.

We found variable absorption features attributable to FEB-like events in specific epochs of

the objects c Aql and HR 4796. In particular, in the case of c Aql we detected very short-term

variations from within a few nights to within a few minutes. Variations detected on the night

of 2011-05-27 are shown in Fig. 3.4 for the Ca ii K line, and they are also present in the Ca ii

H and Na i lines for some of the observations. These variations, likely attributable to intense

exocometary activity, are detected at „35 km.s´1, red-shifted with respect to the radial velocity

of the star.

We have also detected variability in the Caii K line of HR 4796. The observed variations

appear as a small feature detected at 5.30 km.s´1, matching the radial velocity of the star (5.35

km.s´1). Since we have collected over 200 individual spectra of HR 4796, in Fig. 3.4 we only

show a selection of a few epochs as examples of the variability observed around this star. These

detections are narrow and only slightly over 3σ. Since the strength of Ca ii H line is roughly half

that of the Ca ii K line, we do not expect to have a significant detection in the latter (as was the

case). However, it is reassuring (in the circumstellar gas scenario) that all the detections in the

Ca ii K line match the radial velocity of the star.

In addition, we have detected low-level („ 2σ) variability in the residual spectra of HR 6507.

However, this variability presents itself as a very broad component covering the full range of
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Figure 3.5: Variability in the residuals of the Caii K line of HR 6507 after normalizing all the epochs by
the reference spectrum. The date of each observation is shown. The radial velocity of the star is marked
with a dashed black line.

velocities of the photospheric line, as can be seen in Fig. 3.5. In order to determine if this

variability was produced by circumstellar gas or the star itself, we also analysed the Hα line.

Neither narrow emission nor absorption were detected in this line. However, the same broad

variability was found, more consistent with photospheric variation. This star is classified as a

shell star in (Hauck and Jaschek 2000, Jaschek et al. 1991), but even the shell classification is

questioned in Jaschek et al. (1988) and Jaschek and Andrillat (1998). From the velocity field

involved, this variability is more likely due to the presence of spots (as described in Figueira

2013).

3.2.6 Local Interstellar Medium features

Objects with known clouds in the line of sight

We looked for local interstellar clouds in the line of sight of the stars, as this clouds could

explain the presence of the extra absorption lines that we observe. We used the online Local
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InterStellar Medium (LISM) Kinematic Calculator2 (Redfield and Linsky, 2008) which predicts

the radial and transverse velocities of LISM clouds in any direction and calculates which clouds

are traversed by any given line of sight.

We found traversing known clouds from the Redfield and Linsky (2008) catalogue for 18 of

our objects and, in most cases, the radial velocity of the clouds matched the velocity of some of

the absorption features. In Table 3.8 we present the clouds traversing the line of sight of each

object, their heliocentric radial velocities and whether they match one of the absorption lines or

not. As can be seen in the Table, a significant number of our features are attributable to gas

located in the G cloud, which is an interstellar cloud located next to the Local Interstellar Cloud

(LIC).

Objects with Diffuse Interstellar Bands

We have analysed the Diffuse Interstellar Bands (DIBs) at wavelengths 5780.5Å and 5797.1Å.

DIBs are absorption features caused by the ISM and they can be detected in the UV, optical

and IR wavelengths. DIBs are much broader than the atomic interstellar lines, having full width

at half maximum ranging from „0.8-30 Å, presumably due to unresolved rotational structure of

large carbon-bearing molecules, which are common in the interstellar medium (Herbig, 1995).

The DIBs we have chosen to analyse are some of the strongest DIBs detectable in optical spectra.

The presence of absorption features at any of these particular wavelengths might indicate the

presence of ISM in the line of sight of the star, as DIBs are hardly attributable to circumstellar

gas around pre-main sequence or main sequence stars (as opposed to objects that have departed

the main sequence, see for e.g. Dı́az-Luis et al. 2015).

We detected the presence of absorption lines likely to be due to DIBs in the 12 objects listed

in Table 3.7. These absorption lines are broad and diffuse, making it difficult to obtain precise

measurements of their radial velocities. Therefore we use this criteria mostly to confirm the

presence of ISM within a certain velocity range. We note that although in most cases we have

identified diffuse bands at both wavelength locations, for HR 3300, HD 92536, and HD 126135 we

have detected DIBs at only one of the wavelengths. This can be explained by the fact that the

intensity of the bands detected for those three sources is much lower than in the other cases;

2http://lism.wesleyan.edu/LISMdynamics.html
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Table 3.7: Summary of the detection of absorptions consistent with DIBs at either 5780.5Å or 5797.1Å.

Name DIB at 5780.5 Å DIB at 5797.1 Å

β03 Tuc 7 7

66 Psc 7 7

ν Hor 7 7

HD 24966 7 7

HD 290540 X X
HD 36444 X X
HD 290609 X X
HR 1919 7 7

HD 54341 7 7

HD 60856 X X
HR 3300 7 X
η Cha 7 7

HD 92536 X 7

3 Crv 7 7

HD 106036 7 7

HR 4796 7 7

HD 110058 7 7

HD 112810 7 7

HD 126135 X 7

HD 141378 7 7

HD 141327 X X
HD 144981 X X
HD 145554 X X
HD 145631 X X
HR 6051 X X
HR 6507 7 7

c Aql 7 7

therefore we interpret the difference as a sensitivity issue rather than a physical one.

Nearby stars analysis

Similarly to the analysis performed on the objects in our sample, we analysed the Ca ii K

lines of nearby stars searching for the presence of absorption features at similar velocities to the

ones observed in our objects. Finding these similar absorption lines in the line of sight towards

nearby stars would strongly suggest an ISM origin for the gas feature(s). We chose to analyse

the Ca ii K line since its absorption is more intense and easier to detect than the H line and it

is the main tracer of circumstellar gas in the optical.
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For each star of our sample, we searched for high resolution spectra of nearby stars within a

search-box of up to 6 degrees („ 3 degrees radius). Considering the distances of the objects, the

equivalent projected separations between the targets and their neighbours range between „0.1 pc

and „30 pc. From the gathered data, we only considered objects having early spectral types,

ideally between B0 and F5, since absorption features are harder to detect in later spectral types.

Non-photospheric gas absorptions are easily spotted when superimposed on fast rotators having

wider (and fewer) spectral lines.

We found suitable nearby stars for all the candidates except for 66 Psc and HD 24966. The

observations used for this analysis are described in Table C.1 found in the Appendix. We found

absorption features present in all the nearby stars and they match most of the absorption features

found in our objects, confirming the interstellar origin for the majority of the features. In the

case of HD 110058, we found that three nearby stars presented one absorption feature matching

HD 110058 absorption line at „1 km.s´1, one star shows a weak absorption matching the radial

velocity of the G cloud, but none of the nearby stars shows any signs of absorption lines matching

the one at „12 km.s´1, which also happens to be near the estimated radial velocity of this star.

Therefore we propose a circumstellar origin for this feature.

A comparison of the nearby stars absorption lines against our objects and their respective

angular separations are shown in Figs. 3.6, below, and C.13 to C.15, in the Appendix.

3.2.7 General results

We present a summary of our results regarding stable features in Table 3.8, in which we

report the radial velocity of the star, the traversing clouds, their radial velocities and whether

they match one of the observed features, the average velocities of each absorption feature, its

Caii/Nai density ratio, whether it has a matching absorption in a nearby star and our verdict

on its origin; ISM (InterStellar Medium) or CS (CircumStellar).

Most of the stable features are likely produced by clouds in the line of sight and not by the

circumstellar medium, except in the cases of HR 4796 and HD 110058. We find that two objects

present variability: HR 4796 shows flux variations in its feature located at the same velocity as

the star and c Aql exhibits transient red-shifted absorption lines with characteristics of FEB-

like events. Another interesting case is that of HR 6507, for which a clear diagnostic cannot be
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Figure 3.6: Nearby stars around β03 Tuc, ν Hor, HD 290540 (along with HD 36444 and HD 290609),
HR1919, HD 54341 and HD 60856. Dashed line marks the estimated radial velocity of the star and cyan
lines mark the velocity of the traversing clouds in the line of sight with their respective errors as their line
widths.
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attained with the available data as discussed in Sec. 3.3.2.

Table 3.8: Absorption components and their mean radial velocity, Caii/Nai density ratio, absorption
feature detection in a nearby star and proposed origin.

Name Stellar RV Cloud Cloud RV Match Feat. RV
NpCaiiq
NpNaiq Nearby Origin

[km.s´1] Name [km.s´1] Feat.? [km.s´1] star

β03 Tuc 6.05 ˘ 1.60 – – – -11.22 3.47 X ISM

Dor 13.85 ˘ 0.65 7 -3.74 0.38 X ISM

Vel 2.54 ˘ 0.78 X 2.26 13.08 X ISM

66 Psc 4.32 ˘ 2.66 – – – -5.71 0.63 – ISM

– – – 0.49 0.40 – ISM

LIC 11.44 ˘ 1.29 X 11.49 7.03 – ISM

ν Hor 13.58 ˘ 1.67 G 5.33 ˘ 1.52 X 4.11 6.16 X ISM

Vel 12.65 ˘ 0.93 X 12.74 2.94 X ISM

Cet 9.85 ˘ 0.63 7 -9.09 ă 1 X ISM

HD 24966 15.70 ˘ 3.15 Blue 10.59 ˘ 1.30 7 -13.10 ą 5 – ISM

G 17.51 ˘ 1.38 X 15.68 8.40 – ISM

Dor 32.11 ˘ 0.85 X 32.15 6.58 – ISM

HD 290540 27.26 ˘ 3.12 – – – 9.28 1.31 X ISM

– – – 23.78 1.04 X ISM

– – – 35.51 0.46 X ISM

– – – -3.99 ă 1 X ISM

HD 36444 26.72 ˘ 4.50 – – – 8.00 0.70 X ISM

LIC 22.75 ˘ 0.96 X 21.99 0.72 X ISM

– – – 31.30 1.00 X ISM

– – – 40.51 ą 5 X ISM

HD 290609 25.87 ˘ 1.65 – – – -8.89 3.05 X ISM

– – – 8.99 2.70 X ISM

– – – 23.50 0.73 X ISM

– – – 34.90 3.24 X ISM

– – – 51.26 7.33 X ISM

HR 1919 23.49 ˘ 1.28 – – – 10.63 5.59 X ISM

– – – 31.11 11.97 X ISM

Continued on next page
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Table 3.8 – continued from previous page

Name Stellar RV Cloud Cloud RV Match Feat. RV
NpCaiiq
NpNaiq Nearby Origin

[km.s´1] Name [km.s´1] Feat.? [km.s´1] star

– – – 36.64 12.35 X ISM

HD 54341 41.03 ˘ 0.95 – – – 3.31 ă 1 X ISM

Blue 9.59 ˘ 0.93 X 10.32 ą 5 X ISM

– – – 25.38 2.80 X ISM

HD 60856 31.89 ˘ 1.59 LIC 16.37 ˘ 1.18 7 20.32 0.40 X ISM

– – – 29.98 1.55 X ISM

HR 3300 22.35 ˘ 0.72 G 4.62 ˘ 0.94 X 5.95 2.97 X ISM

Vel 15.00 ˘ 0.97 X 16.75 1.08 X ISM

Cet 20.50 ˘ 0.87 X 20.82 ą 5 X ISM

η Cha 15.21 ˘ 1.41 G -4.07 ˘ 1.17 X -2.84 2.47 X ISM

Vel 0.02 ˘ 0.75 7 10.94 2.07 X ISM

HD 92536 15.45 ˘ 0.44 G -6.09 ˘ 0.97 7 0.90 6.52 X ISM

– – – 9.47 0.77 X ISM

– – – 17.84 2.21 X ISM

3 Crv 14.41 ˘ 1.09 Leo -5.36 ˘ 1.05 X -7.00 1.65 X ISM

– – – -1.89 9.91 X ISM

Gem 2.54 ˘ 0.95 X 2.96 ą 5 X ISM

HD 106036 9.37 ˘ 2.34 G -11.13 ˘ 0.98 7 -4.78 – X ISM

– – – 10.18 – X ISM

HR 4796 5.35 ˘ 2.94 – – – -12.97 3.79 X ISM

– – – -5.38 0.64 X ISM

– – – 5.20 ą 5 7 CS

HD 110058 11.20 ˘ 0.81 G -14.46 ˘ 0.97 7 0.95 1.68 X ISM

– – – 12.35 1.02 7 CS

HD 112810 5.25 ˘ 2.24 G -15.70 ˘ 0.97 7 -11.48 – X ISM

– – – -4.12 – X ISM

– – – 3.02 – X ISM

HD 126135 11.73 ˘ 0.67 NGP -24.28 ˘ 1.22 X -22.46 0.82 X ISM

Gem -14.33 ˘ 1.01 X -14.58 0.80 X ISM

– – – -9.07 1.89 X ISM

Continued on next page
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Table 3.8 – continued from previous page

Name Stellar RV Cloud Cloud RV Match Feat. RV
NpCaiiq
NpNaiq Nearby Origin

[km.s´1] Name [km.s´1] Feat.? [km.s´1] star

– – – 4.15 0.20 X ISM

– – – 26.30 ă 1 X ISM

HD 141378 -14.68 ˘ 2.62 G -28.37 ˘ 1.18 X -30.03 ą 5 X ISM

– – – -15.02 ą 5 X ISM

HD 141327 -4.65 ˘ 2.40 G -27.31 ˘ 1.08 7 -21.69 7.32 X ISM

– – – -3.05 0.31 X ISM

– – – 14.46 11.08 X ISM

– – – 22.65 2.12 X ISM

HD 144981 -6.47 ˘ 1.59 G -29.16 ˘ 1.10 X -26.16 0.83 X ISM

– – – -10.32 0.20 X ISM

HD 145554 -9.66 ˘ 1.49 G -29.20 ˘ 1.10 X -28.23 0.33 X ISM

– – – -12.23 0.36 X ISM

HD 145631 -9.86 ˘ 1.90 G -29.21 ˘ 1.10 X -28.51 0.50 X ISM

– – – -11.21 0.32 X ISM

HR 6051 -7.26 ˘ 4.11 G -29.14 ˘ 1.10 X -26.55 0.29 X ISM

– – – -11.49 0.13 X ISM

HR 6507 -36.13 ˘ 2.49 – – – -38.95 3.72 X ISM

– – – -29.71 7.33 X ISM

– – – -25.02 1.99 X ISM

c Aql 17.29 ˘ 2.61 Mic, Aql -26.86, -25.26 7 -31.43 ą 5 7 ISM

Eri -20.11 ˘ 1.14 X -19.77 ą 5 X ISM

3.3 Discussion

Gas absorption features superimposed on photospheric lines look fairly similar whether they

are caused by clouds in the line of sight of the star or by the presence of stable gas in the

circumstellar environment. Therefore, a detailed analysis, involving multiple criteria, has to be

performed in order to discriminate between the two scenarios. Below we discuss our results
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regarding the origin of the features in “interstellar” and “circumstellar” categories.

3.3.1 Interstellar-like features

Most of the absorption features found in this study are classified as “interstellar” as they

do not present significant time variability beyond the noise level or attributable to different

instrument or resolution. In addition, all these features posses other characteristics such as

having a composition consistent with typical ISM values, matching clouds in their line of sight,

or detection of a similar feature in a nearby star with velocities matching within 3σ.

Overall, we found 24 absorption features matching the radial velocity of known clouds travers-

ing the lines of sight of the stars. A summary of the traversing clouds, their radial velocities

and the matching absorptions is provided in Table 3.8. The evidence for these features to be

caused by those clouds in the line of sight, is strengthened by the fact that they are also detected

in nearby stars around our science targets. A particular case of this phenomenon is observed

in the groups of objects HD 290540, HD 36444, and HD 290609 and HD 144981, HD 145554, and

HD 145631.

HD 290540, HD 36444 and HD 290609: These three stars are located within an angular sepa-

ration of 0.7˝ of each other. As can be seen in Fig. 3.6, the three objects present similar absorption

features at similar velocities, which are also detected for three other nearby stars within an an-

gular radius of 1˝. We obtained comparable radial velocities for these three objects, around

26 km.s´1. As noticeable in Fig. 3.6, they all have a deep absorption line close to 23 km.s´1,

which corresponds to the Local Interstellar Cloud (LIC, Redfield and Linsky, 2008). Although

this absorption line is found to be close to the radial velocity of the stars, its interstellar origin

is clear as it is confirmed by being present in other three stars with a similar line of sight and

having a N(Caii/Nai) ratio consistent with ISM (À1). The other absorption lines seen in the

three objects at „ 9 and „ 34 km.s´1 also seem to have a common interstellar origin. The one

at „ 9 km.s´1 is possibly attributable to the Hyades cloud at „ 11 km.s´1, which according to

Redfield and Linsky (2008) crosses near (ă 20˝) the line of sight of these three stars. We did not

find any known cloud traversing a similar line of sight at a radial velocity close to „ 34 km.s´1,

however, since this absorption line is present in several stars at a similar velocity we also conclude

that it is of interstellar origin.
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There is a fourth feature at „ 41 km.s´1 for HD 36444 detected only in the Ca ii lines which,

due to its mostly Calcium composition (N(Caii/Nai)ą 5) could be consistent with having a

circumstellar origin. However, a similar feature is observed in the nearby star HR 1863, and

therefore it is likely to be another feature of interstellar origin, possibly warm ISM, which has

been reported to have a composition richer in Calcium than cold ISM (Bertin et al., 1993).

Unfortunately we have obtained only one epoch for HD 36444 therefore we were not able to

investigate the variability of this feature. Further data is thus necessary in order to fully rule

out circumstellar origin.

HD 290609 also presents a fourth feature, but it is detected around „ 51 km.s´1. However,

we point out that this group of stars is located within the Orion OB1 association (Hernández

et al., 2006) making it likely that environmental nebular gas is observed at different velocities

(Brown et al., 1994). In any case, although we conclude an ISM origin for HD 290609’s fourth

feature because of the high frequency of interstellar clouds observed in the surroundings; as in

the previous case, there is only one spectrum available for HD 290609 and it would be interesting

to perform further analysis gathering more epochs in order to better assess the origin of this

feature.

Similar to the previous case, HD 144981, HD 145554 and HD 145631 are located within 0.72˝ of

each other and present similar absorption features. As shown in Fig. C.14, the three objects along

with the nearby star HR 6026, present remarkably similar absorption lines in terms of depth and

velocity. In this case, the three objects present two features with all the characteristics pointing

towards an interstellar origin. The radial velocities of the absorption lines are blueshifted with

respect to the radial velocities of the stars, all the features present column density Caii/Nai

ratios <1, the three objects present absorptions attributable to DIBs and, more importantly, the

three of them have matching features in other nearby stars. In addition, the component at „-28

km/s matches well with the radial velocity of the G cloud, which traverses the line of sight at

„-29 km/s (Redfield and Linsky, 2008). We did not find any nearby cloud at a radial velocity

similar to the deep absorption feature at „-11 km/s, but the similarity of the feature present in

the three objects and also in the fourth nearby star is clear, therefore we conclude interstellar

origin with high certainty.
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3.3.2 Circumstellar-like features

Stable features with no matching absorptions in nearby stars

In the case of HD 110058, we found that three nearby stars present one absorption feature

matching HD 110058’s absorption at „ 1 km.s´1, thus we propose an interstellar origin for this

feature. This interstellar feature was also reported by Hales et al. (2017), who analysed MIKE

spectra of HD 110058 and three nearby stars (at angular separations between 1.2˝ and 2.8˝) and

found matching features for the absorption at „ 1 km.s´1. We obtained further spectra for four

different nearby stars in the ESO archive (at angular separations between 0.74˝ and 2.16˝) and

confirmed the matching absorption lines in three stars, in agreement with the findings by Hales

et al. (2017). Given the distance to this star (188.7 ˘ 34.1 pc), both studies cover a region of

2.4 ´ 9.2 pc in radius. Considering a typical radius of 1.5 pc for the warm local ISM material

located within 15 pc from the Sun (Redfield and Linsky, 2008), the projected coverage at the

distance of HD 110058 would be about 19 pc, thus the local ISM material would likely cover

the region in which the nearby stars are located. On the other hand, our measurements of the

equivalent widths of this feature is in agreement with a more recent work by Rebollido et al.

(2018), where the authors report that the strength measured for this blue-shifted component

varies with respect to Hales et al. (2017) measurement, proposing a possible circumstellar origin

for the blue-shifted feature at „ 1 km.s´1. Considering the scenario of variability in the blue-

shifted component and a possible overlap of circumstellar feature over the interstellar it would be

worth performing follow-up observations of this object to better assess the origin of this feature.

There is a fourth nearby star analyzed which does not present a feature at said velocity, but

shows a weak absorption line at „ ´15 km.s´1 matching the radial velocity of the G cloud.

HD 110058 presents an additional absorption feature at „ 12 km.s´1 which is very near our

estimate of the radial velocity of this star (11.20 km.s´1). None of the nearby stars analyzed

show any sign of absorption matching HD 110058’s absorption line at „ 12 km.s´1. Therefore we

propose a circumstellar origin for this feature. This circumstellar feature was also proposed by

Hales et al. (2017) and confirmed by Rebollido et al. (2018), thus our analysis is in agreement

with their conclusions.
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Variable features

We detected variable absorption features attributable to FEB-like events in the objects c Aql

and HR 4796. The detection of FEB-like events in c Aql was previously reported by Montgomery

and Welsh (2017), where they detected high variations from night to night and attributed them

to exocometary activity. Furthermore Welsh and Montgomery (2013) reported some nightly

changes but no FEBs-like events. With the data collected from the ESO archive we found, in

addition to night to night variations, strong variability within very short time scales of only a

couple of minutes. To our knowledge, this is the shortest-term variability detected to date in such

systems. This object is known to be a pulsating star with a period of 30.39 minutes (Kuschnig

et al., 1994) but a phase analysis of the Caii K and the Hα lines does not indicate any such

periodicity. In addition, the residual absorption events are not associated with a counterpart

in emission at a mirrored velocity with respect to the radial velocity of the star (even taking

into account the uncertainty in the latter), as one would expect from pulsations. In the left

panel of Fig. 3.4, we show the variability detected in c Aql through eight individual spectra taken

within a time span of „ 20 minutes. Similar short term variability has only been observed so far

in β Pictoris (Kiefer et al., 2014b) and the shell star φ Leo (Eiroa et al., 2016), with reported

variability within hours.

Variability in the Caii K line of HR 4796 at the same radial velocity of the star is reported

here for the first time. Previously, only a sporadic absorption at „ 60 km.s´1 during the night

of 2007-05-04 was reported by Welsh and Montgomery (2015). A more detailed analysis of the

variability detected in these two objects will be presented in Iglesias et al. (in prep).

Regarding other objects in our sample with claims of variability in the literature, there are

also HR 6051, (Welsh and Montgomery, 2013), HR 6507 (Welsh and Montgomery, 2015) and

HD 24966 (Welsh and Montgomery, 2018). For the case of HR 6051, Welsh and Montgomery

(2013) reported the detection of weak absorption features on specific nights, which the authors

attributed to the evaporation of exocomets. Their spectra were taken on May 2011 with the

Sandiford Echelle Spectrograph at the McDonald Observatory, Texas. In our data of HR 6051

taken on March 2016 with FEROS, we do not detect any significant additional absorption line

besides the stable interstellar ones. Since both observations are similar in terms of S/N and

resolution, we suspect our non detections could be due to the lack of events during those particular
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nights. It would be worth analysing more observations to confirm the activity observed in this

object by previous works.

In the case of HR 6507, Welsh and Montgomery (2015) modelled the absorption lines using two

components at radial velocities „ ´37 km.s´1 and „ ´28 km.s´1. The observations were taken

with the Sandiford Echelle Spectrograph at the McDonald Observatory, Texas, with „ 60000

resolution. We combined HARPS and UVES spectra (with higher resolution, „ 100000 and

„ 80000, respectively) and were able to distinguish and fit three absorption features at radial

velocities „ ´39 km.s´1, „ ´29 km.s´1 and „ ´25 km.s´1. Welsh and Montgomery (2015)

attributed a circumstellar origin for the feature observed at„ ´37 km.s´1 because of its proximity

to the radial velocity of the star („ ´36 km.s´1). However, for the corresponding feature, which

we measure at „ ´39 km.s´1, we found absorption lines of similar velocity and intensity in nearby

stars, suggesting ISM origin.

HR 6507 has also been reported to posses shell star signatures (Hauck and Jaschek 2000,

Jaschek et al. 1991), although in other works no clear indication of a shell has been found,

attributing this to a weakening or disappearing of the shell (Jaschek et al. 1988, Jaschek and

Andrillat 1998). Nevertheless, considering the possibility of HR 6507 being a shell star, it is likely

that it possesses circumstellar gas and therefore shows gas signatures at its radial velocity. As

mentioned in 3.2.5, we found small variability in the overall residuals of all the lines observed

for HR 6507. In Hauck and Jaschek (2000), they report the star as variable and possibly micro-

variable, which might explain the observed variations. Taking all this into account, we do not

attribute the variability to FEBs-like events, but a more detailed study of this source is needed

to achieve stronger conclusions.

In the case of HD 24966, Welsh and Montgomery (2018) recently proposed the detection of

exocomets at different velocity ranges in two out of three observations. The significance and

interpretation of such variable transient FEB absorption features will be further investigated in

Iglesias et al. (in prep).

Relationship between circumstellar-like features and system properties

Gas absorptions features of presumed circumstellar origin were found in the systems HD 110058,

HR 4796 and c Aql.
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The debris disk around HD 110058 has been resolved with SPHERE by Kasper et al. (2015),

where they determined an inclination of „ 90˝. This edge-on orientation reinforces the circum-

stellar verdict on the gas origin, as this is the most favourable orientation for potentially detecting

gas lines in absorption. Since the absorption line that we detect is deep, narrow, stable, and close

to the radial velocity of the star, it is consistent with a stable gas component, possibly located

in the outer regions of the disk (Beust et al. 1998, Brandeker et al. 2004).

HR 4796 has an inclination of 76.5˝ (Milli et al. 2017, Kennedy et al. 2018) which is fairly

close to edge-on. Since somewhat small misalignments in cometary orbits with respect to the

parental disk are common (Nesvorný et al., 2017), it is not necessarily unlikely to detect FEB

events.

Regarding the disk around c Aql, it has only been marginally resolved with Herschel by

Morales et al. (2016). They estimated an inclination of 21˝ ˘ 42˝. Although this inclination

does not seem favourable for circumstellar gas detections using optical spectroscopy, the esti-

mated uncertainty on the inclination is very large as the disk was only marginally resolved. The

possibility of a much higher inclination cannot be ruled out. Even if the shallower inclination is

confirmed, we could still be spotting the activity of bodies with highly inclined orbits. Overall,

it is reassuring that two of our candidates with gas detections are close to edge-on, with very

robust inclination determinations.

Regarding the rest of the sample, only two other objects have been marginally resolved (with

Herschel): ν Hor, modelled with 73.4˝ ˘ 6.5˝ inclination (Moór et al., 2015), and HD 141378,

with an estimated inclination of 60˝ ˘ 37˝ (Morales et al., 2016). We did not detect signs of

circumstellar gas in these objects. Nevertheless, it would be worth performing follow-up studies

to be able to analyse more epochs and therefore increase the chances of detecting stochastic

activity or provide more robust evidence of the lack of such activity.

3.4 Conclusions

In this work we have analysed the multiple absorption features present in the Ca ii H & K

and Na i D1 and D2 lines of 27 debris disks systems using optical high-resolution spectroscopy

in order to determine if their origin is of circumstellar or interstellar nature.
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We found gas absorptions of circumstellar nature in three objects: HD 110058, HR 4796 and

c Aql. HD 110058 presents a strong stable absorption consistent with a gaseous disk, possibly

residual gas leftover from the earlier gas-rich stage of the disk or from very active planetesimal

collision episodes.

Variable absorption features were found in the spectra of HR 4796 and c Aql. A weak circum-

stellar absorption was found in HR 4796 at the same radial velocity as the star with flux variations

over 3σ, possibly due to photo-dissociation processes or collisions of icy bodies producing changes

in the gas content of the disk. Highly variable red-shifted absorptions were detected in c Aql,

with substantial variations observed on time scales shorter than two minutes, which is the short-

est variability detected so far in this type of lines. These fast changing signatures are likely due

to exocometary activity within the disk surrounding c Aql. For these two objects, HR 4796 and

c Aql, we will present a more detailed analysis of the variable features in a future work. The cir-

cumstellar gas detections are in agreement with the near edge-on inclinations of the two objects

with robust inclination measurements: HD 110058 with an inclination of „ 90˝ and HR 4796

with an inclination of 76.5˝.

Given h, r and i the scale-height, radial distance and inclination of a circumstellar disk,

respectively, and assuming a typical scale-height/distance ratio of h{r „0.1 for debris disks

(Thébault, 2009), the typical angle subtended by the disk should be „ 5.7˝. For a uniform

distribution of sinpiq between 0 and 1, the probability of i ě p90˝´ 5.7˝q is „10%, and therefore,

the probability for a randomly inclined system to be found close to edge-on or with an inclination

suitable to detect circumstellar gas absorptions is „10%.

However, the sample analyzed in this chapter cannot, a priori, be considered“random”because

of the selection criterion of “having multiple absorption features” (that may bias the sample

towards objects with circumstellar gas on close to edge-on orientation). On the other hand,

this sample is actually unbiased with respect to stochastic detections such as FEBs (we remind

the reader that the selection function was performed on the reference spectra, i.e. only stable

components are considered).

Bearing in mind that the inclination constraints could be more relaxed regarding the detection

of FEBs (as discussed in Sec. 3.3.2); that FEBs, given their stochastic nature, may not be

detected by mere chance at our epochs of observations; and that, in any case, we do detect
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circumstellar gas in three cases out of 27 objects (one stable and two variables); our results

definitely point towards gas in debris disks not being a rare phenomenon. We will, however, have

more quantitative and robust results on this matter once the full sample of 301 debris disks is

analyzed.
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Chapter 4

HD 37306: An unusually large

gaseous transit in a debris disk

4.1 Introduction

Debris discs were long thought to be second generation dusty discs completely devoid of gas.

However, this paradigm has changed in the last few years with the detection of gas in a growing

number of young debris discs (e.g. Kóspál et al. 2013, Moór et al. 2015, Rebollido et al. 2018

and the references in Kral et al. 2017b). In our ongoing survey to robustly estimate the fraction

of debris discs harboring circumstellar gas (described in Iglesias et al. 2018), we have followed

the methodology described in Kiefer et al. 2014a. In short, we searched for narrow absorption

features superimposed onto the photospheric absorption lines in the Ca ii doublet H & K. These

absorption features, when variable, can be interpreted as arising from comets falling towards the

star (hence the term Falling Evaporating Bodies, FEBs).

Our survey sample consists of „300 objects selected with a methodology that is unbiased in

terms of disc inclination. We have gathered several epochs of observations for „91% of them,

compiling a rich database of thousands of spectra. The full variability analysis will be presented in

Iglesias et al. (in prep), but in this work, we focus on a particularly intriguing object: HD 37306.

HD 37306, a bright A1V-type star, was previously studied by our team in Iglesias et al. (2018).

With the data available at the time, we concluded that the two stable “extra” components in
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the Ca ii lines that the object presented, were of interstellar origin. In that study we analysed

26 high-resolution observations from February 2006 to March 2016 where no variability was

detected. Recently, we updated our database collecting new publicly available observations of

our sample from the ESO archive. We found eight new observations of HD 37306 taken in

2017 where remarkable additional absorption features in several metallic lines (also reported in

Rebollido et al. submitted) were detected, particularly large in the Ca ii lines. In this study

we complement this data with additional spectroscopy and time series photometry and present

different scenarios to explain the origin of these transient features.

4.2 HD 37306: Stellar parameters and Spectral Energy Distri-

bution (SED)

In Iglesias et al. (2018) we estimated some of the stellar properties by fitting Kurucz models

(Castelli et al., 1997) to the Ca ii (at 3933.66 & 3968.47 Å) and Na i (at 5889.95 & 5895.92 Å)

doublets. We estimated a v sin i of 140˘ 5 km.s´1 (consistent with previous estimates), a Teff of

8800 ˘ 50 K (in agreement with Gaia DR2 estimate of 9138˘297
386 K, Gaia Collaboration 2018),

log g of 4.15 ˘ 0.38 dex and [Fe/H] of ´0.12 ˘ 0.22. We also estimated a heliocentric radial

velocity of 23.49˘1.28 km.s´1, consistent with the previous measurement found in the literature

of 23.00˘ 0.70 km.s´1 (Gontcharov, 2006). HD 37306 is located at a distance of 70.46˘ 0.39 pc

(Gaia Collaboration, 2018) and it has been reported to be a member of the Columba Association

(Zuckerman and Song, 2012). We assessed the probability of belonging to the Columba Asso-

ciation with the banyan Σ1 (Bayesian Analysis for Nearby Young AssociatioNs Σ) tool (Gagné

et al., 2018) and confirmed its membership with a 99.3% probability. Incidentally, an isochronal

age of 28.53˘307.72
28.52 Myrs was estimated for the object using VOSA2 (Bayo et al., 2008) based on

the SED fitted parameters and different sets of isochrones (Baraffe et al. 1998, Siess et al. 2000).

Thus we adopt the age of 30 Myrs of the Columba Association (Torres et al., 2006). Ages from

the literature range between 10 Myrs (e.g. Ballering et al. 2013, De Rosa et al. 2014, David and

Hillenbrand 2015) and 453 Myrs (Gontcharov, 2012).

1http://www.exoplanetes.umontreal.ca/banyan/banyansigma.php

2http://svo2.cab.inta-csic.es/theory/vosa/
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Regarding its known local properties, HD 37306 is surrounded by a debris disc (Zuckerman

and Song, 2012), confirmed by the excess emission in the SED (see Fig. 4.1). We have fit model

grids for the star and disc to the data. We used synthetic photometry of the models to fit the

photometry, and resampled model spectra to fit the IRS spectrum. The model is composed of a

PHOENIX model atmosphere (Husser et al., 2013) at a given temperature, which is normalized

to the optical photometry by solid angle, and a model for the thermal emission depending on

the temperature of the dust, where the Planck function is normalized to the mid-/far-infrared

emission by, basically, the dust mass in the disc. The best fitting model parameters are found

with the MultiNest code (Feroz et al., 2009), with both the stellar and disc parameters found

simultaneously. The best fit model has a stellar Teff “ 9100K, consistent with the previous

estimates. The dust component has a temperature of 120K and fractional luminosity Ldisc{L‹ “

p7 ˘ 0.2q ˆ 10´5. Based on this temperature and the stellar luminosity of 17Ld, the blackbody

radius for the dust is 21au. A weak silicate feature is visible in the IRS spectrum when the best

fitting model is subtracted, indicating that at least some small („ µm sized) dust is present, and

therefore that the dust is not entirely comprised of grains large enough to behave as blackbodies.

Thus, the true distance of the dust from the star is likely larger than 21au, probably of the order

of 50au.

4.3 Observations and data analysis

4.3.1 Spectroscopic Data

We have collected a total of 35 high-resolution (R = 48,000 – 115,000) optical spectra from

different instruments with wavelength coverages within a range λ „ 3350 – 9500Å, combining

our own observations and others from the ESO archive. Our data set includes spectra taken

with HARPS (Mayor et al., 2003) mounted on the ESO 3.6m telescope and FEROS (Kaufer

et al., 1999) on the MPG/ESO 2.2m telescope, both at La Silla Observatory in Chile, and MIKE

(Bernstein et al., 2003) mounted on the Magellan-Clay telescope at Las Campanas Observatory,

Chile. The dates of the observations, the instruments used and the number of spectra per night

are summarized in Table 4.1.

All the observations were reduced using the standard pipelines of each instrument. The ESO

83



CHAPTER 4. HD 37306: AN UNUSUALLY LARGE GASEOUS TRANSIT IN A DEBRIS
DISK

100 101 102

wavelength / m

10 2

10 1

100

101

flu
x 

de
ns

ity
 / 

Jy

F , total

F , star

F , disk

Figure 4.1: Flux distribution for HD 37306. Dots show photometry and the black and grey lines show
the Spitzer IRS spectroscopy and uncertainty. The blue line shows the best-fit stellar photosphere, and
the green line the best-fit modified blackbody for the disc.
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spectra were downloaded from the Phase 3 portal, and the MIKE spectra were reduced with the

CarPy pipeline (Kelson et al. 2000, Kelson 2003). Barycentric radial velocity corrections were

applied to the MIKE spectra as these corrections are not included in its pipeline. Telluric line

contamination was removed using molecfit3 (Smette et al. 2015, Kausch et al. 2015) in the

same way as in Iglesias et al. (2018).

In order to quantify the extra absorption features detected in September 2017, we normalized

each spectral line and computed a median from all the observations without the absorption along

with another median from all the observations where the additional absorption was detected. An

example for the Ca ii K line can be seen in Fig. 4.2. Then, we divided the median containing

the absorption by the median with no detection to analyse the properties of the feature isolated

from the photospheric line and additional interstellar features.

We consider as a “detection” those absorptions in the residual spectrum (resulting from the

division of the medians) that exceed 3σ. As these residual features are unusually wide, and thus,

seem to be dominated by Doppler broadening we fit Gaussian profiles to these absorptions in

order to estimate their parameters (see Table 4.2). Examples of these residual absorptions and

their Gaussian fits are shown in Fig. 4.3 for the Ca ii lines and Fig. 4.4 for Ti ii and Fe ii.

The observed wavelength of each transition in air values were taken from the NIST Atomic

Spectra Database4. The heliocentric radial velicities of the absorptions were estimated from the

center of the Gaussian fits. The apparent column densities N were computed following Savage

and Sembach (1991) using oscillator strength values from Morton (1991) in the case of Ca ii

and from the NIST Atomic Spectra Database for Ti ii and Fe ii. Equivalent width and Doppler

broadening parameter b were also derived from the Gaussian fit, with b “ FWHM{2
?

ln 2. The

instrumental effects on b are negligible in this case.

4.3.2 Photometric Data

In order to complement our spectroscopic observations, we mined photometric databases for

simultaneous observations. In particular, we collected photometric measurements from MAS-

CARA North (Talens et al. 2017, Talens et al. 2018), ASAS-SN (Shappee et al. 2014, Kochanek

3http://www.eso.org/sci/software/pipelines/skytools/molecfit

4https://www.nist.gov/pml/atomic-spectra-database
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Table 4.1: Spectroscopic data used in this work. Instrument, number of spectra per night and UT dates
of each observation.

Instrument N Spectra Dates

HARPS 4, 2, 2, 2, 2 2006-02-[08, 09, 10, 11, 13]
HARPS 2, 2 2006-03-12, 2006-11-18
HARPS 2, 2, 2 2007-12-[05, 06, 10]
FEROS 2 2015-10-23
FEROS 1, 1 2016-03-[28, 29]
FEROS 2, 1, 2, 1, 1, 1 2017-09-[23, 24, 25, 26, 27, 30]
MIKE 1 2019-03-18

Table 4.2: Parameters of the observed absorption lines. Element, observed wavelength of the transition in
air, heliocentric radial velocity of the absorption, logarithm of the apparent column density N, equivalent
width and Doppler broadening parameter b. Errors in Vd are in the order of 2–3 km s´1 and for log10 N,
EW and b are in the order of 10–15%.

Elem. Wavel. Vd log10 N EW b
(Å) (km s´1) (cm´2) (mÅ) (km s´1)

Ti ii 3759.30 26.11 12.16 35.21 26.58
Ti ii 3761.33 25.49 11.88 23.62 26.47
Ca ii 3933.66 22.00 12.57 276.11 31.95
Ca ii 3968.47 26.54 12.87 273.05 29.92
Fe ii 4233.16 25.12 13.75 22.71 30.98
Fe ii 4549.47 26.85 13.82 27.63 34.75
Fe ii 4555.89 18.90 14.12 17.05 46.76
Fe ii 4583.83 25.08 13.90 26.51 32.72
Fe ii 4629.33 28.17 14.04 11.50 35.16
Fe ii 4923.92 22.43 13.13 30.10 35.41
Fe ii 5018.44 25.59 13.40 41.39 33.95
Fe ii 5169.03 24.14 12.98 50.60 33.88
Fe ii 5197.57 25.27 13.50 11.20 28.23
Fe ii 5234.62 25.96 13.89 14.17 30.51
Fe ii 5275.99 24.76 13.62 13.20 28.24
Fe ii 5316.61 28.40 13.89 26.69 30.87
Fe ii 6247.56 24.39 13.68 9.86 36.40
Fe ii 6456.38 24.43 13.67 13.64 31.25
Ca ii 8498.02 22.49 13.17 99.65 36.37
Ca ii 8542.09 22.32 13.00 379.12 34.51
Ca ii 8662.14 24.72 12.90 264.05 33.64
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Figure 4.2: All the Ca ii K line observations of HD 37306 normalized and over-plotted for comparison.
The median spectra of all the epochs before and during the event are shown in red and blue, respectively.
The spectrum taken in 2019-03-18 is highlighted in green. The stellar radial velocity is marked with a
dashed line.
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Figure 4.3: Median of the residuals of the Ca ii doublet and triplet of HD 37306. Gaussian fits in red.
The Ca ii line at 8542Å is truncated due to an instrumental gap. Again, the radial velocity of the star is
marked with a gray dashed line.
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Figure 4.4: Median of the residuals of the Ti ii doublet and Fe ii multiplet of HD 37306.
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et al. 2017) and TESS (Ricker, 2015).

Multi-site All-Sky CAmeRA

MASCARA North (Multi-site All-Sky CAmeRA; Talens et al. 2017, Talens et al. 2018), lo-

cated at the Observatorio del Roque de los Muchachos on La Palma, observed HD 37306 between

February 2015 and April 2019 for several hours each night the star was visible. Photometry was

extracted from the 6.4 seconds cadence observations and processed using the primary calibration

procedure outlined in Talens et al. (2018), which uses groups of stars to correct for systematics

common to many light curves. This primary calibration corrects for the effects of the variable

atmosphere, the camera transmission and intra-pixel variations before binning the data to a

cadence of 320 seconds. After binning, a secondary calibration step is used to remove residual

systematics in the light curves of individual stars. The fully calibrated light curve is shown in

Fig. 4.5 (upper panel).

Part of the observations were taken simultaneously with the 2017 spectroscopic campaign, as

can be seen in Fig. 4.5 (zoom in the lower panel). These observations started mid September

2017. No significant change in flux was observed during or after this time.

ASAS-SN

The “All-Sky Automated Survey for Supernovae” (ASAS-SN) project (Shappee et al. 2014,

Kochanek et al. 2017) consists of 24 telescopes in different locations around the globe. This

survey has taken multiple observations of HD 37306 from 2013-09-19 up to date. In this case, we

took into account the fact that the observations were taken with several different instruments and

normalized each light curve per instrument by its median value for better comparison. However,

similar to the observations taken with MASCARA, no significant changes were detected in the

light curves.

TESS

The Transiting Exoplanet Survey Satellite (TESS; Ricker 2015) observed HD 37306 in its 6th

Sector from 12 December 2018 to 6 January 2019 (unfortunately not within the spectroscopic

transient event). HD 37306 (TIC 287842651, T = 6.08 mag) is one of the preselected targets
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Figure 4.5: Upper panel : The full MASCARA light curve of HD 37306. The blue and red vertical dashed
lines indicate the times of spectroscopic observations as seen in table 4.1. The marks in red correspond
to the spectroscopic observations presenting the event. No variations were detected in spectroscopic
observations of the epochs marked in blue. Lower panel : Zoom into the black dotted box seen in the
upper panel.
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Figure 4.6: The full TESS light curve of the star HD 37306. The gap of about one day in the light curve
is caused by a pause in observations due to TESS downlinking the data to Earth.

for which short cadence (i.e. 2-minute) data is provided. We use the 2-minute Presearch Data

Conditioning (PDC; Smith et al. 2012; Stumpe et al. 2012) light curve from the Science Processing

Operations Center (SPOC) pipeline (Jenkins et al. 2016; Jenkins 2017), which was originally

developed for the Kepler mission (Jenkins et al., 2010). These light curves are corrected for

systematics by the SPOC pipeline. We also remove every measurement with a non-zero “quality”

flag (see §9 in the TESS Science Data Products Description Document5) which mark anomalies

like cosmic ray events or instrumental issues. This finally gives as a time span of 21.8 days and

a duty cycle of 95%. The resulting full light curve can be seen in figure 4.6.

A frequency analysis using the software package Period04 (Lenz and Breger, 2005) that

combines Fourier and least-squares algorithms was conducted. It reveals no significant frequencies

down to a signal-to-noise ratio of 4 (following the analysis in Breger et al. 1993).

5https://archive.stsci.edu/missions/tess/doc/EXP-TESS-ARC-ICD-TM-0014.pdf
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4.4. TRANSIENT SPECTROSCOPIC EVENT

4.3.3 Imaging Data

Additionally, we collected publicly available SPHERE (Beuzit et al., 2019) observations of

HD 37306 from the ESO archive (program ID 095.C-0212). The observations were performed

using the dual-band imaging mode IRDIFS (H2H3, Vigan et al. 2010, Dohlen et al. 2008, Claudi

et al. 2008). Basic data reduction was performed using the SPHERE Data Reduction Handling

pipeline (Pavlov et al., 2008), to perform background subtraction, flat-field and bad pixels cor-

rections, and to determine the position of the star behind the coronograph. To try to detect

the debris disc we processed the data using the angular differential imaging technique (Marois

et al. 2006, Gomez Gonzalez et al. 2017) by performing a principal component analysis before

de-rotating and stacking the pupil-tracking observations. The sky rotation achieved during the

observations was of 29.2˝. We removed between 1 and 25 principal components, but did not

detect the disc in the reduced images. The 5σ contrast achieved were in the order of 14.6mag at

1 arcsec and 16.8mag at 3 arcsec. The FOV of 11”x11” considering the star is located at „70pc

yields a coverage of „ p775auq2. Given the extra absorption detected in the Ca ii, Fe ii and Ti ii

lines, if the event is related to a body belonging to the debris disc, the disc is most likely close to

edge-on, the most favorable case for a detection using angular differential imaging (Milli et al.,

2012). Despite this possible favorable orientation, the non detection of the disc with SPHERE

can most likely be explained either with a very small disc close to the star, or a low surface disc

brightness (either an intrinsically faint disc or a radially very extended one).

4.4 Transient spectroscopic Event

In every observation of HD 37306 taken in September 2017 with the FEROS spectrograph,

unusually large additional absorption features were present in the Ca ii lines and other metallic

lines such as Ti ii and Fe ii. These observations cover a range of eight consecutive nights and the

absorptions are consistently present during the whole time range. Once we analysed this data-

set, on March 2019, we took a new epoch of data with MIKE, and found that the additional

absorptions had disappeared, going back to the “quiescent” stage. Unfortunately, we cannot

determine the duration of the event detected in HD 37306 because previous and posterior data

were taken „1.5 years apart. Therefore, we can only state that the event lasted at least eight
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days, but less than three years. A detailed view of the Ca ii K line is shown in Fig. 4.2. The large

additional absorption detected in 2017 can be appreciated in blue, while previous and posterior

data only show two narrow features of interstellar origin (Iglesias et al., 2018).

We analysed other typical gas tracers such as Na i, O i and the Balmer lines, not finding

any change to our 3σ threshold (see Sec. 4.3.1). We also studied SiO bands as collision (hyper-

velocity impact) released gas would be expected to re-condense, but we observed no change on

those bands either.

The absorptions in the H and K lines are equally intense due to saturation, suggesting op-

tically thick material. Based on the absorption depth of the Ca ii H & K lines and following

the guidelines in Kiefer et al. (2014b), we estimated that the stellar fraction covered by the gas

would be „37% and that the gas could be roughly located at about 15 stellar radii (or about 0.14

AU for the typical size of an A1V-type star of 2.0 Rd, Pecaut and Mamajek 2013). The higher

temperature closer to the star is consistent with the detection of only ionized species and not

neutral, and is also consistent with the feature exhibiting broader components due to thermal

broadening.

The FWHM of the absorption features are in the order of „ 50 km.s´1, much larger than the

typical values observed during exocometary transits (10´ 15 km.s´1, Kiefer et al. 2014b, Beust

et al. 2001) and their radial velocities are centered close to the stellar one, as can be seen in

Figs. 4.3 and 4.4, and in Table 4.2. There are no significant changes either in the intensity of the

absorptions or their radial velocities during the September 2017 period. Regarding the duration

and stability of this event, although we do not know exactly how long it lasted, a duration ě8 days

is remarkably high in the context of exocometary transits, as they usually evolve in less than 1 day

(Kiefer et al. 2014c, Welsh and Montgomery 2018). Considering the characteristics of the features,

we expect that the gas producing them would be close to the star, as the radiation pressure on

the ions is larger and acts more efficiently at shorter distances. A high radiation pressure could

be responsible for a higher velocity dispersion of the ions, leading to broader components (Beust

et al., 1991). Recent work by Lin and Chiang (2019) highlights the possibility that gas released

from bodies that are on eccentric orbits, whether they be planetesimals or smaller dust, should

also reside on an eccentric orbit. Thus, it is possible that some or all of the gas velocity dispersion

is related to its origin, rather than radiation pressure acting solely on the gas.
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4.5 Discussion

We here explore different possibilities that might explain the observed absorptions and eval-

uate which one could be the most likely scenario.

4.5.1 Instrumental Artifact

In order to discard the possibility that the absorption might be due to an instrumental issue,

we also analysed spectra from other A-type stars taken during the same nights with the same

instrumental set-up. We did not detect any similar event in these other sources, thus firmly

ruling out any possible instrumental artifact.

4.5.2 Circumstellar Shell

A possible explanation for the observed spectroscopic event could be a circumstellar shell.

This scenario could explain the long duration and stability of the absorptions. In addition,

absorption features in the Ti ii and Fe ii lines are usually present in shell stars. However, shell

stars typically present narrow absorption features at the core of the Hydrogen lines (Slettebak,

1986; Gray and Corbally, 2009). As previously mentioned, we analysed the Balmer H lines of

HD 37306, not finding any sign of non-photospheric absorption or emission or any variation at

all (to a 3σ level) through all the observations. The relatively low projected rotational velocity

of HD 37306 (considering we are discussing fast rotators given the spectral type) of 140 km.s´1

also argues against this scenario, since, according to Abt (2008) and Abt et al. (1997), evidence

of “shell-like” circumstellar gas is mainly detected for stars with v sin i ą 200 km.s´1. Although

the origin of circumstellar shells is unclear, some studies suggest they are accreted by rapidly

rotating stars (v sin i ě 200 km.s´1) from the interstellar medium (Abt 2015). In this particular

case, it would be unlikely that HD 37306 accreted and lost such a shell within three years. On the

other hand, considering the possibility of the shell being expelled from the star, as it seems to be

the case for fast rotating super giants (e.g. Gvaramadze et al. 2018, Kourniotis et al. 2018), the

lack of signs of stellar activity in the Balmer lines and the not high enough projected rotational

velocity do not favour this possibility either.
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4.5.3 Exocometary Break-up

Another reasonable model for the week-long absorptions might be similar to what was pro-

posed for the star KIC8462852 (Boyajian et al. 2016, Wyatt et al. 2018): a family of exocomets

observed after breakup. We consider the possibility of an optically thick “stream” of ionized gas

that fills out some fraction of its orbit.

To have a better estimate of the configuration that could lead to an event lasting over several

days, we tried to model the extra absorption line with a “toy model” of an eccentric gaseous

disc. This model does not properly calculate the optical depth for different velocities but rather

computes a histogram of the number of particles that have a certain velocity and are passing in

the line of sight of the star.

A given model is fully described by the following parameters, the inner semi-major axis r0,

the radial width of the disc ∆r, the eccentricity e, inclination i, position angle φ, argument of

periapsis ω, opening angle ψ, stellar mass M‹ stellar radius R‹, and stellar radial velocity Rv (the

latter three values being fixed to 2.15 Md, 2.0 Rd, and 23.5 km.s´1, M‹ and R‹ taken from Pecaut

and Mamajek 20136 and Rv from Iglesias et al. 2018). We then draw 2 000 000 particles, and

each particle has the following orbital parameters; a semi-major axis r drawn uniformly between

r0 and r0`∆r, an inclination (and position angle) drawn from a normal distribution centered at

i (and φ, respectively) with a standard deviation of ψ, with all the particles sharing the same

argument of periapsis ω. Then, we take the mean anomaly uniformly between r0, 2πq, solve

Kepler’s equation for the eccentric anomaly and compute the true anomaly ν from it. We can

then compute the positions and velocities px, y, z, vx, vy, vzq of each particle (z being the direction

towards the observer). The code checks which one is passing in the line of sight of the star

(
a

x2 ` y2 ď R‹ and z ą 0) and saves its radial velocity vz. We compute the histogram Fmod of

all vz (with the same binning as the observations) that satisfied the aforementioned criteria and

try to fit it to the observations Fobs. We first compute the scaling factor that minimizes the χ2,

6http://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
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We subtract ´1 from Fobs because the observations are normalized to 1 while the histogram

starts at 0. The final model is then obtained as Fmod “ 1` Fmod ˆ fscale. As already mentioned,

this approach really is a “toy model” as we do not compute the optical depth in the photospheric

line as a function of the radial velocity. Therefore we cannot really constrain the vertical extent

of the disc for instance, but this allows us to have a first order approximation of where the gas

should be to reproduce the velocity dispersion that we observe around HD 37306.

The problem is highly degenerate, and after several tests we settled on the following free

parameters: the inner radius r0, the ratio between the width of the disc and the inner radius

∆r{r0, the eccentricity e, and the argument of periapsis ω. The value of the position angle does

not matter for the modeling, and we fix i “ 90˝ and ψ “ 0.05. To find the best fit solution, we

use an affine invariant ensemble sampler Monte-Carlo Markov Chain, implemented in the emcee

package (Foreman-Mackey et al., 2013), using 100 walkers, a burn-in phase of 1 000 steps and a

final length of 2 500 steps. At the end of the run, we find an acceptance fraction of 0.26 and the

maximum auto-correlation length among the four free parameters is 43 steps. Figure 4.7 shows

the best fit model to the observations, Figure 4.8 shows the top view of the same model, and the

probability distributions are shown in Figure 4.9 (using the corner package, Foreman-Mackey,

2016). From those probability distributions we derive the 16th and 84th percentiles to estimate

the uncertainties, which are reported in Table 4.3. From Figure 4.9 it is clear that the inner edge

of the disc (r0) and the eccentricity of the disc (e) are coupled, as expected, given that we are only

modeling the radial velocity dispersion. Furthermore, one should note that because the input

parameter is ∆r{r0 (and not simply ∆r), there is also a degeneracy between the latter value and

r0 (and hence with e as well). We find that the gaseous disc should have inner and outer edges

with semi-major axis between 8.5 and 19.6 R‹, and hence should be quite extended in the radial

direction. Those values yield orbital periods between 5.5`2.7
´1.6 and 19.4`5.6

´5.1 days, suggesting that
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Table 4.3: Free parameters, priors, and best fit results for the modeling of the observations assuming a
gaseous disc around HD 37306.

Parameters Prior Best-fit

r0 [R‹] [1, 20] 8.5`2.6
´1.7

∆r{r0 [0.1, 5] 1.3`0.1
´0.1

e [0.3, 0.98] 0.6`0.1
´0.1

ω [˝] [80, 100] 88.7`0.3
´0.3

overall, the gaseous disc would have to survive between half and one full orbit. Considering that

the chances of detection increase for longer periods and that the gas does not present significant

variations over the 8 days it was observed, it is more likely that the disc should have survived

close to one full orbit. The eccentricity should be around 0.6, and we find that the pericenter

of the disc should lie in between the star and the observer. This is because this configuration

produces the largest radial velocity dispersion, and we do not find exactly 90˝ because of the

slight asymmetry of the profile. If we consider the inclination of the orbiting material is close to

90˝ and that the lower limit on the stellar fraction covered by the gas is „37%, then a lower limit

on the opening angle of the disc should lie between 0.015 and 0.035, at the outer and inner edges

of the disc, respectively. We should note that the model ignores the possible effect of radiation

pressure, which might accelerate the dissipation of the gas.

Because the vast majority of the 2 000 000 particles do not pass in front of the star, the

final modeled spectrum can be relatively noisy. Instead of increasing significantly the number of

particles we smooth the modeled spectrum using a moving box; each velocity bin is the mean

value of the 3 neighbours before and 3 neighbours after (including the bin that is evaluated).

Because the observed spectrum is also noisy, especially close to the minimum, we also smooth it

in a similar fashion.

As can be appreciated in Fig. 4.7, the model reproduces the absorption profile quite closely

and the scenario is compatible with the duration of the event. In addition, the lack of detection

in the simultaneous photometric observations taken with MASCARA and ASAS-SN could be

explained by not reaching the sensitivity required to detect an exocomet transiting an A-type

star. For instance, the first photometric detection of exocomets crossing in front of β Pictoris

(also an A-type star) were performed using TESS observations and the dips were reported to
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Figure 4.7: Model of the exo-cometary break-up (blue) to the Ca ii K line absorption during the event
(black).

have depths between 0.5 and 2 millimagnitudes (Zieba et al., 2019). Between MASCARA and

ASAS-SN, MASCARA reached the best sensitivity with σ=17.7 millimagnitudes, clearly not

sensitive enough to have a detection similar to those in β Pictoris. Unfortunately, the available

TESS observations of HD 37306 were not simultaneous with the spectroscopic event.

4.5.4 Colliding Trojans

We studied the possibility of such a long lasting absorption being due to colliding trojans

producing gas in the Lagrangian points of a possible hidden planet. But, in order to be so close

to the star and transit for so long, the orbit of the planet needs to be highly eccentric. We

performed hydrodynamical simulations of a gaseous disc with an embedded Jupiter mass planet
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Figure 4.8: Top view of the best fit model. Observer located at the bottom. The color scale shows
the radial velocity and the red shaded area shows where we estimate the velocity dispersion to fit the
observations (the radial velocity of the star has been subtracted in this plot).
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Figure 4.9: Probability distribution for the modeling results of the gaseous disc.

101



CHAPTER 4. HD 37306: AN UNUSUALLY LARGE GASEOUS TRANSIT IN A DEBRIS
DISK

using our modified version (Montesinos et al., 2015) of the Fargo code (Baruteau and Masset,

2008). The surface disc density is defined by Σprq “ Σ0
r1aus
r , where Σ0 “ 0.1 g.cm´2, and r

the distance to the star in au. We assume a viscous fluid with a turbulent visocosity (Shakura

and Sunyaev, 1973) given by α = 10´3. Under these circumstances, most of the gas is accreted

during the simulation (105 yrs), remaining an optically thin layer of gas with a gap (carved by

the planet). The resulting low density disc could be compatible with the lack of detection of a

stable gas component. The quantification of the lack of detection is, however, out of the scope of

this paper, since stability arguments discard this scenario (see below). On top of that simulation,

we followed the evolution of (100,000) dust particles with different sizes ranging from microns to

cms, where the dust is affected by the gas dynamics due to drag and drift forces. In addition to

these forces, the dust particles feel the gravitational potential from the star. The self-gravity of

the disc was neglected (details of our dust code can be found in Cuello et al., 2019).

We found that the presence of a Jupiter mass planet in a circular orbit carves a gap in the

gaseous disc with a large dust particle concentrations („ 1 Earth-mass) located at the Lagrangian

points (L4 and L5) of the giant planet (in agreement with Lyra et al., 2009). In this case, the

dusty trojans rotate at Keplerian velocity with zero eccentricity. For Jupiter mass planets with

eccentricities higher than 0.1, we found that the dust is not able to accumulate in the Lagrangian

points. It is worth mentioning that in order to explain the observations, trojan eccentricities

should be at least 0.6.

4.5.5 Planetary Transit

Planetary transits are very difficult to detect in A-type stars using photometry given the

brightness of the star compared to the shadow produced by a planet. However, the brighter

the star, the higher the signal to noise of the transiting planet atmospheric spectrum. Here we

propose a couple of scenarios involving a transiting planet.

A possible scenario could invoke a planet passing at close enough distance to the star allowing

sublimation of its atmosphere (or even surface) to occur. To better understand the possible

location and size of what could be causing the observed absorptions, we explore the scenario-

independent constraints, similar to the analysis done in Boyajian et al. (2016). Fig. 4.10 (analog

to Fig. 10 in Boyajian et al. 2016) shows constraints for the duration of the transit, assuming that
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the clump causing the dip is opaque and moves in circular orbits around the star. As mentioned

in previous sections, for the stellar parameters we assume R‹ “ 2.0Rd and M‹ “ 2.15Md (Pecaut

and Mamajek, 2013). Following Boyajian et al. (2016), if the clump is much less massive than

the star of mass M‹ and orbits at a distance d from the star, then the relation between the clump

radius r and the duration of the transit t is given by,

r « 1.85t

g

f

f

e

M‹

d
´ R‹. (4.2)

In this scenario, we are assuming the clumps to be spherical and, basically, formed by a

planet (or planetesimal) and the accumulation of sublimating material (gas and dust) inside its

Hill sphere of radius RHill “ dpMpl{r3M‹sq1{3.

Having no significant dip detected in the light curves (ą 3σ), the clump size must be under

this detection limit (dotted red line in Fig. 4.10), which, considering R‹ “ 2.0Rd, translates

into r « 0.44Rd. In order for the duration of the transit to be of at least eight days and be

under the photometric detection limit, the clump should orbit at a distance ě„ 100 au. At this

distance, the temperature would be too low for the planet to sublimate producing large dense

clouds around it, and for the gas to ionize. In addition, if the probability of having a planetary

transit is „ R‹{d, then at „ 100 au this probability would be of 9.3ˆ10´5, making the probability

of the detection very low.

We could also consider the case of a forming planet having a Hill sphere full of gas. At

the very early phase of planet formation, the planet has an intrinsic luminosity due to accretion

(peaking in L, L’ bands), and what we would see would be actually the circumplanetary disc (not

the planet itself). In this case, a forming (accreting) planet should be very bright (one should

expect 10´3 – 10´6 Ld during the first million years of formation; Mordasini et al. 2012). This

scenario only makes sense in a gas-rich environment, therefore this is not likely to be the right

explanation taking into account the debris disc nature and age range of the system. In addition,

as discussed in the first case, to explain an eight days transit the forming planet would have to

be far away from the star but, at the same time, the gas would have to be ionized, making the

second possible explanation in this section very unlikely as well.
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Figure 4.10: Distance to the star versus size of an optically thick, spherical dusty clump on circular
orbits around the star. The solid blue lines show the transit duration, diagonal black dashed lines show
Hill radii of planets of different sizes, and the red dotted line shows the minimum size the clump should
have in order to have a 3σ detection in the MASCARA photometry, which corresponds to a 4.78% dip in
the light curve.
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4.5.6 Possible interstellar origin

In the diffuse interstellar medium (ISM), Ca ii and Ti ii are pretty well correlated (Hunter

et al., 2006) and the Na i/Ca ii ratio ranges from 0.1 to 1000 (Siluk and Silk 1974, Vallerga et al.

1993) depending on the dust and ionization state of the Ca ii, which is not in disagreement with

our detection. However, the median value of the b value for Ca ii components is 1.3 km.s´1 in the

diffuse ISM, corresponding to a kinetic temperature of around 4100 K (Welty et al., 1996). Our b

values for the Ca ii components are of 33.2 km.s´1 on average, which would correspond either to

very high turbulent velocities (ą 20 km.s´1) or extremely high kinetic temperatures (> 2ˆ106 K).

More importantly, interstellar features do not show such strong variations within short periods

(e.g. Smith et al. 2013 and McEvoy et al. 2015), thus the appearance and disappearance of a

large component within three years would be very unlikely. Besides, the star is at „ 70 pc, thus

it is located inside the local bubble where column densities do not reach such high values. For

instance, at 100pc log N(Ca ii) „ 11.5 cm´2 (Hunter et al., 2006), and the observed absorptions

have on average a log N(Ca ii) of „ 12.9 cm´2.

4.6 Conclusions

We detected unusually broad spectral absorption features from ionized gas species in the

debris disc system HD 37306. The stellar spectra present stable non-photospheric absorption

lines superimposed onto several Ca ii, Fe ii and Ti ii lines over a time range of at least eight days.

We analysed simultaneous spectroscopic and photometric observations of HD 37306 before,

during and after the event and found no significant change in the photometric data that might

be correlated with the spectroscopic event. We also analysed high angular resolution SPHERE

images of the target but the disc was not detected.

We evaluated several scenarios aiming to determine which one would provide the most likely

explanation for the particular features detected in HD 37306. We were able to reasonably discard

some possibilities such as an instrumental artifact, colliding trojans or an interstellar origin.

Other options such as a circumstellar shell or a planetary transit cannot be completely ruled out,

but remain as very unlikely possibilities.

We conclude that the most likely scenario would be the transit of a family of exocomets
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observed after breakup releasing a large amount of gas close to the star, at a few stellar radii. Our

model reproduces satisfactorily the broad profile of the absorption feature and is in agreement

with the duration of the event. A rather strong limitation of this scenario is that radiation

pressure should dissipate Ca ii on short timescales and this effect is not considered in our model.

Due to the stochastic nature of the event we reported in this study, it will be challenging to

further characterize what happened during 2017. Future ALMA observations may help detect

other gas tracers in emission, such as CO, that could have been released during this event, and

may help us figure out the processes involved in this unusual week-long event. We will perform

further high resolution spectroscopic observations of this system aiming to possibly detect any

kind of additional events and characterize them to have a better understanding of the system.

Given the rarity of this event, we aim to obtain an estimate of the occurrence rate of such

phenomenon in debris disc stars.
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Chapter 5

Variability in the Ca ii K line of

debris discs: stellar or exocometary

activity?

This Chapter is based on a paper in preparation (Iglesias et al. in prep.), which is meant to

be published under the same title.

5.1 Identification of variable objects

We analyzed a total of 269 objects having at least three observations of the Ca ii K spectral line

searching for those exhibiting any kind of variability in this line. We included publicly available

and private observations taken up to March 31, 2019, which corresponds to „90% of the full

sample. However, we have excluded a set of observations taken with MIKE spectrograph on

September 2018 because of missing calibration lamps, which are important to assess wavelength

shifts between observations which induce false variability detections.

In order to detect the variability, we normalized each epoch of the Ca ii K line by fitting the

continuum at both sides of the line. We selected a portion of the spectrum covering a range of

5Å at each side of the Ca ii K emission or absorption (depending on the spectral type of the

star), fit a straight line to this range and divided by this line in order to obtain the continuum
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flux normalized to one for every observation. Then, we obtain a median spectrum from all the

Ca ii K line spectra to use it as a reference spectrum; variability will be measured with respect

to this median spectrum. After this, we divided each individual observation by this reference

spectrum to analyze the residual flux.

Table 5.1: Sub-sample of debris discs presenting variability and their respective coordinates.

Name HD Id R.A. Dec. Name HD Id R.A. Dec.

or Other [J2000] [J2000] or Other [J2000] [J2000]

HD 1466 HD 1466 00:18:26.1 -63:28:38.9 CD-54 4621 MML 8 12:12:35.7 -55:20:27.2

HD 1461 HD 1461 00:18:41.8 -08:03:10.8 HD 107146 HD 107146 12:19:06.5 +16:32:53.8

kap Phe HD 2262 00:26:12.2 -43:40:47.3 HD 108857 HD 108857 12:30:46.2 -58:11:16.7

lam01 Phe HD 2834 00:31:24.9 -48:48:12.6 eta Crv HD 109085 12:32:04.2 -16:11:45.6

HD 3670 HD 3670 00:38:56.7 -52:32:03.3 HR 4796 HD 109573 12:36:01.0 -39:52:10.2

nu. Phe HD 7570 01:15:11.1 -45:31:54.0 HD 110058 HD 110058 12:39:46.1 -49:11:55.5

49 Cet HD 9672 01:34:37.7 -15:40:34.8 rho Vir HD 110411 12:41:53.0 +10:14:08.2

q01 Eri HD 10647 01:42:29.3 -53:44:26.9 V MO Hya HD 111786 12:51:57.8 -26:44:17.7

q02 Eri HD 10939 01:46:06.2 -53:31:19.3 HD 113556 HD 113556 13:05:32.6 -58:32:07.9

V DK Cet HD 12039 01:57:48.9 -21:54:05.3 HD 114082 HD 114082 13:09:16.1 -60:18:30.0

HD 13246 HD 13246 02:07:26.1 -59:40:45.9 iot Cen HD 115892 13:20:35.8 -36:42:44.2

bet Tri HD 13161 02:09:32.6 +34:59:14.2 lam Boo HD 125162 14:16:23.0 +46:05:17.9

gam Tri HD 14055 02:17:18.8 +33:50:49.8 HD 128311 HD 128311 14:36:00.5 +09:44:47.4

alf For HD 20010 03:12:04.5 -28:59:15.4 HD 131835 HD 131835 14:56:54.4 -35:41:43.6

94 Cet HD 19994 03:12:46.4 -01:11:45.9 bet Cir HD 135379 15:17:30.8 -58:48:04.3

HD 21997 HD 21997 03:31:53.6 -25:36:50.9 BD-07 4003 HIP 74995 15:19:26.8 -07:43:20.1

V1229 Tau HD 23642 03:47:29.4 +24:17:18.0 HD 137057 HD 137057 15:25:16.0 -38:09:28.4

28 Tau HD 23862 03:49:11.2 +24:08:12.1 alf CrB HD 139006 15:34:41.2 +26:42:52.8

HD 25457 HD 25457 04:02:36.7 -00:16:08.1 HD 138813 HD 138813 15:35:16.1 -25:44:02.9

gam Dor HD 27290 04:16:01.5 -51:29:11.9 HD 140817 HD 140817 15:47:04.4 -35:30:37.2

V EX Eri HD 30422 04:46:25.7 -28:05:14.8 HD 144587 HD 144587 16:07:29.9 -23:57:02.4

HD 30447 HD 30447 04:46:49.5 -26:18:08.8 HR 6051 HD 145964 16:14:28.8 -21:06:27.4

pi.01 Ori HD 31295 04:54:53.7 +10:09:02.9 HR 6037 HD 145689 16:17:05.4 -67:56:28.6

HD 35367 HD 35367 05:24:20.7 +01:35:26.5 HD 146897 HD 146897 16:19:29.2 -21:24:13.2

HD 287861 HD 287861 05:25:10.2 +01:15:31.3 HR 6507 HD 158352 17:28:49.7 +00:19:50.3

Continued on next page
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Table 5.1 – continued from previous page

Name HD Id R.A. Dec. Name HD Id R.A. Dec.

or Other [J2000] [J2000] or Other [J2000] [J2000]

HD 290609 HD 290609 05:33:05.5 -01:43:15.5 HD 159082 HD 159082 17:32:14.8 +11:55:48.1

HR 1915 HD 37286 05:36:10.2 -28:42:28.8 HR 6534 HD 159170 17:33:29.8 -05:44:41.2

HD 37306 HD 37306 05:37:08.7 -11:46:31.8 mu. Ara HD 160691 17:44:08.7 -51:50:02.5

HR 1975 HD 38206 05:43:21.6 -18:33:26.9 HD 164249 HD 164249 18:03:03.4 -51:38:56.4

HD 38858 HD 38858 05:48:34.9 -04:05:40.7 eps Sgr HD 169022 18:24:10.3 -34:23:04.6

HD 45184 HD 45184 06:24:43.8 -28:46:48.4 HR 6948 HD 170773 18:33:00.9 -39:53:31.2

HD 46190 HD 46190 06:27:48.6 -62:08:59.7 rho Tel HD 177171 19:06:19.9 -52:20:27.2

HD 52265 HD 52265 07:00:18.0 -05:22:01.7 HD 181327 HD 181327 19:22:58.9 -54:32:16.9

HD 61005 HD 61005 07:35:47.4 -32:12:14.0 5 Vul HD 182919 19:26:13.2 +20:05:51.8

HD 69830 HD 69830 08:18:23.9 -12:37:55.8 c Aql HD 183324 19:29:00.9 +01:57:01.6

HD 71722 HD 71722 08:26:25.2 -52:48:26.9 HD 190470 HD 190470 20:04:10.0 +25:47:24.8

HD 76151 HD 76151 08:54:17.9 -05:26:04.0 kap01 Sgr HD 193571 20:22:27.5 -42:02:58.4

HR 3570 HD 76653 08:55:11.7 -54:57:56.7 phi01 Pav HD 195627 20:35:34.8 -60:34:54.3

HD 82943 HD 82943 09:34:50.7 -12:07:46.3 iot Del HD 196544 20:37:49.1 +11:22:39.6

HR 3927 HD 86087 09:54:51.2 -50:14:38.2 V AU Mic HD 197481 20:45:09.5 -31:20:27.2

HR 4138 HD 91375 10:30:20.1 -71:59:34.0 HR 8013 HD 199260 20:56:47.3 -26:17:46.9

V CE Ant TWA 7 10:42:30.1 -33:40:16.2 alf Oct HD 199532 21:04:43.0 -77:01:25.5

HD 95086 HD 95086 10:57:03.0 -68:40:02.4 HD 202206 HD 202206 21:14:57.7 -20:47:21.1

bet UMa HD 95418 11:01:50.4 +56:22:56.7 HD 207129 HD 207129 21:48:15.7 -47:18:13.0

HD 98363 HD 98363 11:17:58.1 -64:02:33.3 39 Peg HD 213617 22:32:35.4 +20:13:48.0

HD 101088 HD 101088 11:37:14.6 -69:40:27.2 tau01 Aqr HD 215766 22:47:42.7 -14:03:23.1

HD 102458 HD 102458 11:47:24.5 -49:53:03.0 V342 Peg HD 218396 23:07:28.7 +21:08:03.3

HD 104231 HD 104231 12:00:09.4 -57:07:01.9 HR 8843 HD 219482 23:16:57.6 -62:00:04.3

HD 106906 HD 106906 12:17:53.1 -55:58:31.8

A residual spectrum which does not present any variability with respect to the reference

spectrum should be flat and only dominated by its overall noise. Therefore, we searched for

signs of variability by identifying the presence of narrow absorption or emission features having

at least two data points over the 3σ level in this residual spectrum. We also include a constrain

109



CHAPTER 5. VARIABILITY IN THE CA II K LINE OF DEBRIS DISCS: STELLAR OR
EXOCOMETARY ACTIVITY?

for the FWHM of these features: they must be wider than twice the resolution of the spectra in

order to avoid selecting artifacts, and the must be narrower than 100 km.s´1 based on the widest

FWHM of absorption features produced by exocomets reported in β Pic (Kiefer et al., 2014b).

In addition, we searched for wide “wavy” patterns in this residual spectrum, which should be

at least wider than 50 km.s´1 but not necessarily over the 3σ level. For this, we fit Gaussian

profiles to the residual and any spectrum that differed from being “flat” (i.e. the amplitude of the

Gaussian profile is different than zero) is considered as a “wavy” pattern (which are typically seen

in pulsating stars). After visually analysing each residual spectrum for the 269 objects having

at least three observations and searching for these signs of variability, we selected 97 objects

exhibiting some kind of variation in at least one of their observations.

The main goal of selecting this sample is to determine whether the variability detected in their

Ca ii K spectral line is due to exocometary activity and thus there is presence of second generation

circumstellar gas in the disk, or if it is attributed to a different cause, such as stellar activity,

presence of companions, stellar spots, multiplicity, rotation/differential rotation, magnetic fields

or pulsations. We have chosen to analyse mainly the Ca ii K spectral line since it is the most

sensitive circumstellar gas tracer in the UV-optical wavelength range and thus it is the main line

used to search for exocometary activity (e.g. Ferlet et al. 1987, Kiefer et al. 2014b, Eiroa et al.

2016, Welsh and Montgomery 2018).

The sample is presented in Table 5.1. The main parameters of the sample are shown in Table

D.1, in the Appendix. All parameters are taken from Simbad (Wenger et al., 2000), except for

luminosity ratio Ldisk{L‹ which were obtained from the SED model fitting (Olofsson et al. in

prep.) and age, which was categorized with a flag “O” for disks older than 100 Myr and “Y” for

those younger than 100 Myrs. Since ages are very difficult to estimate, we have made a very

rough estimation based on whether the disks belong to a moving group or not. If they likely

belong to moving groups, then they are assumed to be “young”, and if they are likely field stars,

they are assumed as “old”.

As previously mentioned, the sample was selected under the condition of having at least three

observations in order to be able to identify any sign of variability. The number of observations

per object ranges from a minimum of 3 up to a maximum of 2985 observations, as shown in Table

5.2. The cadence of the observations varies from one object to another, but they are, in general
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pattern-less. The minimum and maximum separation between epochs per object are also given

in Table 5.2.

5.2 Methods and Results

5.2.1 Variability Analysis

Sources in the sample exhibiting signs of variability was classified into five categories of “type

of variability”by visual inspection, as shown in Table 5.3. In these categories we describe the main

characteristics of the variability observed in the residual spectra. If narrow emission or absorption

features are observed, they are classified whether they are observed close to the radial velocity of

the star (i.e. within 3σ of the features width from the stellar radial velocity, although this is a

rather conservative estimate since the accuracy of the stellar RV could be worst and wider) or at

any other velocity (random RV). As mentioned, in addition to narrow features, “wavy” patterns

are also observed. Thus, these are classified into “symmetrical” or “asymmetrical”, depending on

whether a “wave” (or wide feature) is observed at any random position in the spectrum or if they

show a symmetrical pattern centered at the radial velocity of the star (similar to a sin x function).

Finally, a fifth category is assign to those objects that show (visually) noticeable radial velocity

shifts in their spectra, likely due to a massive companion. These objects likely show something

similar to a symmetrical wavy pattern in their residual profile but with a much higher amplitude

and accompanied by evident shifts observed in the normalized spectral lines. These categories

can be observed simultaneously in many cases, for instance, one object can exhibit wavy-like

variations in addition to narrow absorption features, thus more than one variability classification

can be assigned to any object. Examples of the types of variability observed in the sample are

shown in Figures 5.1 to 5.5.
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Table 5.2: Number of spectra for each star per date, minimum and maximum separation between
observations. Spectra from UVES and MIKE include both blue and red arm and, in general, half of them
correspond to the blue arm and half to the red arm.

Object N˝ of Min. Separ. Max. Separ. Object N˝ of Min. Separ. Max. Separ.

Spectra [days] [days] Spectra [days] [days]

HD 1466 55 4.25 x 10´3 5.03 x 103 HD 106906 94 1.97 x 10´3 2.93 x 103

HD 1461 462 1.04 x 10´3 3.69 x 103 HD 107146 19 4.06 x 10´3 3.61 x 103

kap Phe 73 1.11 x 10´3 2.25 x 103 HD 108857 8 4.03 x 10´3 4.40 x 103

lam01 Phe 10 1.46 x 10´3 2.79 x 102 eta Crv 52 1.11 x 10´3 4.40 x 103

HD 3670 23 2.25 x 10´3 1.13 x 103 HR 4796 245 1.24 x 10´3 5.56 x 103

nu. Phe 93 6.95 x 10´4 6.11 x 103 HD 110058 23 7.31 x 10´3 2.62 x 103

49 Cet 97 1.44 x 10´3 3.85 x 103 rho Vir 61 1.62 x 10´3 4.08 x 103

q01 Eri 151 8.38 x 10´4 3.70 x 103 V MO Hya 15 9.91 x 10´4 3.48 x 103

q02 Eri 13 4.18 x 10´3 1.07 x 103 HD 113556 4 2.66 x 10´3 2.85 x 103

V DK Cet 96 1.18 x 10´3 5.07 x 103 HD 114082 21 2.25 x 10´3 3.26 x 103

HD 13246 15 6.42 x 10´2 4.72 x 103 iot Cen 62 6.05 x 10´4 2.21 x 103

bet Tri 3 9.87 x 10´1 1.99 lam Boo 4 1.18 x 10´1 3.51 x 101

gam Tri 14 2.23 x 10´3 9.97 x 102 HD 128311 7 2.25 x 10´3 4.42 x 103

alf For 202 5.73 x 10´4 2.01 x 103 HD 131835 18 5.90 x 10´2 2.18 x 103

94 Cet 1709 8.41 x 10´4 4.04 x 103 bet Cir 92 9.93 x 10´4 2.58 x 103

HD 21997 39 1.42 x 10´2 2.93 x 103 BD-07 4003 249 1.19 x 10´1 2.91 x 103

V1229 Tau 13 1.76 x 10´3 1.10 x 101 HD 137057 5 5.22 x 10´3 2.67 x 103

28 Tau 6 6.19 x 10´2 1.06 x 103 alf CrB 7 1.19 x 10´3 5.37 x 102

HD 25457 130 9.40 x 10´4 4.09 x 103 HD 138813 28 1.07 x 10´3 4.11 x 102

gam Dor 18 6.18 x 10´4 5.16 x 103 HD 140817 4 3.48 x 10´3 2.62 x 103

V EX Eri 24 9.01 x 10´4 3.58 x 103 HD 144587 5 6.01 3.78 x 102

HD 30447 25 1.47 x 10´3 2.57 x 103 HR 6051 21 1.79 x 10´2 4.01 x 102

pi.01 Ori 22 1.06 x 10´3 3.31 x 103 HR 6037 38 1.04 x 10´3 5.83 x 103

HD 35367 6 7.58 x 10´3 2.31 x 102 HD 146897 10 2.14 x 10´2 4.14 x 102

HD 287861 3 2.01 1.09 x 103 HR 6507 24 1.25 x 10´3 1.78 x 103

HD 290609 3 2.04 1.09 x 103 HD 159082 4 9.97 x 10´1 3.95 x 103

HR 1915 9 1.37 x 10´2 3.86 x 102 HR 6534 10 2.80 x 10´3 1.15 x 102

HD 37306 43 3.86 x 10´3 4.25 x 103 mu. Ara 2985 7.67 x 10´4 4.66 x 103

Continued on next page

112



5.2. METHODS AND RESULTS

Table 5.2 – continued from previous page

Object N˝ of Min. Separ. Max. Separ. Object N˝ of Min. Separ. Max. Separ.

Spectra [days] [days] Spectra [days] [days]

HR 1975 33 1.53 x 10´3 1.50 x 103 HD 164249 52 8.53 x 10´4 4.49 x 103

HD 38858 203 1.81 x 10´3 3.81 x 103 eps Sgr 11 1.12 x 10´3 2.56 x 103

HD 45184 308 1.23 x 10´3 3.82 x 103 HR 6948 8 8.37 x 10´3 2.71 x 103

HD 46190 13 1.39 x 10´2 2.17 x 103 rho Tel 39 1.30 x 10´3 1.81 x 103

HD 52265 13 3.25 x 10´3 4.20 x 103 HD 181327 77 3.25 x 10´3 4.46 x 103

HD 61005 78 5.57 x 10´3 4.73 x 103 5 Vul 19 4.74e-03 5.81e+02

HD 69830 685 1.04 x 10´3 3.77 x 103 c Aql 44 9.90 x 10´4 3.57 x 103

HD 71722 17 3.47 x 10´2 4.35 x 102 HD 190470 6 1.02 x 10´2 3.79 x 101

HD 76151 42 8.14 x 10´4 5.52 x 103 kap01 Sgr 14 3.74 x 10´2 3.68 x 103

HR 3570 49 1.80 x 10´3 2.60 x 103 phi01 Pav 8 1.36 x 10´2 7.87 x 102

HD 82943 197 1.04 x 10´3 3.74 x 103 iot Del 7 3.60 x 10´3 3.79 x 101

HR 3927 4 9.62 x 10´1 3.63 x 103 V AU Mic 50 2.93 x 10´3 5.05 x 103

HR 4138 47 1.26 x 10´3 4.18 x 103 HR 8013 73 1.62 x 10´3 5.19 x 103

V CE Ant 56 1.45 x 10´2 3.35 x 103 alf Oct 31 1.36 x 10´3 4.14 x 103

HD 95086 141 1.97 x 10´3 2.25 x 103 HD 202206 66 3.48 x 10´3 2.95 x 103

bet UMa 14 1.30 x 10´3 4.00 x 101 HD 207129 344 1.04 x 10´3 1.74 x 103

HD 98363 9 7.51 x 10´3 4.74 x 103 39 Peg 6 8.80 x 10´3 3.67 x 101

HD 101088 13 1.42 x 10´2 1.12 x 103 tau01 Aqr 4 9.98 2.71 x 102

HD 102458 47 1.08 x 10´2 4.79 x 103 V342 Peg 307 1.51 x 10´3 3.67 x 103

HD 104231 24 9.82 x 10´3 5.17 x 103 HR 8843 38 1.64 x 10´3 3.62 x 103

CD-54 4621 6 2.86 x 10´2 4.37 x 103
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5.2.2 Identification of Candidates to Exocometary Activity

With the aim of identifying which objects that show signs of variability in their Ca ii K

spectral lines are more likely to be due to exocometary activity, in addition to analysing and

classifying their type of variability we searched for the previously known properties of the systems

that could be related to variations in their spectra. These properties are shown in Table 5.4 and

include information on whether the star is known to be variable, what kind of variable star it

is and the variability period (if known), whether the star is known to be a binary or multiple

system, and any other relevant information like, for instance, if it has been reported to have

substellar companions. Most of the information was retrieved from Simbad database, except

when otherwise indicated in the Table. These properties will help us to assess the possible origin

of the spectral variations.

In order to identify the candidates which may show signs of variable exocometary gas features,

we started by selecting the spectral types that are more favourable for these detections. So far,

detection of transient gas features attributed to the transit of FEBs of exocomets in UV-optical

spectroscopy has been observed mostly in A-type stars, a few late B-type stars and white dwarfs,

and (to the best of our knowledge) only one early F star (e.g. Montgomery and Welsh 2012,

Welsh and Montgomery 2015, Welsh and Montgomery 2018, Welsh and Montgomery 2019, Melis

et al. 2012, Debes et al. 2012). No detections through this method have been reported in later

spectral types. It is not clear whether this bias is due to the spectral characteristics of early

types making detections easier to spot, or due to the lack of exocometary activity in later types.

However, it is worth noting that narrow absorption features of interstellar origin are also only

reported in early, radiative stars, thus it is likely that the detection bias is due to a detection

limit given that interstellar gas can be found in the line of sight of any star, independently of its

spectral type.
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Figure 5.1: Emission and/or absorption at the radial velocity of the star. Left: some epochs present
residual emission while others present residual absorption at the radial velocity of the star. Right:
example of a single epoch presenting a strong absorption matching the stellar radial velocity.

Figure 5.2: Emission and/or absorption at random radial velocities. Left: some epochs present residual
emission while others present residual absorption at different radial velocities. Right: example of a single
epoch presenting a narrow absorption.
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Figure 5.3: Symmetrical wavy pattern. Two examples where “symmetrical waves” are observed. They
show a (relatively) symmetrical variation with respect to the radial velocity of the star. Left: symmetrical
waves alternated with flat residuals where no variability is observed. Right: symmetrical waves combined
with narrow emission/absorption features in some epochs.

Figure 5.4: Asymmetrical wavy pattern. Two examples of “asymmetrical waves” observed in known
variable stars. They show asymmetrical variations with respect to the radial velocity of the star. Left:
asymmetrical waves observed in all the residual profiles. Right: asymmetrical waves combined with
narrow emission/absorption features in some epochs (notice, for instance, the emission in blue).
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Figure 5.5: Radial velocity shifts observed in a known binary. Close spectra were taken a few minutes
apart while shifted spectra were taken five days apart. Notice the insterstellar absorption at „16 km.s´1.
Left: normalized flux of the photospheric line. Clear shifts in the radial velocity of the line are shown.
Right: residual spectrum of the same object, epochs shown in the same color of left figure. Strong P
cygni-like profiles are observed.

Table 5.3: Type of variability observed in the residual spectra.

Object Emission/Absorption Emission/Absorption Symmetrical Asymmetrical RV

at the stellar RV at random RV Waves Waves shifts

HD 1466 X X

HD 1461 X X

kap Phe X X

lam01 Phe X X

HD 3670 X X

nu. Phe X X

49 Cet X X

q01 Eri X X

q02 Eri X

V DK Cet X

HD 13246 X

bet Tri X

gam Tri X X

alf For X X

94 Cet X X

Continued on next page
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Table 5.3 – continued from previous page

Object Emission/Absorption Emission/Absorption Symmetrical Asymmetrical RV

at the stellar RV at random RV Waves Waves shifts

HD 21997 X X

V1229 Tau X X

28 Tau X

HD 25457 X X

gam Dor X

V EX Eri X X

HD 30447 X

pi.01 Ori X X

HD 35367 X

HD 287861 X

HD 290609 X X

HR 1915 X X

HD 37306 X X

HR 1975 X X

HD 38858 X X

HD 45184 X X

HD 46190 X X X

HD 52265 X X

HD 61005 X X

HD 69830 X

HD 71722 X X

HD 76151 X

HR 3570 X X

HD 82943 X X

HR 3927 X

HR 4138 X X

V CE Ant X X X

HD 95086 X X

bet UMa X X X

HD 98363 X X

Continued on next page
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Table 5.3 – continued from previous page

Object Emission/Absorption Emission/Absorption Symmetrical Asymmetrical RV

at the stellar RV at random RV Waves Waves shifts

HD 101088 X X

HD 102458 X

HD 104231 X X

CD-54 4621 X X

HD 106906 X X

HD 107146 X X

HD 108857 X X X

eta Crv X X X

HR 4796 X X X

HD 110058 X

rho Vir X X

V MO Hya X X X

HD 113556 X X

HD 114082 X

iot Cen X X

lam Boo X X

HD 128311 X X

HD 131835 X X

bet Cir X X

BD-07 4003 X

HD 137057 X X X X

alf CrB X X X X

HD 138813 X X

HD 140817 X

HD 144587 X X

HR 6051 X X

HR 6037 X X X

HD 146897 X X

HR 6507 X X X

HD 159082 X

Continued on next page
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Table 5.3 – continued from previous page

Object Emission/Absorption Emission/Absorption Symmetrical Asymmetrical RV

at the stellar RV at random RV Waves Waves shifts

HR 6534 X

mu. Ara X X X

HD 164249 X X X

eps Sgr X X X

HR 6948 X X

rho Tel X X

HD 181327 X X

5 Vul X

c Aql X X X

HD 190470 X X

kap01 Sgr X X

phi01 Pav X

iot Del X

V AU Mic X X X X

HR 8013 X X

alf Oct X X

HD 202206 X X

HD 207129 X

39 Peg X X

tau01 Aqr X X

V342 Peg X X X X

HR 8843 X X
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Consequently, given this trend, although at risk to perpetuate a bias, we selected the systems

around stars within the range B1-F5 (61 systems) as preliminary candidates to identify possible

signs of FEBs. Later spectral types are discarded as variability is more likely to be due to

chromospheric or other kind of stellar activity. Main sequence stars start to show evidence

of chromospheric lines around middle F-type stars. However, signs of chromospheric emission

features have been found also in early F stars (Linsky, 2017). Therefore, from our selection

of early-type stars, we visually inspected each F-type stars (16 objects) looking for signs of

chromospheric emission lines in order to discard these candidates. Only one of these F-type stars

(an F5V star) exhibited chromospheric lines and was thus, discarded from the preliminary group

of candidates.

From the remaining preliminary selection of 60 candidates to exocometary activity based

on their spectral types, we further discarded objects based on their previously known variable

properties. It is important to note that the fact that a star is, for instance, a variable or a

binary, does not imply that it is incompatible with exhibiting signs of exocometary activity.

Indeed, β Pic is known to be a Delta Scuti variable star and has shown clear evidence of ex-

ocometary transits (Zieba et al., 2019). However, we discarded those objects with reported

variable-related characteristics that exhibited variability in agreement with their properties. For

instances, known multiple stars displaying variability due to evident velocity shifts or variable

stars showing wave-like features typical from stellar pulsations. This way, we discarded 14 targets

(including e.g. spectroscopic/eclipsing binaries, Delta Scuti and Gamma Doradus variable stars)

showing variations in agreement with their respective reported variable properties.

The next step in the selection process is discarding from the remaining 46 objects those

showing signs more according to stellar pulsations (symmetric or asymmetric waves) or radial

velocity shifts, rather than narrow features. We also discard those objects exhibiting narrow

features in emission but not in absorption (as only absorptions should be expected as evidence

of FEB-like phenomena). This leave us with a selection of 30 candidates exhibiting narrow

absorption features in their residual spectra and that might be originated from exocometary

activity. This final selection of candidates is shown in Table 5.5.
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Table 5.4: Stellar parameters related to variability.

Name Variable Period Multiplicity Other

Type [d]

HD1466 – – – High PM

HD1461 – – – High PM, Substellar companion

kapPhe – – – High PM

lam01Phe – – – High PM

HD3670 – – – High PM

nu.Phe – – – High PM

49Cet – – – High PM

q01Eri – – – High PM, Substellar companion

q02Eri – – – High PM

VDKCet BY Draconis 3.02 – Star in Association

HD13246 – – – High PM

betTri Spectroscopic binary ? X –

gamTri – – – High PM

alf For – – X –

94Cet – – – High PM, Substellar companion

HD21997 – – – High PM

V1229Tau Eclipsing binary of Algol type ? X –

28Tau – – – Be Star

HD25457 T Tauri ? – Member of moving group

gamDor Gamma Doradus 0.7570a – –

VEXEri Delta Scuti ? – Lambda Boötis Star

HD30447 – – – –

pi.01Ori – – – High PM, Lambda Boötis Star

HD35367 – – – –

HD287861 – – – –

HD290609 – – – –

HR1915 – – – –

HD37306 – – – –

HR1975 – – – –

HD38858 – – – High PM, Substellar companion

HD45184 – – – High PM, Substellar companion

HD46190 – – – –

HD52265 – – – High PM, Substellar companion

HD61005 – – – High PM

HD69830 – – – High PM, 3 Substellar companions

HD71722 – – – –

HD76151 – – – High PM

HR3570 – – – High PM

Continued on next page
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Table 5.4 – continued from previous page

Name Variable Period Multiplicity Other

Type [d]

HD82943 – – – High PM, 2 Substellar companions

HR3927 – – – –

HR4138 – – – –

VCEAnt T Tauri 5.00 – –

HD95086 – – – Substellar companion

betUMa – – – High PM

HD98363 – – – –

HD101088 – – X –

HD102458 – – – Young Stellar Object

HD104231 – – – Star in Association

CD-54 4621 – – – Pre-main sequence Star

HD106906 – – – Star in Association

HD107146 – – – High PM

HD108857 – – – –

etaCrv – – – High PM

HR4796 – – X –

HD110058 – – – –

rhoVir Delta Scuti ? – Lambda Boötis Star

VMOHya Delta Scuti ? – Lambda Boötis Star

HD113556 – – – Star in Association

HD114082 – – – Star in Association

iotCen – – – High PM

lamBoo Delta Scuti ? – Lambda Boötis Star

HD128311 BY Draconis ? – 2 Substellar companions

HD131835 – – – –

betCir – – – High PM

BD-07 4003 BY Draconis ? – 4 or more Substellar companions

HD137057 – – – –

alf CrB Eclipsing binary of Algol type 17.36 X –

HD138813 – – – –

HD140817 – – X –

HD144587 – – – –

HR6051 – – – –

HR6037 – – – High PM

HD146897 – – – –

HR6507 – – – High PM

HD159082 Spectroscopic binary ? X –

HR6534 – – – High PM

mu.Ara – – – High PM, 4 Substellar companions

Continued on next page
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Table 5.4 – continued from previous page

Name Variable Period Multiplicity Other

Type [d]

HD164249 – – – High PM

eps Sgr – – X Lambda Boötis Star

HR6948 – – – High PM

rhoTel – – – High PM

HD181327 – – – High PM

5Vul – – – –

cAql Delta Scuti ? – Lambda Boötis Star

HD190470 – – – High PM

kap01 Sgr – – – High PM

phi01Pav – – – High PM

iotDel Spectroscopic binary ? X –

VAUMic BY Draconis 4.85 – –

HR8013 – – – High PM

alfOct Eclipsing binary of beta Lyr type ? X –

HD202206 – – – High PM, 2 Substellar companions

HD207129 – – – High PM

39Peg Gamma Doradus 0.75574a – –

tau01Aqr – – – –

V342Peg Ellipsoidal, Gamma Doradus 0.5053a – 4 Substellar companions, Lambda Boötis Star

HR8843 – – – High PM

aHenry et al. (2011).
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We carefully further inspected each one of these candidates in order to try to assess whether

the variable absorption features observed in these candidates are likely attributable to FEBs or

not. We evaluated whether the features were observed in consecutive epochs (either during the

same night or in consecutive nights, depending on the data available) in matching positions (i.e.

found at the same radial velocity within the errors). We also took into account previous reports

of FEBs or presence of gas in the literature and examined if the residual feature matched with the

location of a stable feature present in the reference spectrum. The presence of “wavy” patterns

or p-cygi profiles in addition to the narrow features were also considered.

Taking into consideration the characteristics described above, we classified the origin of the

absorption features observed in each object as “likely” if they seem consistent with exocometary

activity (i.e. we found consistent absorptions in consecutive epochs and/or there are previous

reports of gas of FEBs) or “unclear” if they do not show clear evidence of exocometary activity

but cannot be completely ruled out. For instance, in the case of HD 110058, the variable features

matched with the position of a stable feature with confirmed circumstellar gas origin (Hales

et al. 2017, Iglesias et al. 2018, Rebollido et al. 2018). However, these variations could likely be

due to the difference in resolution between FEROS and HARPS observations (e.g. see Fig. 2.2

in Chapter 2), but given the confirmed presence of gas, FEBs cannot be completely ruled out

and we will do further quantitative analysis of the variability of this object in the future. These

results are summarized in Table 5.5 with notes explaining the observed characteristics that led to

the classification. As a final result, we found seven candidates with variability likely attributable

to exocometary activity and 23 objects exhibiting signatures of unclear origin that cannot be

immediately ruled out from the FEB scenario.
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Table 5.5: Selection of candidates of exocometary activity.

ID Unclear Likely Notes

kap Phe X not consistent in consecutive epochs
49 Cet X weak but consistent in consecutive epochs, reported gas
gam Tri X consistent in consecutive epochs
HD 21997 X consistent and not in consec. epochs, mixed w. “waves”, reported gas
HD 30447 X weakly consistent or not consistent in consecutive epochs
pi.01 Ori X not consistent in consecutive epochs, mixed with “waves”
HD 35367 X matches with the position of an ISM feature but cannot be discarded
HR 1915 X not consistent in consecutive epochs, mixed with “waves”
HD 37306 X very strong and consistent in consecutive epochs, reported FEBs
HR 1975 X consistent in consecutive epochs but mixed with p-cygni profiles
HD 46190 X not consistent in consecutive epochs, mixed with “waves”
HD 71722 X not consistent in consecutive epochs
HD 95086 X consistent and not in consecutive epochs, reported gas
HD 98363 X not consistent in consecutive epochs, mixed with “waves”
HD 106906 X not consistent in consecutive epochs, mixed with “waves”
eta Crv X not consistent in consecutive epochs, reported gas
HR 4796 X consistent and not in consecutive epochs, reported gas
HD 110058 X likely instrumental but reported stable gas, FEBs cannot be discarded
rho Vir X not consistent in consecutive epochs, mixed with “waves”
HD 113556 X not consistent in consecutive epochs, a bit noisy
HD 114082 X not consistent in consecutive epochs
iot Cen X not consistent in consecutive epochs
HD 131835 X not consistent in consecutive epochs, mixed with “waves”
bet Cir X not consistent in consecutive epochs
HD 138813 X not consistent in consecutive epochs, mixed with “waves”
HR 6037 X not consistent in consecutive epochs, mixed with “waves”
HR 6948 X not consistent in consecutive epochs, mixed with “waves”
5 Vul X not consistent in consecutive epochs
c Aql X consistent in consecutive epochs, mixed with “waves”, reported FEBs
kap01 Sgr X not consistent in consecutive epochs, mixed with “waves”
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5.2.3 Multiple line comparison for the candidates

We performed further analysis of the seven candidates presenting variability likely due to

exocometary activity. We did a simultaneous comparison of the observed variability found in

the Ca ii K line with respect to the Ca ii H and Hδ lines aiming to confirm or discard that the

variability is attributable to exocomets. Absorption due to gas produced in the Ca ii K line

should be simultaneously detected also in the Ca ii H line. Therefore, we compare simultaneous

observations with the Ca ii H line in order to confirm a gas detection. However, it is important

to notice that for optically thin gas the intensity of the Ca ii H absorption should be half as

intense as the absorption detected in the Ca ii K line (Kiefer et al., 2014c) and thus, for weak

detections in Ca ii K, simultaneous absorptions in the Ca ii H line will be hard to detect.

On the other hand, the Balmer lines are very much used to study stellar activity since

they are very sensitive to changes in stellar temperature and pressure (Houdebine et al., 1995).

Therefore, we compare the variability with one of these Hydrogen lines in order to observe any

possible correlation with stellar activity, which might help to discard the variability in the Ca ii K

line being of exocometary origin. Besides, no evidence has been found of absorptions attributable

to exocometary gas in these lines. Although, it is worth mentioning that they are good tracers

for gas accretion or radiative processes in the disk of Herbig Ae/Be stars presented as emission

lines at the core of the Balmer series (Silaj et al. 2014, Moura et al. 2020), but this is not the

case of our objects of analysis. We chose to perform a simultaneous comparison with the Hδ line

given that is close in wavelength to the Ca ii doublet and, therefore, simultaneous observations

are available for any instrument used in this study (unlike, for instance, the Hα line which is

outside of the coverage of the blue arm for UVES and MIKE spectrographs).

Below, we analyse and discuss the simultaneous observations of these lines individually for

each candidate.

49 Cet

We detect a weak narrow residual absorption in the Ca ii K line of 49 Cet at a consistent

radial velocity in three consecutive epochs, as shown in Fig. 5.6. The first two observations were

taken during the same night only a few minutes apart and the third one was taken the following
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night. No simultaneous absorption was observed in the in the Ca ii H line, although, given the

weak intensity of the detection in K, the according intensity expected for the H line might not

reach a level beyond 2σ over the noise. No significant variability was observed in the Hδ line

either, likely discarding stellar activity. Both molecular and atomic gas have been detected in

49 Cet. The first report of molecular gas being present in 49 Cet was made by Zuckerman et al.

(1995) who revealed the presence of CO in this debris disk. Later, further detections of CO

were published (e.g. Hughes et al. 2008, Moór et al. 2019), as well as the detection of molecular

Hydrogen (H2) (Thi et al., 2001a). There are also several detections of atomic gas either in

emission (e.g. C ii: Roberge et al. 2013, C i: Higuchi et al. 2017) or absorption (e.g. C i, O i,

Fe i: Roberge et al. 2014, C iv: Miles et al. 2016) and, in particular, variable absorption features

in the Ca ii K line of 49 Cet have been reported by Montgomery and Welsh (2012), whereas

Rebollido et al. (2018) suggests that the absorption feature observed in Ca ii K line of 49 Cet is

most likely a blend of interstellar and circumstellar gas. Our detections in the Ca ii K line of

49 Cet are consistent with the neard edge-on inclination of the disk estimated to be of 80.6˘0.4

degrees by Hughes et al. (2017), which favours the detection of circumstellar material transiting

in front of the star (although this constrain can be less strict for the case of exocomets). Our

detections, although weak and thus not detected in the H counterpart of the K line, might be

likely consistent with exocometary activity given the confirmed presence of gas in the system,

the favourable inclination of the disk, and previous reports of variability attributed to FEBs

in the Ca ii K line. We cautiously assign a circumstellar gas origin for the variability observed

in 49 Cet, however, we will perform further analysis of this particular case to better assess the

variability and confirm it is not due to possible artificially induced variations.

gam Tri

gam Tri presents a weak absorption feature in the Ca ii K line at consistent radial velocity in

consecutive observations. The peak of the absorption seen at „45 km.s´1 reaches 3σ in the two

observations taken on the night of 2018-10-20. One observation was taken on the previous night

and apparently there is also an absorption at the same velocity, however its peak only reaches

2.9σ, just slightly under our detection constrain. That feature is still marked with a Gaussian fit

in Fig. 5.7 in order to show that its velocity is consistent with those of the following night. We
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Figure 5.6: Three consecutive observations of 49 Cet presenting a narrow absorption feature in the Ca ii
K line at „12 km.s´1. In this and the six following figures the radial velocity of the star is marked with
a vertical gray dashed line and the upper and lower 3σ limit are shown in horizontal dashed blue lines.
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Figure 5.7: Three consecutive observations of gam Tri presenting a weak absorption feature in the Ca ii
K line at „45 km.s´1.

do not detect any correlated absorption either in the Ca ii H or the Hδ line. This is in agreement

with the Ca ii H line being likely too weak to be detected and the detection in Ca ii K not being

correlated with stellar activity. In the case of gam Tri, there are no previous detections of gas

or variability attributed to exocomets in the system. The disk has been resolved with Herschel

observation and the inclination of the disk was estimated to be „89˝, almost exactly edge-on

(Booth et al., 2013). Therefore, considering that the inclination of the disk strongly favours the

transit of its material across the line of sight of the star, although the intensity of our detection

is weak, is consistent in three epochs and with the detection of the disk, therefore we consider

that the absorption features observed in gam Tri are likely due to exocometary activity.

HD 21997

HD 21997 presents absorption features in the Ca ii K line in many of its observations. In Fig.

5.8 we show four consecutive observations where absorption features in the Ca ii K line are de-

tected over 3σ. However, in most cases these absorptions are not seen at the same radial velocity
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Figure 5.8: Four consecutive observations of HD 21997 presenting narrow absorption features in the
Ca ii K line at different radial velocities.

in consecutive observations. Only one feature detected at „-2km.s´1 seems to be consistent in

the two consecutive night of 2017-09-29 and 2017-09-30. We do not find correlated absorption

features in the Ca ii H or the Hδ lines (there is only an emission in the Ca ii H line in one of

the observations likely due to a poorly removed cosmic ray contamination). This neither con-

firms exocometary origin or a correlation with stellar activity. Molecular gas has been previosly

detected in this system. CO emissions were reported by Moór et al. (2011) and Kóspál et al.

(2013), although, given the large amount of gas estimated to be in the system (6.0ˆ10´2MC),

it has been attributed to be of primordial origin (Kóspál et al. 2013, Kral et al. 2017b). No

signs of exocometary activity has been reported for this object. In Rebollido et al. (2018), the

authors searched for non-photospheric absorption features in the Ca ii and Na i doublets of HD

21997 and no absorptions were found. The disk around HD 21997 was spatially resolved with an

estimated inclination for the disk of 32.9˝˘2.6˝ (Moór et al., 2015), thus far from edge-on and

not favourable for the transit of exocomets unless their orbits were highly inclined with respect

to the disk, which is less likely. Therefore, we will leave HD 21997 only as a possible candidate

for exocometary activity that would require further study.
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Figure 5.9: Four consecutive observations of HD 37306 presenting deep absorption features in the Ca ii
H and K lines centered at the radial velocity of the star. We used the same scale for the three lines for
better comparison of the intensity of the absorptions.

HD 37306

HD 37306 presents a very significant (>30σ) absorption in the Ca ii K line in eight consecutive

observations that span a time range of eight nights. In Fig. 5.9 we show four of these consecutive

observations. We can clearly see that in all these observations there is also an absorption in the

Ca ii H line with an intensity, width and radial velocity similar to the Ca ii K line, which is

(roughly) centered at the radial velocity of the star. The Ca ii H and K lines presenting the same

intensity are consistent with the presence of optically thick gas in the line of sight of the star.

There is no similar absorption in the Hδ line which is in agreement with a lack of stellar activity.

This particular object was analyzed in detail in Chapter 4 and the results of this analysis were

published in Iglesias et al. (2019). It not only shows consistent atomic gas absorptions in the Ca ii

doublet, but also in the Ca ii triplet and several Fe ii and Ti ii lines. In Iglesias et al. (2019) we

concluded that the variability observed in this object was likely due to an exocometary break-up

sublimating very close to the star (at a few stellar radii) and producing a ring-shaped stream of

gas. This variability was interpreted as a shell star by Rebollido et al. (2020), but our analysis,

as mentioned, was more consistent with the massive disruption of an exocomet.
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HD 95086

HD 95086 presents absorption features at random velocities in the Ca ii K line in many of

its observations. In Fig. 5.10 we show some of the absorption features detected during the

night of 2014-01-18. The Ca ii K line presents narrow absorptions in consecutive observations

but they are not observed at the same radial velocities. The Ca ii H line presents absorption

features in a few epochs, however these are not consistent with the radial velocity of the feature

observed in the simultaneous observation of the K line (e.g. see the second observation in Fig.

5.10). The Hδ line does not show significant features thus the detections in the Ca ii doublet

are not likely attributable to stellar activity. The presence of CO has been reported by Booth

et al. (2019). The authors conclude that the levels of gas detected in the system are consistent

with second generation gas. The debris disk around HD 95086 was resolved with ALMA by

Su et al. (2017). They estimated an inclination for the disk of 30˝˘3˝, which is far from being

edge-on and thus, not favourable for the transit of circumstellar material in front of the star. No

traces of gas absorptions in the optical have been reported. A 5˘2 MJup planet (HD 95086b)

in the system has been detected by direct imaging at „56 AU from the star (Rameau et al.

2013, Galicher et al. 2014. Considering all we know about this system and the characteristics

of its observed variability, the inconsistency of the detections in terms of radial velocity and

the unfavourable disk inclination, we conclude that the detected variations might be more likely

attributable to a relatively low (<100) SNR at the core of the Ca ii K line in most observations,

producing noisy features. However, given that there is a planet likely stirring the disk and that

the CO detections point towards ongoing collisions in the system, we cannot completely rule

out exocometary activity in this system. We will keep HD 95086 as an interesting candidate to

search for exocomets.

HR 4796

We detected narrow absorption features in the Ca ii K line of HR 4796 consistently present

during the night of 2007-05-07 at „-9km.s´1. We show four consecutive observations during this

night presenting these absorptions in Fig. 5.11 (top row). In Iglesias et al. (2018), we reported

the detection of two stable absorption features of interstellar origin in the Ca ii K line of HR 4796
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Figure 5.10: Four consecutive observations of HD 95086 presenting narrow absorption features in the
Ca ii K line at different radial velocities.

having estimated radial velocities of „-14km.s´1 and „-5km.s´1. Thus, the variable absorption

feature observed at „-9km.s´1 does not match with the velocity of any of the interstellar features.

Interestingly, we also detected a narrow emission feature consistently present in the Ca ii K line of

HR 4796 during the night of 2007-05-15 at „4.3km.s´1. This matches with our estimated radial

velocity of the star of 5.35˘2.94km.s´1. No simultaneous absorption or emission features were

detected neither in the Ca ii H or Hδ line that might confirm the presence of circumstellar gas or

stellar activity. No emission of molecular gas has been detected in this system (Kennedy et al.,

2018). However, signs of absorption features in the Ca ii K line attributable to circumstellar

gas have been reported by Iglesias et al. (2018) (as discussed in Chapter 3) and Welsh and

Montgomery (2015). Iglesias et al. (2018) also reports a weak stable circumstellar feature in

the Ca ii K line matching the radial velocity of the star and likely of circumstellar nature. The

inclination of the system of 76.5˝ is fairly close to edge on (Milli et al. 2017; Kennedy et al. 2018),

and thus, favourable for the detection of transits of circumstellar gas. Therefore, we estimate

that the absorption features in the Ca ii K line are likely consistent with exocometary activity

or collisions of icy bodies. Regarding the detection of emission features in the center of this line,

we discard stellar activity given the lack of emission in the simultaneous observations of other

lines. We speculate it might be due to infalling exocometary material getting burned in the hot
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Figure 5.11: Top: Four consecutive observations of HR 4796 during the night of 2007-05-07 presenting
narrow absorption features in the Ca ii K line at „-9km.s´1. Bottom: Four consecutive observations of
HR 4796 during the night of 2007-05-15 presenting an emission feature in the Ca ii K line matching the
radial velocity of the star.
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Figure 5.12: Four consecutive observations of c Aql presenting absorption features in the Ca ii K line
at increasing radial velocities. From left to right, the absorption features are observed at „34km.s´1,
„39km.s´1, „48km.s´1 and „52km.s´1, respectively. Observations are „2 minutes apart.

stellar surface, but we will keep investigating other possibilities.

c Aql

c Aql presents variable absorption features in its Ca ii K line that are relatively wider than

those observed in other objects (FWHM„0.1–0.2Å), except for the case of HD 37306. Absorption

features of similar characteristics are present in consecutive observations, as shown in Fig. 5.12.

However, the absorption features are found at increasing radial velocities at a cadence of „2

minutes between the observations. The absorptions (shown in Fig. 5.12 from left to right)

are found at „34km.s´1, „39km.s´1, „48km.s´1 and „52km.s´1, respectively. No matching

absorption features are found either in the Ca ii H or Hδ lines. FEB-like events observed in the

Ca ii K line of c Aql were previously reported by Montgomery and Welsh (2017) and Iglesias

et al. (2018) (as in Chapter 3). No hints of circumstellar gas have been found in other atomic

or molecular lines. Although we do not detect simultaneous absorption features in other lines

that may point towards a stellar activity origin, given that c Aql is a known δ Scuti variable

star (Kuschnig et al., 1994), and that we detect a few emission features in some epochs (e.g.

the emission shown in the Ca ii H line, the first observation in Fig.5.12), we decided to further

analyse a possible correlation with the stellar pulsations.
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Figure 5.13: Left: Periodogram for the intensity of the absorption feature detected in the Ca ii K line
of c Aql. Right: Periodogram for the radial velocity of the same absorption feature. Vertical red dashed
line in both periodograms marks the pulsation frequency of the star.

We computed periodograms for the absorption features observed in the Ca ii K line to test

whether the intensity and/or radial velocity of these features presented any sign of periodic-

ity that could match with stellar pulsations. c Aql has a pulsation period of 30.39 minutes,

which corresponds to a frequency of 47.48 days´1 (Kuschnig et al., 1994). We computed two

periodograms for the Ca ii K absorption feature along all epochs where it is detected; one con-

sidering the variation of its intensity and one considering the variation of its radial velocity.

These periodograms are shown in Fig. 5.13. We used a frequency range from 1 to 500 days´1

with a sampling of 0.5 days´1. We searched for frequency peaks by selecting those having >3σ

significance. In both periodograms, several peaks reached 3σ and none of them showed a clear,

distinctive frequency peak. The intensity periodogram showed peaks >3σ at 223.22, 231.23,

269.27, and 379.38 days´1, while the radial velocity periodogram showed peaks at 9.01, 29.03,

121.12, 137.14, 161.16, 187.19, and 219.22 days´1. None of these peaks matched between the

two periodograms and none matched with the stellar pulsation period either. Therefore, we con-

cluded there was no correlation between the observed absorption feature in Ca ii K and stellar

pulsations. The variability detected in c Aql might be likely due to outgassing processes such as

exocometary activity in the circumstellar environment. The increasing radial velocity of the ab-

sorption feature could be compatible with the detection of the accelerated motion of an infalling

sublimating body.
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5.3 Conclusions

We found 97 objects within a sample of 269 debris disks having at least three epochs of

observations that exhibited any kind of variability in their Ca ii K spectral lines. We analyzed the

observed variability in order to find in which objects the variations are more likely attributable to

exocometary activity. We selected a group of 30 objects with variability that could be compatible

with transiting FEBs in the line of sight of the star. From this group, seven of them showed

evidence that might suggest that the observed variability could be induced by the presence of

exocometary activity. Therefore, we performed a multiple line analysis for these seven object in

order to confirm that the variability is indeed likely due to exocometary activity. Among these

seven objects, for five of them; 49 Cet, gam Tri, HD 37306, HR 4796 and c Aql, we confirmed,

after further analysis, that their variability was consistent with FEBs, while the remaining two

objects; HD 21997 and HD 95086 might be good candidates for further observations to possibly

confirm FEB-like activity. Two of the confirmed objects, HR 4796 and c Aql were previously

found in Iglesias et al. (2018), as described in Chapter 3, and one of them, HD 37306, was found

during this analysis and given its unusually strong absorption features it was studied in more

detail in Iglesias et al. (2019), as shown in Chapter 4. The remaining 23 objects among the first

selection of 30 showed signs of activity that could be attributed to some other mechanism but

that cannot be completely ruled out from transits of circumstellar gas, thus their origin remain

unclear and further analysis will be necessary in order to determine the cause of the observed

residual features. As a by-product, among the objects that were discarded to have features

due to transiting circumstellar gas, we found a few objects exhibiting other kinds of interesting

behaviour like variability compatible with multiplicity that were not previously reported in the

literature, or strong changes in the overall profile of the Ca ii K that would require of further

analysis in order to understand what is going on in the system.
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Chapter 6

Debris disks with stable single

absorption features in metallic lines

and an update in multiple features:

circumstellar or interstellar origin?

This Chapter is based on a paper in preparation (Iglesias et al. in prep.), which is meant to

be published under the same title.

6.1 Sub-sample

In Chapter 3 we analyzed a sample of 27 objects exhibiting multiple stable absorption features

within a database of observations taken up until December 2016, in order to determine their

origin. In this Chapter we analyzed the systems presenting single absorption features and,

in addition, further systems with multiple absorption features that were found in more recent

observations taken up to March 2019. The purpose of the analysis was the same as in Chapter

3: to determine whether these stable non-photospheric absorption features were of interstellar or

circumstellar origin.

We selected those systems presenting stable non-photospheric absorption features in their
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Figure 6.1: Example of profile fits for the object gam Oph. Left: Median spectrum of the Ca ii K line
in black and photospheric profile fit in red. The radial velocity of the star is marked with a vertical gray
dashed line in both plots. Right: Residual spectrum after normalizing by the photospheric profile in
black. Gaussian fit for the absorption feature is shown in a magenta dashed line. The 3σ limit is shown
with a horizontal dashed green line. Vertical blue line shows the radial velocity of the Oph cloud, which
traverses the line of sight of this star. The width of this line is given by the error of the radial velocity of
this cloud.

Ca ii K lines having at least a 3σ significance. By “stable”, we mean that the features are

present in all the observations and their characteristics (such as intensity and radial velocity)

remain constant. As a general rule, we selected objects having a minimum of three observations

covering the Ca ii K line in order to have a reliable stable feature. However, two out of the 107

objects in our selected sample have only one and two observations of this line; 78 Her and tet CrB,

respectively. We decided to keep these two objects in this sample since it is more probable that

their features are stable rather than variable and being detected by chance in only one or two

observations. Therefore, we still performed the same analysis for these two objects, but keeping

in mind that there is a chance that they could be variable.

A median spectrum of the Ca ii K line was obtained for each object in the sample from all the

collected spectra (except for 78 Her, having only one spectrum covering the Ca ii K line). Each

individual spectrum was previously normalized to unity by fitting the continuum at both sides of

the Ca ii K line. A spline function was used to fit the photospheric profile of the Ca ii K medium

spectrum isolating the section where non-photospheric absorption features were observed. An

example of this fit is shown in Fig. 6.1 (left). The order of the spline fit was adjusted for each
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object according to the S/N of its median spectrum in order to obtain a smooth profile of the line

(i.e. the noisier the spectra the larger the order, meaning, the larger the distance between points

of interpolation). Then, the median spectrum was normalized by the smoothed photospheric

profile in order to isolate the non-photospheric components. Gaussian profiles were fit to the

non-photospheric absorption features found in the residual spectrum. Those objects presenting

features with an amplitude of 3σ above the noise of the residual spectrum were selected (see Fig.

6.1, right panel).

Regarding the former fitting strategy, we are aware that a spline function fit does not rely

on physical parameters, however it is a time saving strategy and we will show that it yields

consistent estimates for the features. In order to quantify the difference between fitting the

photospheric profile with a model based on stellar parameters (such as Kurucz models, Castelli

et al. (1997)) versus fitting a spline function, we compared the Kurucz model fit obtained for

the object HD 110058 obtained in Chapter 3 with a spline fit. We chose this particular object

as this was the only one having both, a circumstellar and an interstellar absorption, this way

we can test whether the different fits affect the verdict for the origin of the features. In Fig.

6.2 we show both, the residual absorption features as normalized by the Kurucz model and as

normalized by the spline fit of the photospheric profile. We also show the Gaussian fits obtained

for each absorption features, as we estimate the properties of the features from the Gaussian

parameters. In Chapter 3, we obtained radial velocities for the features of 1.85˘0.99 km.s´1 for

the interstellar one and 12.50˘0.77 km.s´1 for the circumstellar one, and FWHM of 14.77˘1.13

km.s´1 and 2.70˘0.70 km.s´1, respectively. On the other hand, when using a spline fit for

the photospheric profile we obtained radial velocities of 1.83˘0.94 km.s´1 for the interstellar

one and 12.50˘0.77 km.s´1 for the circumstellar one, and FWHM of 13.27˘1.00 km.s´1 and

2.18˘0.65 km.s´1, respectively. In comparison, we obtained almost the same radial velocity for

the interstellar feature, with a negligible difference of 0.02 km.s´1, and the exact same value for

the radial velocity of the circumstellar feature. Regarding the FWHM, we obtained differences

in the order of „1 km.s´1, thus the values are in agreement within the errors. The interstellar

feature still matches with the radial velocity of the nearby stars within the uncertainties, and the

circumstellar feature still matches with the estimated radial velocity of the star of 11.20˘0.81

km.s´1 within the uncertainties. Therefore, we estimate we will obtain the same results within
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Figure 6.2: Comparison between Kurucz model fitting and spline function fitting for the photospheric
profile of HD 110058. Residual absorptions are shown after normalizing by the photospheric fit. The
radial velocity of the star computed in Iglesias et al. (2018) is marked with a vertical gray dashed line in
both plots. Left: Residual spectrum of the median Ca ii K line after normalizing by the Kurucz model
obtained in Chapter 3. Individual Gaussian fit of the absorptions are shown in cyan dotted line and the
combined fit in blue. Right: Residual of the same spectrum but normalized by a spline function fit of
the photospheric profile. Gaussian fit for each absorption feature are shown in magenta dotted line and
the combined Gaussian fit is shown in red.

the uncertainties by using a spline fit compared to using a Kurucz model for the photospheric

profile.

We obtained a sub-sample of 107 objects presenting stable non-photospheric absorption fea-

tures among our full sample of 273 objects having observations of the Ca ii K line. This sub-

sample excludes those 27 objects already analyzed in Chapter 3. The sub-sample is presented

in Table 6.1 and their parameters are given in Table E.1, found in the Appendix. As can be

seen in Fig. 6.3 (left) and Table E.1, the selected sample ranges in spectral types from B7

to F6, thus mainly consisting of stellar types having a radiative surface layer. A total of 201

non-photospheric stable absorption features were identified in the spectra of the 107 objects in

this sample, ranging from one up to five features per object. The sample ranges in distances

between 11 and 504 pc, with the majority of the sample being located within „200 pc, as shown

in Fig. 6.3 (right) and Table E.1. Regarding the spatial distribution of these systems, they are

spread all over the sky that is observable from the telescopes located in Chile (i.e. under „35˝

of declination), most of them being field stars. We observe some clustering in a few regions, for

instance, in the Pleiades cluster, but also in other regions of field stars. Their coordinates are
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Figure 6.3: Left: Histogram of spectral types of the host stars of this selected sample of debris disks
presenting non-photospheric stable absorption features. Right: Histogram of the distances for this sample.

shown in Table 6.1.

Table 6.1: Sub-sample of debris discs presenting single or multiple stable absorption features in their
Ca ii K line.

Name HD Id R.A. Dec. Name HD Id R.A. Dec.

[J2000] [J2000] [J2000] [J2000]

HD 225200 225200 00:04:20.3 -29:16:07.7 V MO Hya 111786 12:51:57.8 -26:44:17.7

lam01 Phe 2834 00:31:24.9 -48:48:12.6 HD 112383 112383 12:57:26.1 -67:57:38.5

HD 3670 3670 00:38:56.7 -52:32:03.4 HD 113457 113457 13:05:02.0 -64:26:29.7

49 Cet 9672 01:34:37.7 -15:40:34.8 HD 113556 113556 13:05:32.6 -58:32:07.9

HD 10472 10472 01:40:24.0 -60:59:56.6 HD 113902 113902 13:07:38.2 -53:27:35.1

q02 Eri 10939 01:46:06.2 -53:31:19.3 iot Cen 115892 13:20:35.8 -36:42:44.2

gam Tri 14055 02:17:18.8 +33:50:49.8 HD 117484 117484 13:31:30.9 -46:44:06.8

phi For 15427 02:28:01.7 -33:48:39.7 HD 117665 117665 13:32:39.2 -44:27:00.9

HD 16743 16743 02:39:07.5 -52:56:05.3 HD 118379 118379 13:37:17.7 -40:53:52.3

HD 17390 17390 02:46:45.1 -21:38:22.2 HD 118588 118588 13:38:42.8 -44:30:58.6

41 Ari 17573 02:49:59.0 +27:15:37.8 tau Vir 122408 14:01:38.7 +01:32:40.3

V V1229 Tau 23642 03:47:29.4 +24:17:18.0 HD 122705 122705 14:04:42.1 -50:04:17.0

HD 23863 23863 03:49:12.1 +23:53:12.4 HD 124619 124619 14:16:16.9 -53:49:01.9

HD 23923 23923 03:49:43.5 +23:42:42.6 HD 127750 127750 14:34:33.4 -46:18:17.2

Continued on next page
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Table 6.1 – continued from previous page

Name HD Id R.A. Dec. Name HD Id R.A. Dec.

[J2000] [J2000] [J2000] [J2000]

kap Lep 33949 05:13:13.8 -12:56:28.6 HD 128207 128207 14:36:44.1 -40:12:41.6

HD 34324 34324 05:15:43.9 -22:53:39.7 HD 131835 131835 14:56:54.4 -35:41:43.6

HD 35150 35150 05:22:47.9 +01:43:00.2 HD 132238 132238 14:59:13.9 -37:52:52.4

HD 287787 287787 05:23:06.8 +01:18:23.7 HD 134888 134888 15:13:27.9 -33:08:50.2

HD 35332 35332 05:24:07.8 +01:38:00.1 HD 135454 135454 15:16:37.1 -42:22:12.5

HD 35367 35367 05:24:20.7 +01:35:26.5 HD 136246 136246 15:20:31.4 -28:17:13.5

HD 287850 287850 05:25:39.7 +01:38:18.3 HD 136482 136482 15:22:11.2 -37:38:08.2

HD 287854 287854 05:25:48.6 +01:23:22.0 HD 137015 137015 15:25:06.4 -38:10:09.2

HD 35625 35625 05:26:11.9 +01:53:35.7 HD 137119 137119 15:25:30.1 -36:11:57.9

HD 38056 38056 05:41:26.9 -33:24:02.6 tet CrB 138749 15:32:55.7 +31:21:32.8

HD 46190 46190 06:27:48.6 -62:08:59.7 HD 138813 138813 15:35:16.1 -25:44:03.0

HD 50571 50571 06:50:01.0 -60:14:56.9 HD 138923 138923 15:36:11.3 -33:05:34.0

bet CMi 58715 07:27:09.0 +08:17:21.5 HD 138965 138965 15:40:11.5 -70:13:40.3

HD 60995 60995 07:36:32.7 -14:14:33.4 HD 140840 140840 15:47:06.1 -35:31:04.9

HD 68420 68420 08:10:08.4 -49:00:43.4 HD 141011 141011 15:48:24.7 -42:37:05.0

30 Mon 71155 08:25:39.6 -03:54:23.1 HD 142446 142446 15:56:05.6 -36:53:34.3

HD 71722 71722 08:26:25.2 -52:48:26.9 HD 144587 144587 16:07:29.9 -23:57:02.4

HD 74374 74374 08:41:22.7 -53:38:09.4 HD 145880 145880 16:14:57.7 -39:37:40.1

HD 78702 78702 09:09:04.2 -18:19:42.7 HD 145689 145689 16:17:05.4 -67:56:28.6

HD 79108 79108 09:12:12.8 +03:52:01.1 HD 146606 146606 16:18:16.1 -28:02:30.1

HD 88215 88215 10:10:05.8 -12:48:57.3 HD 146897 146897 16:19:29.2 -21:24:13.2

HD 93738 93738 10:47:53.5 -64:15:46.2 HD 148657 148657 16:31:11.6 -38:22:58.7

HD 98363 98363 11:17:58.1 -64:02:33.3 HD 151109 151109 16:47:01.6 -39:32:01.9

HD 101088 101088 11:37:14.6 -69:40:27.1 HD 153053 153053 17:00:06.2 -54:35:49.8

bet Leo 102647 11:49:03.5 +14:34:19.4 78 Her 159139 17:31:49.5 +28:24:26.9

HD 103234 103234 11:53:08.0 -56:43:38.1 HD 159082 159082 17:32:14.8 +11:55:48.1

HD 103266 103266 11:53:26.8 -35:03:59.9 HD 1591 159170 17:33:29.8 -05:44:41.2

HD 103703 103703 11:56:26.5 -58:49:16.8 gam Oph 161868 17:47:53.5 +02:42:26.2

HD 104231 104231 12:00:09.4 -57:07:01.9 zet CrA 176638 19:03:06.8 -42:05:42.3

HD 104600 104600 12:02:37.6 -69:11:32.2 rho Tel 177171 19:06:19.9 -52:20:27.2

Continued on next page
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Table 6.1 – continued from previous page

Name HD Id R.A. Dec. Name HD Id R.A. Dec.

[J2000] [J2000] [J2000] [J2000]

HD 105613 105613 12:09:38.7 -58:20:58.7 alf CrA 178253 19:09:28.3 -37:54:16.1

HD 105857 105857 12:11:05.8 -56:24:04.8 eta Tel 181296 19:22:51.2 -54:25:26.1

HD 105912 105912 12:11:21.7 -03:46:43.9 HD 181327 181327 19:22:58.9 -54:32:16.9

HD 106797 106797 12:17:06.3 -65:41:34.6 5 Vul 182919 19:26:13.2 +20:05:51.8

HD 107301 107301 12:20:28.2 -65:50:33.5 rho Aql 192425 20:14:16.6 +15:11:51.3

HD 107649 107649 12:22:24.8 -51:01:34.3 HD 192758 192758 20:18:15.7 -42:51:36.2

HD 107947 107947 12:24:51.9 -72:36:14.0 phi01 Pav 195627 20:35:34.8 -60:34:54.3

HD 108904 108904 12:31:12.6 -61:54:31.4 3 Peg 205811 21:37:43.6 +06:37:06.2

eta Crv 109085 12:32:04.2 -16:11:45.6 del Scl 223352 23:48:55.5 -28:07:48.9

f Vir 109704 12:36:47.3 -05:49:54.8

6.2 Methods and Results

6.2.1 Comparison to database of interstellar clouds

In order to discriminate whether the absorption features found in the Ca ii K line of each

object are of circumstellar or interstellar origin, we compared the radial velocity of such features

with the radial velocity of known interstellar clouds from the database of Redfield and Linsky

(2008), as we did on Chapter 3. For each object we searched for the clouds traversing the line

of sight using Redfield’s online tool “Dynamical Model of the Local Interstellar Medium”1. For a

given coordinate, this tool gives the name and radial velocity of the cloud traversing that sightline

among the database of 15 clouds identified in Redfield and Linsky (2008) that are located within

15pc from the Sun. This tools also identifies those clouds located within 20 degrees of angular

separation and we have also collected this information as there is a possibility that some of

these clouds are actually traversing the line of sight. The clouds in this database have been

identified from only 157 sightlines, thus providing a relatively low spatial sampling and opening

the possibility for the extension of the clouds to be underestimated. We have observed that,

1http://lism.wesleyan.edu/LISMdynamics.html
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in many cases, those clouds identified in the database as located within 20˝ but not directly in

the line of sight matched exactly with the velocity of some absorption features. To test whether

the observed features are possibly attributable to those matching nearby clouds, we have tried

slightly changing the coordinates by a few minutes and, often such a cloud have appeared to be

directly in the line of sight only a few minutes away. Therefore, we cannot discard those clouds

within 20˝ to be the origin of some absorption features.

As mentioned, we have fit Gaussian profiles to each absorption feature with peak intensity

over 3σ, obtained their radial velocity from the center of the profile, and crossmatched their radial

velocity with those of the clouds in the database of the local interstellar medium. A “match” in

radial velocity was considered to be within the quadratic sum of the FWHM of the absorption

feature and the uncertainty of the radial velocity of the cloud (so the cloud falls within the width

of the absorption). The interstellar clouds matching the radial velocity of the non-photospheric

absorption features are presented in Tables 6.2 (showing the first ten objects) and E.2 (found in

the Appendix and showing the remaining objects). We identify those matching clouds traversing

the line of sight of the star as well as those matching clouds within 20˝ of angular distance. In

some cases, more than one match was found for either category. For simplicity, we present only

the closest match. An example of a cloud (Oph) matching the radial velocity the absorption

feature in the object gam Oph is shown above, in Fig. 6.1 (right panel).

Table 6.2: Clouds in the line of sight or at less than 20˝ of our targets taken from Redfield and Linsky
(2008) LISM database. The name of each target, the radial velocity of each non-photospheric absorption
feature, the FWHM of each feature, the name of the cloud found in the line of sight of the target that
matches with the radial velocity of the feature (within its FWHM), the radial velocity of this cloud, the
name of a cloud found within 20˝ that also matches with the feature and its corresponding radial velocity.

Name RV feature FWHM feat. Cloud RV Cloud LoS Cloud RV Cloud < 20˝

[km.s´1] [km.s´1] line of sight [km.s´1] < 20˝ [km.s´1]

HD 225200 -0.08˘2.31 8.43˘1.93 LIC 1.22˘1.37 Mic -3.59˘1.14

lam01 Phe 1.76˘0.78 4.36˘0.33 LIC 0.11˘1.38 G 3.37˘1.79

6.73˘0.76 1.28˘0.10 – – Vel 6.55˘0.83

HD 3670 2.38˘2.59 3.33˘0.86 LIC -0.11˘1.38 G 2.93˘1.76

19.55˘2.60 6.25˘1.62 Dor 22.23˘0.66 – –

Continued on next page

146



6.2. METHODS AND RESULTS

Table 6.2 – continued from previous page

Name RV feature FWHM feat. Cloud RV Cloud LoS Cloud RV Cloud < 20˝

[km.s´1] [km.s´1] line of sight [km.s´1] < 20˝ [km.s´1]

49 Cet 12.60˘2.30 5.54˘1.27 LIC 11.01˘1.29 G 16.96˘1.64

HD 10472 4.65˘0.84 8.22˘0.63 Cet 4.24˘0.56 LIC 0.92˘1.38

q02 Eri 7.87˘1.50 7.44˘1.09 Vel 8.51˘0.85 G 3.89˘1.71

13.51˘1.48 5.65˘0.83 Vel 8.51˘0.85 – –

gam Tri 16.31˘1.78 6.17˘1.09 LIC 17.38˘1.15 – –

phi For 12.02˘1.47 2.81˘0.41 LIC 10.67˘1.30 Blue 8.87˘1.61

HD 16743 15.72˘1.51 8.36˘1.22 Cet 15.71˘0.74 Vel 18.04˘1.07

HD 17390 18.20˘1.51 8.48˘1.24 G 20.79˘1.51 Blue 10.39˘1.49

We attribute an interstellar origin to all those features matching with the velocity of an

interstellar cloud located directly in the line of sight of the star. From the total of 201 detected

absorption features, 101 of them (detected in 83 objects) matched with the velocity of a known

cloud in the solar vicinity identified by Redfield and Linsky (2008). Most of these features (35

of them) seem to be attributable to the Galactic (G) cloud and many others (26) are likely due

to the Local Interstellar Cloud (LIC). Our Sun is embedded within the LIC cloud, while the G

cloud is located right next to the LIC cloud (Redfield, 2006). Therefore, it makes sense that more

than half of the observed features are due to the two closest clouds in the interstellar medium as

they are likely to cover the line of sight of many stars.

6.2.2 Search and comparison with reference stars

Since the objects in this sample are located at distances up to „500 pc and the clouds within

Redfield and Linsky (2008) database only include those clouds located within 15 pc from the

Sun (and have a fairly sparse spatial sampling), it is likely that those absorption features that

do not match with any of these known clouds might be due to clouds located at larger distances

(or due to underestimation of clouds spatial coverage). Therefore, for the remaining objects with
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yet unidentified absorption features (besides a few exceptions), we searched for high-Resolution

spectra of nearby early-type stars (ranging from B0 to F5) around each object in the ESO

archive in order to search for the presence of similar absorption features in them (as we did

as part of the analysis of the objects in Chapter 3). We chose the ESO archive as it offers

science-ready data from instruments such as FEROS, UVES and HARPS, which count with the

needed resolution and spectral coverage. However, we do not discard the use of other archives

such as the Keck Observatory Archive (KOA) or the Canada-France-Hawaii Telescope (CFHT)

archives in the future. In the present Chapter, this part of the analysis was done in collaboration

with the undergraduate student Gabriel Corvalán as a practice project for his Bachellor Thesis.

As mentioned, we searched for spectra of reference stars around 54 objects having features not

matching any identified cloud and we were able to find useful reference spectra for 39 of these

objects. These objects and their nearby reference stars having available spectra in the ESO

archive are shown in Tables 6.3 (showing the first ten objects) and E.3 (found in the Appendix,

with the remaining objects).

Table 6.3: Comparison stars.

Object Distance Rsearch Object of Spectral Distance θ sep.

of science [pc] [deg.] reference type [pc] [deg]

49 Cet 57.07˘0.33 3.0 HD 9399 A1V 245.63˘6.61 1.32

q02 Eri 60.97˘0.48 5.8 HD 12894 F4V 46.28˘0.11 3.02

HD 13418 A7V 252.34˘1.68 3.48

HD 12707 B6V 632.63˘17.64 4.70

HD 23863 134.25˘1.44 4.4 HR 1183 B8V 133.40˘1.21 0.21

HD 23923 133.40˘1.21 4.4 None – – –

kap Lep 140.96˘6.64 5.5 HD 34282 B9. 311.57˘4.60 3.20

HD 34816 B0. 269.70˘26.63 1.56

HD 35150 370.67˘8.97 4.3 V346-Ori A8V 366.54˘5.78 0.48

HD 287787 A2 410.78˘8.39 0.42

HD 34748 B3V 375.69˘14.00 3.23

Continued on next page
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Table 6.3 – continued from previous page

Object Distance Rsearch Object of Spectral Distance θ sep.

of science [pc] [deg.] reference type [pc] [deg]

HD 35625 A0V 361.96˘9.89 0.87

HD 35332 384.19˘10.50 4.5 V346-Ori A8V 366.54˘5.78 0.17

HD 287787 A2 410.78˘8.39 0.41

HD 34748 B3V 375.69˘14.00 3.25

HD 35625 A0V 361.96˘9.89 0.58

HD 35625 361.96˘9.89 4.1 V346-Ori A8V 366.54˘5.78 0.41

HD 287787 A2 410.78˘8.39 0.97

HD 34748 B3V 375.69˘14.00 3.70

HD 36646 B3V 398.65˘16.90 4.00

HD36841 B8V 451.15˘11.53 3.09

HD 38056 128.31˘0.77 4.5 None – – –

HD 60995 504.64˘12.91 2.5 None – – –

For the 39 objects having reference stars with available high-resolution spectra, we searched

for matching absorption features in the Ca ii K line of each of those reference stars. We followed

the same procedure as for the objects of science in our sample and fit Gaussian profiles to those

absorption features found in the reference stars having at least a 3σ intensity above the noise.

After obtaining the radial velocity and FWHM for those features, we compared whether they

“match” with those of our objects of science. A “match” was considered when the absolute

difference between the radial velocity of the features (the one of the object of science and the

one of the reference star) was smaller than the square sum of the FWHM of both features. In

other words, they match if their radial velocities are close enough so their FWHM overlap with

each other. Two example of matching absorptions are shown in Fig. 6.4. We found matching

absorption features in the reference stars for 36 out of the 39 objects analyzed, although for one of

the stars, HD 148657, we found a match for only one of its two features. For the three remaining

objects, namely bet Leo, HD 104600 and zet CrA, we did not find any matching absorption
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Figure 6.4: Example of comparison of the Ca ii K line of our objects of science with reference stars.
Residual of the median spectrum of the object of science in red and residual of the reference spectrum
in blue. Left: The object of science HD 103266 and the reference star HD 101431. Right: The object
HD 113902 and the star of comparison HD 114772.

features in their stars of reference (Bs. Thesis Corvalán, 2020). These results are shown in

Tables 6.4 (the first 10 objects) and E.4 (in the Appendix, showing the remaining objects).

For the three objects for which we did not find any matching absorption features in their

reference stars, we performed an exercise of artificially “injecting” the feature from the object of

science into the reference star in order to test whether the feature was detectable over a 3σ level

or not. We directly added the absorption feature to the spectrum of the reference star at the

same position where it is located in the object of science. An example of this exercise is shown

in Fig. 6.5 for the case of HD 104600. If we assume that the cloud is homogeneous and that it

is actually covering the reference star, then the feature should be detected in this reference star.

However, considering that the reference star is located at 3.26˝ of angular separation (about

6pc of physical distance) it is possible that the cloud was thinner at this distance and harder

to detect, or not covering the line of sight of this star. For the case of zet CrA, the feature

should have also been detected in its reference star (under the same conditions), but for bet Leo,

however, the feature is to weak to be detected over a 3σ level.

150



6.2. METHODS AND RESULTS

Figure 6.5: Injection of the absorption feature found in HD 104600 (also HR 4597) into the Ca ii K line
of its reference star HD 109832 (from Bs. Thesis Corvalán, 2020). Notice how the absorption feature (in
red) should have been detected if the cloud was homogeneous and covering this star.

Table 6.4: Comparison stars.

Object RV feature FWHM feat. Reference RV feat. ref. FWHM feat. ref.

of science [km.s´1] [km.s´1] star [km.s´1] [km.s´1]

49 Cet 12.60˘2.30 5.54˘1.27 HD 9399 13.89˘2.35 6.98˘1.60

q02 Eri 7.87˘1.50 7.44˘1.09 HD 13418 6.24˘0.65 18.10˘0.44

13.51˘1.48 5.65˘0.83 HD 12707 14.42˘0.27 10.42˘0.19

HD 23863 16.00˘1.48 5.20˘0.76 HR1183 15.20˘0.13 7.43˘0.13

kap Lep -20.80˘1.65 17.67˘2.59 HD 34282 -26.03˘0.30 6.92˘0.32

2.81˘1.48 5.21˘0.76 HD 34816 4.95˘0.05 10.74˘0.06

16.26˘1.51 8.18˘1.20 HD 34282 12.85˘0.49 9.57˘0.51

23.83˘1.48 4.99˘0.73 HD 34816 22.15˘0.12 12.75˘0.13

32.16˘1.51 8.48˘1.24 HD 34816 22.15˘0.12 12.75˘0.13

HD 35150 -2.88˘2.37 14.35˘3.28 HD34748 -1.28˘1.25 22.04˘2.82

11.60˘2.32 8.79˘2.01 HD35625 9.96˘0.09 6.39˘0.11

22.26˘2.31 7.88˘1.80 V346-Ori 23.64˘0.39 7.61˘0.41

Continued on next page
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Table 6.4 – continued from previous page

Object RV feature FWHM feat. Reference RV feat. ref. FWHM feat. ref.

of science [km.s´1] [km.s´1] star [km.s´1] [km.s´1]

HD 35332 10.52˘2.39 16.71˘3.82 HD35625 9.71˘0.08 5.49˘0.09

23.08˘2.29 4.32˘0.99 V346-Ori 23.64˘0.39 7.61˘0.41

33.51˘2.30 6.16˘1.41 HD287787 27.79˘0.83 5.10˘0.91

HD 35625 10.32˘1.50 7.05˘1.03 HD 36646 10.48˘0.18 9.38˘0.21

18.91˘1.82 25.54˘3.74 V346-Ori 23.64˘0.39 7.61˘0.41

HD 98363 3.89˘2.31 7.49˘1.71 HD308804 2.11˘0.25 6.61˘0.18

10.05˘2.29 2.51˘0.57 HD308804 8.75˘0.18 7.57˘0.12

16.37˘2.30 4.84˘1.11 HD308804 8.75˘0.18 7.57˘0.12

HD 101088 -4.65˘2.30 6.08˘1.39 HD95881 2.91˘0.29 44.30˘0.82

6.78˘2.34 12.13˘2.77 HR4597 6.30˘0.25 10.08˘0.26

bet Leo 2.21˘2.29 3.13˘0.72 None – –

13.64˘2.30 4.95˘1.13 None – –

6.2.3 Comparison to nearby stars within our own sample

With the previous exercise we realized that some of the reference stars found for each object

in this sub-sample were also stars belonging to our sample. Therefore, we decided to perform an

additional search of nearby stars among all the early-type stars within our full sample of debris

disks. This time, we searched for nearby stars for all the objects in this study, as this additional

search not only might help to find missing references but also to confirm the already found

references and matching clouds. We selected all the systems in our sample having observations

of the Ca ii K line and having a spectral type equal or earlier than F6, since this is the latest

spectral type for which non-photospheric absorption features are detected. These were a total of

234 stars, including stars that present non-photospheric absorptions (i.e. including the sample

analyzed in the present chapter and in chapter 3) and stars that do not. Stars presenting

features are potentially useful to confirm an interstellar origin for the features, whereas stars
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with no features might help to find candidates with circumstellar gas.

Since we do not know the size or the distance of the interstellar clouds that might be crossing

the line of sight of our stars, determining the ideal radius of search for nearby stars is challenging.

Therefore, we used a rough estimation based on the overall stellar distances and a standard cloud

size. We computed a median distance for the early type stars in our sample, which resulted of

86 pc. Then, considering that our Local Interstellar Cloud (where the Sun is embedded) has an

extension of „ pc across, a cloud of a similar size located at a distance of 86 pc (and assuming

it has a spherical shape) would cover an area of angular radius „3˝. Thus, we chose 3˝ as a

standard radius to search for nearby stars within our own sample. Then, same as we did for the

reference stars found in the ESO archive, we compared whether the features found in the nearby

stars matched with those of our objects of science using the same matching criterion (that the

features overlapped with each other). We present the results of this search and the matches for

each feature of the objects in our sample of study in Tables 6.5 (with the first 20 objects) and

E.5 (in the Appendix, with the remaining objects). We found nearby stars within an angular

separation of 3˝ for 51 out of the 107 objects in our sample of study and found matching features

for 39 objects among those 51 having comparison stars. Two examples of these matches are

shown in Fig. 6.6. Notice how the absorption features share a very similar radial velocity.

153



CHAPTER 6. DEBRIS DISKS WITH STABLE SINGLE ABSORPTION FEATURES

-40.0 -20.0 0.0 20.0 40.0
Heliocentric Velocity (km/s)

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

1.02

Re
sid

ua
l I

nt
en

sit
y

HD 23863 and nearby stars residual CaII K absorptions

HD 23863, =0.00°, d=135.52pc
HD 23923, =0.21°, d=133.73pc
V V1229 Tau, =0.56°, d=135.89pc

-40.0 -20.0 0.0 20.0 40.0
Heliocentric Velocity (km/s)

0.92

0.94

0.96

0.98

1.00

1.02

Re
sid

ua
l I

nt
en

sit
y

HD 117484 and nearby stars residual CaII K absorptions

HD 117484, =0.00°, d=155.51pc
HD 117665, =2.29°, d=129.17pc
HD 118588, =2.55°, d=135.99pc

Figure 6.6: Example of comparison of among stars within our sample. Residual spectrum of the Ca ii K
line showing only the absorption features. The angular separation with respect to the first star (in red) is
shown, as well as the distance (from the Earth) for each object. Left: HD 23863 as the central object and
HD 23923 and V V1229 Tau in comparison. The absorption feature at „16 km.s´1 matches for the three
objects. Right: HD 117484 as the central star compared to HD 117665 and HD 118588. The absorption
feature at „-8 km.s´1 matches in radial velocity for the three stars.

Table 6.5: Comparison stars within our own sample. Object of science, number of comparison stars found
within 3˝, radial velocity of the features of the object of science, number of stars within the sample having
features matching each one of those of the object of science, and the list of these stars. Radial velocity
of the features for the comparison stars are not given again here as they have been already presented in
previous tables.

Object N nearby RV feature N Matching stars

of science stars [km.s´1] matches within our sample

HD 225200 0 -0.08˘2.31 – –

lam01 Phe 0 1.76˘0.78 – –

6.73˘0.76 – –

HD 3670 0 2.38˘2.59 – –

19.55˘2.60 – –

49 Cet 0 12.60˘2.30 – –

HD 10472 0 4.65˘0.84 – –

q02 Eri 0 7.87˘1.50 – –

13.51˘1.48 – –

Continued on next page
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Table 6.5 – continued from previous page

Object N nearby RV feature N Matching stars

of science stars [km.s´1] matches within our sample

gam Tri 1 16.31˘1.78 0 –

phi For 0 12.02˘1.47 – –

HD 16743 0 15.72˘1.51 – –

HD 17390 0 18.20˘1.51 – –

41 Ari 0 16.13˘1.17 – –

V V1229 Tau 3 16.64˘1.14 2 HD 23863, HD 23923

HD 23863 3 16.00˘1.48 2 HD 23923, V V1229 Tau

HD 23923 3 15.74˘1.49 2 HD 23863, V V1229 Tau

37.39˘1.48 0 –

kap Lep 0 -20.80˘1.65 – –

2.81˘1.48 – –

16.26˘1.51 – –

23.83˘1.48 – –

32.16˘1.51 – –

HD 34324 1 9.07˘2.30 0 –

HD 35150 7 -2.88˘2.37 6 HD 287787, HD 287850, HD 287854, HD 35332,

HD 35367, HD 35625

11.60˘2.32 5 HD 287850, HD 287854, HD 35332, HD 35367,

HD 35625

22.26˘2.31 6 HD 287787, HD 287850, HD 287854, HD 35332,

HD 35367, HD 35625

HD 287787 7 -14.11˘1.48 1 HD 35150

0.73˘1.48 4 HD 287850, HD 35150, HD 35332, HD 35625

24.70˘1.48 6 HD 287850, HD 287854, HD 35150, HD 35332,

HD 35367, HD 35625

31.56˘1.47 4 HD 287850, HD 35332, HD 35367, HD 35625

Continued on next page
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Table 6.5 – continued from previous page

Object N nearby RV feature N Matching stars

of science stars [km.s´1] matches within our sample

HD 35332 7 10.52˘2.39 6 HD 287787, HD 287850, HD 287854, HD 35150,

HD 35367, HD 35625

23.08˘2.29 6 HD 287787, HD 287850, HD 287854, HD 35150,

HD 35367, HD 35625

33.51˘2.30 4 HD 287787, HD 287850, HD 35367, HD 35625

HD 35367 7 9.89˘1.47 5 HD 287850, HD 287854, HD 35150, HD 35332,

HD 35625

22.23˘1.48 6 HD 287787, HD 287850, HD 287854, HD 35150,

HD 35332, HD 35625

34.45˘1.47 4 HD 287787, HD 287850, HD 35332, HD 35625

6.3 Results, Discussion and Conclusions

6.3.1 Results and Discussion

After comparing the radial velocity of the features with known interstellar clouds in the line

of sight of the stars, searching for matching features in nearby stars found in the ESO archive

and comparing the features with those in other nearby stars from our own sample, we gathered

all this information together in order to assess the origin of the absorption features. We compiled

all this information in Tables 6.6 and E.6 (showing 20 objects and the rest, respectively) along

with the radial velocity of the star, and present here our verdict on the origin of the absorptions.

Our criteria to discern the origin of each absorption are that if its radial velocity matches with

that of a known cloud in the line of sight, and/or with that of features in reference stars, and/or

with that of features in other stars from the sample located within 3˝, we conclude the feature is

likely of interstellar origin (ISM). In addition, given that stable circumstellar gas should have the

same radial velocity of the star (as it should move along with the system), in case we do not find
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any match with clouds or nearby stars, if the radial velocity of the feature does not match with

the radial velocity of the star (within its FWHM), then it does not likely belong to the system

and thus, it is more probably of interstellar origin. On the other hand, in case there are no

matches with interstellar clouds or nearby star and the feature matches with the radial velocity

of the star, then the feature could be of circumstellar (CS) origin. For instance, for the case of

HD 110058 found in Chapter 3, which we confirmed to have one feature of interstellar origin and

one feature of circumstellar nature, the circumstellar feature matched with the radial velocity of

the star within a difference of 1.30 km.s´1, within a FWHM of 1.98 km.s´1 (see Fig. 6.2). Other

examples outside our sample are the cases of β Pic and HD 172555, although the authors do not

give numbers in the case of β Pic, it is shown that a stable circumstellar component is found at

the radial velocity of the star (Kiefer, 2014). For the case of HD 172555, Rebollido et al. (2018)

shows that a stable circumstellar feature is found at 2.3 km.s´1 with a FWHM of 9.7 km.s´1

matching very closely with the radial velocity of the star of 2.6 km.s´1.

We confirmed an interstellar origin for the absorption features of 102 objects out of our

sample of 107 under the criteria described above, one of them, 49 Cet, having a “shared” origin

part interstellar and part circumstellar (see discussion below). For five objects, however, we

were not able to confirm an interstellar origin for one of their features, and thus, they are good

candidates for circumstellar gas. These particular features of these five objects are marked as

inconclusive (“?”) in Tables 6.6 and E.6. Following, we proceed to further analyse each of these

candidates aiming to confirm or discard an interstellar origin for their absorption features and

we also discuss the case of 49 Cet having a “shared” ISM/CS origin.
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Table 6.6: Summary of all the analysis performed and conclusions for the origin of the features. This
Table shows the science object, its radial velocity (when available), the radial velocity of each absorption
feature, whether the radial velocity of the feature matches with: the radial velocity of the star, a known
cloud in the line of sight of the star, a feature in a reference star found in the ESO archive, a feature in
another star of our own sample. Finally, a verdict on the most likely origin of the feature. A match is
indicated with a X, a non match with an 7, and “–” when no information is available.

Object RV star RV feature Match Match Match Match Origin

of science [km.s´1] [km.s´1] RV star Cloud reference within sample

49 Cet 10.3 12.60 X X X – ISM/CS

q02 Eri 9.5 7.87 X X X – ISM

13.51 X X X – ISM

phi For 19.0 12.02 7 X – – ISM

HD 16743 – 15.72 – X – – ISM

HD 17390 7.2 18.20 7 X – – ISM

41 Ari 4.0 16.13 7 X – – ISM

V V1229 Tau 5.0 16.64 7 7 – X ISM

HD 23863 5.0 16.00 7 7 X X ISM

HD 23923 9.5 15.74 X X – X ISM

37.39 7 7 – 7 ISM

kap Lep 20.8 -20.80 7 7 X – ISM

2.81 7 7 X – ISM

16.26 X X X – ISM

23.83 X X X – ISM

32.16 7 7 X – ISM

HD 34324 – 9.07 – X – 7 ISM

HD 35150 – -2.88 – 7 X X ISM

11.60 – 7 X X ISM

22.26 – X X X ISM

HD 287787 – -14.11 – 7 – X ISM

0.73 – 7 – X ISM

Continued on next page
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Table 6.6 – continued from previous page

Object RV star RV feature Match Match Match Match Origin

of science [km.s´1] [km.s´1] RV star Cloud reference within sample

24.70 – X – X ISM

31.56 – 7 – X ISM

HD 35332 – 10.52 – X X X ISM

23.08 – X X X ISM

33.51 – 7 X X ISM

HD 35367 – 9.89 – 7 – X ISM

22.23 – X – X ISM

34.45 – 7 – X ISM

HD 38056 28.1 6.07 7 X – – ISM

12.86 7 X – – ISM

22.68 X 7 – – ?

HD 68420 – 0.83 – 7 – – ?

12.39 – 7 – – ?

25.55 – 7 – – ?

HD 78702 16.9 11.38 X X – – ISM

18.13 X 7 – – ?

tau Vir -6.7 -10.92 X 7 – – ?

del Scl 8.7 -2.36 7 X – – ISM

6.78 X 7 – – ?

6.3.2 Discussion and further analysis on the persisting candidates

HD 38056: This object presents three absorption features, two of them match with a cloud in

the line of sight of the star and do not match with the stellar radial velocity, while the third one

does not match with any cloud in the line of sight and matches (within its FWHM) with the

radial velocity of the star. This third feature, with a radial velocity of 22.68˘1.51 km.s´1, might
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(in principle) be of circumstellar origin. We did not, however, find any nearby star within our

sample or the archive to compare and confirm or discard a circumstellar origin. The radial veloc-

ity of the star of 28.10˘1.70 km.s´1 matches within the FWHM of 8.45˘1.24 km.s´1. Although

it is not a close match, it falls within the errors. This features matches with clouds located

within 20˝, thus there is a possibility that they might cross the line of sight of the star. However,

this cannot be confirmed or discarded. We analyzed the Na i lines and the three features appear

completely blended into a single wider one having a weaker intensity, therefore it is not clear

whether the third feature is detected or not as it is not resolved and it has the weakest intensity

out of the three. We also extended our search of nearby stars within the sample up to 5˝ not

finding any matching features in two stars separated by 4.8˝. These two stars are located at „59

pc, closer than HD 38056 being at 128 pc, thus there is a possibility that there could be clouds in

between those distances. Since neither an interstellar or a circumstellar origin can be confirmed

for this feature its origin remains inconclusive. We will obtain spectra of nearby stars around

this object in order to confirm its origin in the future.

HD 68420: This object also presents three non-photospheric absorption features. However, we

did not find any radial velocity measurement for this object thus we were not able to confirm

whether they matched with the radial velocity of the star. Although, they do appear well cen-

tered in the photospheric Ca ii K line (the middle one in particular) thus it is likely that one of

them is found close to the stellar radial velocity. In order to confirm this, we performed a rough

measurement of the radial velocity of the star by fitting a Gaussian profile to the photospheric

Ca ii K line. We obtained an estimate for the radial velocity of 9.77˘4.56 km.s´1 following the

procedure we used in Section 3.2. This radial velocity would match within the FWHM of the

feature located at 12.39 km.s´1. We did not find any cloud in the line of sight of this star, and

although we do find clouds within 20˝ matching with the radial velocities of each feature, we

are not able to confirm they are indeed in the line of sight of the star. Nevertheless, this star is

located at a distance of 411 pc (being one of the most distant objects in the sample), therefore,

the probability that there are clouds in the line of sight of this star is larger. We did not find

any nearby star to compare with, thus we were not able to confirm or discard the presence of

matching absorptions in other stars. Therefore, we further extended our search within our sample
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up to 5˝ and, in this case, we found matching absorption features in two stars: HD 71722, with

an angular separation of 4.58˝, and HD 71043, with a separation of 3.71˝, being their features,

however, much weaker than those in HD 68420. These two stars are located at „70 pc, much

closer than HD 68420, therefore, it makes sense that the line of sight of this star traverses a larger

amount of interstellar material. The three features are also present in the Na i lines, with an even

larger intensity than the Ca i K line, which is typical for the ISM at more distant lines of sight

(Welsh et al., 2010). Although the criterium regarding the intensity of the Na i lines versus the

Ca i lines is not free of exceptions, the fact that we also observe features at similar velocities in

two other stars help us to confirm an interstellar origin for the absorptions found in HD 68420.

HD 78702: This system presents two (blended) absorption features that are close to the radial

velocity of the star. One of them matches with the velocity of a cloud in the line of sight of the

system while the other (located at 18.13 km.s´1 and matching closer with the radial velocity of

the star) does not. Similar to the previous cases, it matched with the radial velocity of clouds

located within 20˝, but we did not find any nearby star to confirm or discard clouds in the line

of sight of this star being the origin of this feature. We extended our search for nearby stars to

5˝, still not finding any references. We analyzed the Na i lines and, in this case, we observe three

absorption features, the third one being redshifted with respect to the other two, which have

a similar intensity to those detected in the Ca i K line. We also observe a weak third feature

in the Ca i K line, but it is only detected with a „2σ peak intensity and, therefore, it was not

considered as a significant detection. The origin of feature matching the radial velocity of the

star remains inconclusive and will be a candidate to search for comparison stars in the future

with the aim of assessing its origin.

tau Vir: This object presents a small single feature near the center of its photospheric Ca ii K

line, matching (within the criteria) with the radial velocity of the star. Just like in the previous

cases, it does not match with a cloud in the line of sight of the star but it does match with a cloud

located within 20˝, and we did not find reference stars for comparison of the spectra. Extending

the search within our sample up to 5˝ did not give us any comparison stars either. We observed

that the feature is also present in the Na i lines, although slightly less intense. This object will
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remain as a candidate for circumstellar origin and the origin of its feature will be classified as

inconclusive until we obtain the necessary data to confirm its origin.

del Scl: This object presents two tiny absorption features more or less centered in the photo-

spheric Ca ii K line. One of them matches with a cloud in the line of sight (and with other nearby

clouds as well) and does not match with the stellar radial velocity, while the other one does match

with the radial velocity of the star and does not match with any interstellar cloud. When ex-

tending our search within our sample up to 5˝, we found a matching feature in HD 225200 at an

angular separation of 3.57˝, although much more intense and wider. We have observed that, typ-

ically, those features observed towards more distant stars are much larger in comparison to those

observed in less distant stars, and this is also the case, being del Scl at „44 pc and HD 225200 at

„134 pc. The feature is not detected in the Na i lines of del Scl, which is often (but not always)

the case for circumstellar gas. However, abundances in the ISM for shorter distances are also

observed to be richer in Ca ii rather than Na i (Murga et al., 2015), and considering that the

Ca ii K detection is weak (only slightly over 3σ) it is possible that Na i falls under the detection

level. Since we find an absorption matching within its FWHM with the feature in del Scl, we

tentatively assign an interstellar origin for the feature. However, we would like to further confirm

this by searching for closer reference stars in the future.

49 Cet: The case of 49 Cet is particular. It presents a single, narrow non-photospheric absorption

feature in its Ca ii K line matching both, the radial velocity of the star (10.3 km.s´1) and the

radial velocity of the LIC cloud (11.01 km.s´1) which traverses the line of sight of the star. For

this exceptional case, although its feature already matched with a cloud, we also searched for a

nearby reference star in the ESO archive, as we considered it was worthy of further study. We

found a matching absorption feature in the star HD 9399 at 1.32˝ of angular separation. The

feature in 49 Cet is also detected in its Na i lines, with a stronger intensity. All this information

points towards an interstellar origin of the feature. However, in Chapter 5 we demonstrated that

we found variability in 49 Cet in the form of narrow absorption features at the radial velocity of

the star and we attributed it to circumstellar gas considering the characteristics of the absorptions

and the background of the system (the disk being near edge-on and having gas emissions). This
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variability is additional to the stable feature of interstellar origin. Therefore, we conclude that the

origin of this feature is part interstellar and part circumstellar. This conclusion is in agreement

with Rebollido et al. (2018), who also determined that the feature is likely a blend of interstellar

and circumstellar gas absorptions.

6.3.3 Discussion regarding objects having a different verdict in the literature

For the case of 49 Cet, our conclusion was in agreement with previous studies. However, in

other cases, the results of our study challenge previous attributions of circumstellar origin for

the non-photospheric features in some of the objects. Following, we discuss these cases.

HD 145689: This object presents a very small absorption feature in its Ca ii K line matching

both, the radial velocity of the star and the radial velocity of the G cloud. We attributed an

ISM origin for the feature since it matches with this interstellar cloud in the line of sight of the

system. We did not find any reference star for this object. In Rebollido et al. (2020), the authors

also found the feature near both, the radial velocity of the star and the radial velocity of the

G cloud. In addition, they analyzed a nearby star (HD 147787) having an angular separation of

„4˝ and located at 40 pc. They did not find any absorption feature in this object, and there-

fore, they assigned a circumstellar origin for the feature. Considering this, we further searched

for comparison stars within our sample up to a radius of 5˝ of angular separation in order to

better assess the nature of the feature. We found the star HD 138965 at a separation of 4.0˝ and

a distance of 78 pc, having an absorption feature at the exact same radial velocity of that in

HD 145689 (-11.51 km.s´1). This confirms our verdict of interstellar origin for the absorption.

eta Tel (HD 181296): This systems presents a narrow absorption feature at -22.94 km.s´1, not

matching with the radial velocity of the star (13.0 km.s´1) nor with any known cloud in the

line of sight of the star. We found that this feature matches exactly with the radial velocity of

the feature detected in HD 181327, which is separated by only 0.12˝ from eta Tel and is located

almost at the same distance („48 pc). Rebollido et al. (2018) analyzed eta Tel, finding the feature

at the same radial velocity. However, they also analyzed HD 181327, not finding any absorption

feature. Therefore, they suggest a circumstellar origin of the feature (despite the fact that it far
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blueshifted with respect to the radial velocity of the star). Our matching detection in HD 181327

clearly confirms an interstellar origin for the feature. Furthermore, we also tried extending a bit

our search and we found another matching absorption feature in rho Tel, which has an angular

separation of 3.23˝ from eta Tel and has a similar distance. This, of course, strengthen our verdict

of interstellar origin.

6.3.4 Conclusions

We analysed 107 debris disks in our sample presenting stable non-photospheric absorption

features in their Ca ii K line aiming to determine whether these features were of circumstellar

or interstellar origin. For this purpose, we compared the radial velocities of these absorption

features with those of: 1) known interstellar clouds from Redfield and Linsky (2008)’s database,

2) nearby stars retrieved from the ESO archive, and 3) nearby stars within our own sample. For

102 objects we initially concluded that their absorption features were more likely of interstellar

origin given that their features matched with a cloud located directly in the line of sight of the

star, and/or it matches with a feature present in a nearby star (either from the ESO archive

or from our sample), and/or the feature did not coincide with the radial velocity of the star.

For one of these objects (49 Cet), however, we determined that the feature was part interstellar

and part circumstellar. For the five remaining objects (discussed above) we were not able to

confirm or discard a circumstellar or interstellar origin for their features with the information

we obtained. Therefore, we performed further analysis of these five objects and were able to

determine an interstellar origin for two of them. For the three remaining objects, we leave their

origin as inconclusive in the meantime, and we will obtain high-resolution spectra of early-type

stars near these candidates in order to better assess the cause of their absorptions.

With this study, we confirmed a (partial) circumstellar origin for only one system, 49 Cet,

but we also obtained three possible candidates for circumstellar gas and, as a by product, a

considerable amount of information regarding interstellar clouds that will be useful to study the

structure of the interstellar medium, and thus, useful for future research prospects. In addition,

we provided evidence strongly favouring an interstellar origin for the features in HD 145689 and

eta Tel, which were reported as circumstellar in the literature.
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Chapter 7

Summary and Conclusions

We have studied a database of 301 debris disks with the aim of determining how frequent the

presence of gas is. By construction, this database is unbiased with respect to disk inclination

and contains only main sequence stars, ranging in spectral types from B to M. Most of them are

field stars and the majority of them are located within 200 pc. Given the considerable size of

the sample, we considered the most efficient way of assessing the presence of gas for hundreds of

objects was via high-resolution optical spectroscopy. This method has the advantage of allowing

us to obtain spectra for dozens of objects per night and even perform monitoring observations,

it is sensitive enough to detect small traces of gas, but has the limitation of being able to detect

gas only when it crosses the line of sight of the star. In addition, since many of our targets have

been searched for planets via radial velocity monitoring, there are plenty of available data in the

observatories archives that can be recycled for our science case.

During the course of this Thesis, we gathered spectra from our own observations, from the

ESO archive and from data shared among collaborators. As detailed in Chapter 2, we were

able to collect high resolution optical spectra for 273 objects in our sample, missing mainly the

northern targets. The total amount of spectra collected and analyzed during this Thesis is close

to „17500 spectra. We were awarded a total of 11 observing proposals concerning the research

of this Thesis with Iglesias as a principal investigator, plus two additional proposals in line with

her future projects (described in the next Chapter).

Our study mainly focused in the analysis of the Ca ii K line at 3933.7Å, since it is the most
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sensitive gas tracer in the near-UV/optical range, but it also included the analysis of other

sensitive tracers such as the Ca ii H line at 3968.5Å , the Na i D1 and D2 lines at 5895.9Å and

5889.9Å, the Ca ii triplet at „8.550Å, several Fe ii and Ti ii lines, and other important spectral

lines such as the Balmer lines, to name some of them.

At the beginning of this Thesis, in 2015, gas had been detected in about 18 debris disks,

15 of them detected with the same method we used. During the course of this research, „26

new gaseous debris disks have been detected, 16 of them via absorption spectroscopy, increasing

the total number to 44 according to our records (with an overlap with some of those detected

in emission, as discussed in Section 1.2). These numbers must be taken with caution though,

as they come from a compilation of the reports of circumstellar gas detections in the literature,

but during this research we have demonstrated that some of these detections might be dubious.

Nevertheless, the evidence shows that these detections are increasing exponentially and will likely

keep increasing in the future along with the variety of species detected since the sensitivity of the

instruments is always improving. Throughout the course of this Thesis, we detected a total of

six gaseous debris disks, two of them with no previous reports of gas detections in the literature.

In Chapter 3, our preliminary analysis of the sub-sample of objects with multiple absorption

features with the data gathered during the first „three years of research, already showed evidence

of gas in debris disks being a common phenomenon (Iglesias et al., 2018). We detected the

presence of circumstellar gas in three out of 27 objects, two presenting variable absorptions

and one presenting a stable circumstellar component. Considering that only „10% of the disks

(assuming a uniform distribution of inclinations) would be near edge-on, these numbers would

imply a high detection rate. One has to keep in mind, however, that the most plausible cause

of the variable detections are exocomets that could follow orbits that are non-coplanar with

the main planetesimal belt, and therefore those disks “would not need to be edge on” for their

exocomets to be detected.

In Chapter 4 we analyzed in detail the very exceptional detection of circumstellar gas in the

object HD 37306 (HR 1919). We detected for the first time an unusually large absorption observed

in several ionized lines such as Ca ii, Fe ii and Ti ii. This phenomenon lasted for at least eight days,

being exceptionally long compared to previous detections. Given its peculiarity, we analyzed

many different possibilities that might have explained this phenomenon and we determined that
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the most plausible explanation would be a massive exocometary break-up producing a long

stream of gas that remained in orbit around the star for several days (Iglesias et al., 2019). We

are yet unable to determine the frequency of this kind of events and neither are able to confirm

it at the moment. This is, to the best of our knowledge, the first one detected via absorption

spectroscopy, perhaps comparable to the case of the Tabby star detected in photometry (Boyajian

et al., 2016). We obtained time with ALMA to perform follow-up observations of this object

to try to detect traces of residual gas that may have remained in the disk as a product of the

possible exocometary break-up, and we aim to obtain monitoring spectroscopic observations in

the future, hoping to spot another event.

The research presented in Chapter 5 was devoted to the study of variability in the spectral

lines of our sample of debris disks with the aim to find signs of exocometary activity. We found

97 objects presenting some variability in their Ca ii K line. We classified the different kinds

of variability observed and selected those consistent with exocometary activity. We found five

candidates presenting variable absorption features likely attributable to exocomets sublimating

across the line of sight of the star. Considering:

• the challenge of detecting these kind of events in later spectral types given their narrow

spectral lines and chromospheric activity

• that the observations have a scattered temporal sampling and in many cases they are too

few to confirm a reliable detection of exocomets

• and of course, the bias of the detections being limited to a small range of inclinations with

respect to the observer where the exocomets must cross the line of sight of the star to be

detectable via absorption spectroscopy

then these results are in agreement with our preliminary results of exocomets being a common

phenomenon among debris disks.

Finally, in Chapter 6 we studied all the objects with stable single absorption features not

included in Chapter 3 and additional objects with multiple absorption features found within our

updated database of observations. We found 107 objects presenting stable absorption features in

addition to those 27 already analyzed in Chapter 3. We confirmed a likely interstellar origin for

the features observed in the Ca ii K line of 104 objects, one of them being (that of 49 Cet) a blend
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of both interstellar and circumstellar gas. Three objects remain as candidates for circumstellar

gas and we will obtain the needed data to be able to confirm the origin of their absorptions.

Gathering together our results, we found five objects with variable absorption features likely

attributable to exocometary activity: c Aql, HR 4796, HD 37306, 49 Cet and gam Tri, and one

object with a stable component at the radial velocity of the star likely due to the presence of

circumstellar gas in the disk: HD 110058, besides other three candidates yet to be confirmed.

Regarding the case of 49 Cet, we include it in the variable group rather than in the stable group

since we are not able to quantify what fraction of its stable absorption feature is of circumstellar

origin given that it is blended with an interstellar absorption. All of these debris disks are

surrounding A-type stars, ranging from A0 to A2. This follows the trend of the majority of the

gas detections being in A-type stars (see Section 1.2). Their ages range between „10 and „450

Myr. Similarly to the general demographics of gas detections shown in Table 1.1, there is no

strong correlation with age. This is in agreement with the results found by Rebollido et al. (2020),

the authors found exocometary activity in debris disks with a wide range of ages. Out of these

six debris disks, five of them have been spatially resolved or at least partially resolved. c Aql was

partially resolved in Herschel observations and Morales et al. (2016) reported an inclination of

21˝ ˘ 42˝. HR 4796 was spatially resolved by Schneider et al. (1999) among others, estimating an

inclination of 73.1˝˘1.2˝, which is close to more recent estimations of „76˝ (e.g. Wahhaj et al.

2014, Milli et al. 2017, Kennedy et al. 2018). 49 Cet too has been spatially resolved, with an

inclination of the disk estimated to be of 80.6˝˘0.4˝ by Hughes et al. (2017), in agreement with

Moór et al. (2015). gam Tri’s inclination of the disk was estimated to be „89˝ by Booth et al.

(2013) who spatially resolved the disk, and although they did not obtain an accurate estimate for

the inclination they show the disk is likely edge-on. Finally, the debris disc around HD 110058

has been resolved by Kasper et al. (2015), who determined an inclination for the disk of „90˝.

The disk around HD 37306 has not been spatially resolved yet.

With the exception of c Aql, which disk has only been marginally resolved and thus there is

a large uncertainty in the estimation of its inclination, there is a clear correlation between the

detection of gas and the inclination of the disk being near edge-on, which was expected, and

is in agreement with the study by Rebollido et al. (2020). Now, if we compare variable versus

stable gas detections, although we only have one stable case, we see that in the stable case the
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disk is exactly edge-on, whereas in the variable cases they are near edge-on. The case of β Pic,

not part of our sample but the most studied gaseous debris disk, which happen to have both

a stable component and variable absorption features, also has an edge-on inclination of „90˝

(Dent et al. 2014, Kiefer et al. 2014b). This is also in agreement with what we expected since,

in the case of the stable detection, we are detecting gas that is likely co-located with the dust

disk (Wyatt et al. 2015, Marino et al. 2020) and therefore its detection in absorption is the

most favourable when the disk is crossing the line of sight of the star. Regarding the variable

cases, these are attributable to the transit of exocomets or collisions of icy bodies and thus their

inclinations may differ to that of the disk allowing their detection even when the disk may not

cross directly the line of sight of the star. Since exocomets are not yet directly observable with

the current observing instrumentation, we cannot really give values for the typical inclinations

of exocomets’ orbits in debris disks, but if we compare with the Solar System, misalignments

in cometary orbits with respect to the system are very common (Nesvorný et al., 2017) and we

assume these misalignments may also be common in debris disks.

Regarding other objects in our sample that have known inclinations, 70 of them have been

spatially resolved and if we consider those with inclinations > 70˝ as near edge-on, then there

are 37 debris disks in our sample with known near edge-on inclinations. If we consider other

gas detections via absorption spectroscopy reported in the literature among this group of 37

debris disks with known near edge-on inclinations, there are only two additional objects: eta Tel

(Welsh and Montgomery 2018, Rebollido et al. 2018, Smith et al. 2009) and rho Vir (Welsh and

Montgomery 2018, Morales et al. 2016) besides our four edge-on gaseous debris disks (HR 4796,

HD 110058, 49 Cet and gam Tri). Regarding other detections of circumstellar gas absorptions in

debris disks within our sample reported in the literature, none of them have been resolved, thus

their inclinations are yet unknown.

Now, why we did not detect gas in all these near edge-on disks? The reasons could be

many. For instance, some of them are later spectral types (e.g. AU Mic; Schneider et al. 2014,

61 Vir; Greaves et al. 2014) making the detection challenging, as discussed in Sec. 1.2. Some

of them are variable stars, as the case of gam Dor, the canonical case of γ Doradus variable

stars (Broekhoven-Fiene et al. 2013, Kaye et al. 1999) which spectral lines display pulsation

modes, making it difficult to disentangle from exocometary activity, as discussed in Chapter 5
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(see Fig. 5.4, left panel). But most importantly, variable gas absorptions due to exocomets

are serendipitous detections, exocometary transits are sporadical events and regular monitoring

would be necessary in order to improve our chances of detections. Our observations, however,

are scattered in frequency, ranging from seconds to years of temporal separation, and in most

cases, unfortunately too scarce to reliably conclude that the variations are likely due exocometary

activity. Regarding the detection of stable gas components, given the abundance of interstellar

clouds in the line of sight of the stars, often matching with the radial velocity of the star, a

stable circumstellar gas feature might be completely blended with another of interstellar origin,

limiting our possibilities to detect it.

Taking into account all the detection challenges, observational limitations and serendipitous

nature of variable gas detections, we speculate that the presence of gas in debris disk is a common

phenomenon. Evidence has shown that the number of detections of gaseous debris disks has

rapidly increased in the last few years, and if we consider that today the idea that most stars

probably have planets has been accepted given their increasing detection rate (e.g. Borucki,

Bonavita and Desidera 2020), the idea that probably most debris disks have some gas, contrary

of what has been assumed for years, makes sense.

The paradigm-changing idea that maybe most debris disks have moderate amounts of gas

has deep implications on planet forming processes, as discussed in Section 1.2. For instance,

it can affect the dynamics of the system inducing planet migration (Wyatt 2008, Morbidelli

2018) or cause the formation of a secondary atmosphere on rocky planets (Kral et al., 2020).

It can also serve as a possible explanation for the formation of gaps in some debris disks and

the observed overheated dust temperatures in some disks (Lyra and Kuchner 2013, Wyatt et al.

2018). Therefore, from now on, planet formation studies may need to take into account the

impact of the presence of gas during the debris disks stage and, in particular, how exocometary

activity in the inner region of the disk may affect the evolution of terrestrial planets.
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Chapter 8

Future Prospects

Motivated by my great interest in exoplanets and the idea of exploiting archival data, besides

my experience working with high-resolution spectroscopy, I developed a future project where I

could combine all that. I found a paper by Johnson et al. (2015) that inspired me for this project.

Johnson et al. (2015) studied the ISM in the Kepler search volume by analysing absorptions

toward 17 early-type stars. From these absorptions, they identified 11 interstellar clouds within

the Kepler field and estimated astrosphere sizes for 11 systems with confirmed exoplanets that

could lie within these clouds.

8.1 Main idea of the project

My main research goal as a postdoctoral investigator in the future would be to assess the

habitability of planetary systems by studying the properties of their surrounding interstellar

medium (ISM). For this purpose, I would estimate astrosphere sizes of planetary systems by

constraining the surrounding interstellar clouds sizes, compositions and densities. Astrospheres

are cavities carved out by the stellar wind in the surrounding ISM and their characterization can

result crucial to assess exoplanetary habitability since they act as a shield against cosmic rays.

So far, planetary habitability has been studied focusing mainly on temperature; the habitable

zone has been defined as the region where liquid water can exist. Of course, the question of

what makes a planet habitable is much more complex than having a planet located at the right

distance from its host star so that water can be liquid: various geophysical and geodynamical
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aspects, the radiation, magnetic fields, and the host star’s plasma environment can influence the

evolution of planets and life. Liquid water is a necessary but not sufficient condition for life

as we know it, as habitability is a function of a multitude of environmental parameters. With

this project, I would add a new habitability criterion which has not been frequently taken into

consideration: cosmic rays flux, and I would study a very under-exploited topic: astrospheres.

This project would be the largest statistical study of planetary systems’ astrospheres and aims

to provide the best “habitable” candidates to look for life signatures, the best candidates for

direct astrosphere detection, and to determine the surrounding ISM conditions in which these

planetary systems formed, which could be linked to the planet and its atmosphere composition.

8.2 Observational aspects of the project

The ISM can be studied by analysing absorption lines that are most easily detected in the

spectra of early-type stars, as they have few photospheric absorption lines which are typically

rotationally broadened. ISM absorptions are very narrow, with FWHM in the order of 0.01-0.1Å.

The more distant the star, the more interstellar clouds are likely to be detected in the stellar

spectrum. These clouds can have similar radial velocities, thus usually their absorptions can

be separated by only a few km.s´1. In order to be able to detect and resolve these different

absorption features, it is necessary to use high-resolution spectrographs, with at least R>10’000.

Most atoms and molecules found in the ISM (elements such as C, N, O, Mg, Si, S, and Fe)

produce absorption lines at ultraviolet (UV) wavelengths Savage and Sembach (1996). Their

detection through spectroscopy requires instrumentation above the Earth’s atmosphere. Many

interstellar studies have been performed with the Space Telescope Imaging Spectrograph (STIS)

and the Goddard High- Resolution Spectrograph (GHRS), both aboard the Hubble Space Tele-

scope (HST), and the International Ultraviolet Explorer (IUE) satellite, and the data from these

missions are publicly available. The ISM can also be studied from the ground at UV-optical

wavelengths. The main elements detectable in the optical are Ca ii, K i, Ti ii and Na i, besides

certain Diffuse Interstellar Bands (DIBs), which are caused by largely unidentified molecules.

A large amount of science-ready UV-optical high-resolution spectra of early-type stars (from

instruments such as HARPS, UVES and FEROS) is available in the ESO archive and can be
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used to study the ISM. Ground-based observations have the significant advantage of providing

easier access to further observations. Indeed, I have been awarded two proposals (with UVES

and MIKE spectrographs) to obtain observations that will further complete the needed database

for this project. I already obtained 69 targets during my observing run with MIKE and other

65 targets were observed with UVES. However, considering that the optical line of Ca ii is not

the primary ionisation state and both Na i and Ca ii can be heavily depleted onto dust, the UV

lines visible only from space can add significant additional information on the ISM conditions,

thus both ground-based and space-based observations will complement this study.

8.3 Effects of the ISM on planetary systems and their habitabil-

ity

Stellar winds carve out a cavity in the surrounding ISM known as the astrosphere, the stellar

analogue to the heliosphere (see Fig. 8.1). Planetary surfaces can be protected from cosmic rays

by three major shields: the magnetic field carried by the stellar wind within the astrosphere,

the planetary magnetic field and the planetary atmosphere. Astrospheres are not spherical,

they have a cometary shape given by the stars motion through the ISM, and their sizes are

determined by a momentum balance between the outgoing stellar wind and the streaming ISM

(Johnson et al., 2015). The higher the ISM density or the higher the velocity of the star relative

to the ISM, the smaller the astrosphere size, and thus, the less effective it is as a shield against

cosmic rays. The cosmic ray flux can have several effects on the climate and habitability of

planets. Lightning may be affected by cosmic rays inducing atmospheric ionization, increasing

the production of NOx compounds which affect the formation of ozone. Cosmic rays may also

induce cloud nucleation, which would change the planets albedo and thus its surface temperature.

For life-bearing planets, cosmic rays could also produce radiation damage and increase mutation

rates (Scherer et al., 2006). Interstellar dust can also affect the climate of planets. If sufficient

amounts of dust are swept up into a planetary atmosphere, it can cause a “reverse greenhouse”

effect, radiating efficiently in the infrared and cooling the planet (Pavlov et al., 2005). The most

extreme events occur inside dense interstellar clouds, where the increased pressure may compress

an astrosphere to a size smaller than the liquid-water habitable-zone distance. Habitable planets

173



CHAPTER 8. FUTURE PROSPECTS

Figure 8.1: An astrosphere is analogous to the Sun’s heliosphere, and marks the interface between the
outward flow of the stellar wind and the inward pressure of the surrounding ISM. Knowledge of the LISM
environment around a star is essential for a complete understanding of its astrosphere. They provide a
protective shielding of dangerous galactic cosmic rays, thus these structures are important for the planets
that orbit the respective stars. Left: A diagram of the Sun’s heliosphere. The outermost edge of the
heliosphere is the heliopause. Credit: www.jcgonzalez.org/ (edited). Right: Graphic of the most imme-
diate environment around the Sun. The locations of known astrospheres and exoplanets are indicated.
The Sun is located within the Local Cloud, very close to the G cloud. Credit: NASA/Goddard/Adler/U.
Chicago/Wesleyan

then enjoy no astrospheric buffering from exposure to the full flux of galactic cosmic rays and

interstellar dust and gas, a situation called “descreening” or “astrospheric collapse”. Under such

conditions the ionization fraction in the atmosphere and contribution to radiation damage of

putative coding organisms at the surface would increase significantly (Smith and Scalo, 2009).

Therefore, the goal of my project is to find the best suitable systems to look for life signatures

based on their astrosphere sizes and properties of the surrounding ISM and, as a by-product,

the candidates for direct astrosphere detection. Astrospheres can be detected by the spectral

signature of its “hydrogen wall” (Edelman et al., 2019). The astrospheric absorption can be

derived from fitting the (often saturated) HI Lyα profile. A prerequisite for astrospheric Lyα

emission or absorption to be detectable is that the star must be surrounded by ISM that is at

least partially neutral and with a high streaming velocity so the astrosphere is compact (Wood

et al., 2003).
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8.4 Feasibility of the project

In order to test the feasibility of this project, from the total of 4’0841 confirmed planets to

date, I have selected the ones located within the Local ISM (LISM) (i.e. within 100 pc): a total

of 546 systems and 784 planets. The LISM, is the closest and simplest sample of interstellar

gas to study, with the significant advantage of having a small number of traversing clouds (and

therefore, a small number of absorptions) to evaluate interstellar structures (Redfield and Linsky,

2015). Considering that the size of our local interstellar cloud (LIC) is roughly 10 pc across,

a cloud of a similar size located at 100 pc would cover an area of approximately 5˝ of width

(and larger angular areas for closer distances). With this in mind, I performed a cone search

around each planetary system looking for the available spectra of early-type stars in the ESO,

IUE, STIS and GHRS archives within a radius of 5˝, as shown in Fig. 8.2, to have an idea

of the amount of data available that could be useful for this project. The idea is to analyse

several lines of sight surrounding a planetary system and identify those absorptions belonging

to the same cloud to estimate if the system lies within such a cloud. I will identify LISM clouds

based on the radial velocity of the absorptions and use the same assumptions as other works

mapping the ISM; the clouds move approximately as solid bodies and the upper limit to the

distance of each cloud from the Sun is the distance to the nearest star having a component with

a velocity consistent with such a cloud. For this work, it is important to use reliable distance

measurements to have good estimates on the proximity of a cloud to a planetary system, and to

have good measurements of radial velocities and proper motions in order to estimate the relative

velocities between the planetary systems and the clouds. Gaia provides parallaxes and proper

motions of unprecedented precision, thus I will rely on these measurements, and I will either

use radial velocity measurements from the literature (which are likely available for planetary

systems) or estimate them myself. For the clouds, I will fit Voigt profiles to the ISM absorptions

to estimate their radial velocity and other parameters such as equivalent width, column density

and Doppler broadening parameter (b-value).

The “astrosphere size” refers to the distance from the star to the astropause (analogue to

the heliopause), the contact interface between the stellar wind and the ISM. The size of an

1https://exoplanetarchive.ipac.caltech.edu/index.html
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Figure 8.2: Equatorial view of the available data coordinates. Coordinates of the selected planetary
systems within 100 pc in black circles and available spectra of early-type stars from ESO, my observations,
IUE, STIS, GHRS and COS in blue, green, red, yellow, pink and cyan diamonds, respectively. Grey lines
connect each system with the available data within an angular separation of 5˝. 526 systems out of 546
(i.e. 96% of the systems) have at least one data within this angular separation that could be useful for
this project. Left: View of RA between 00h and 12h. Right: View of RA between 12h and 24h.

astrosphere is given as a function of the surrounding ISM density, ISM streaming velocity, and

the outflowing stellar wind density and velocity. To estimate the stellar wind parameters I

will follow the assumptions by Smith and Scalo (2009). They assume that the wind within

astrospheres of stars of different spectral types is analogue to the solar wind. The wind speed is

assumed to be independent of distance from the star, but the wind density and velocity depend

on stellar mass and age.

The main difference of this project with previous work is that they map the ISM at a large

scale using somewhat low spatial sampling and my project will focus on smaller areas surrounding

planetary systems using a denser sampling to be able to obtain well constrained astrospheres

limits. I have taken into consideration that I would need several lines of sights around each

system to be able to constrain its surroundings; if the same cloud is detected in different stars

surrounding the system, that would indicate that the system is likely embedded within that cloud,

thus I could estimate its astrosphere size based on the cloud (and stellar) parameters. Therefore,

I would also use estimates from previous works mapping the ISM to complement the available

data (such as Lallement et al. 2003, 2014 and 2019, Smoker et al. 2011 and 2015, Redfield and
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Linsky 2008 and 2015, Welsh et al. 2010, Murga et al. 2015, Hunter et al. 2006, Edelman et al.

2019, Savage and Sembach 1996) and crossmatch them with Gaia distances to obtain improved

constrains. With all the available data, catalogs, and my own observations, I estimate it would

be possible to constrain the astrosphere sizes for a statistically significant sample of planetary

systems and thus, add a new factor to consider when analyzing the habitability of exoplanets.

Given the growing number of known exoplanets in the solar vicinity, assessing their local

ISM characteristics and understanding the structure of their astrospheres will be important in

evaluating how the incident cosmic ray flux and the strength of the winds of the host star affect

habitability and long-term planetary atmosphere evolution.
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A., Parisot, J., Pavlov, A., Perret, D., Pragt, J., Puget, P., Rabou, P., Ramos, J., Reess,

J. M., Rigal, F., Rochat, S., Roelfsema, R., Rousset, G., Roux, A., Saisse, M., Salasnich,

B., Santambrogio, E., Scuderi, S., Segransan, D., Sevin, A., Siebenmorgen, R., Soenke, C.,

181



BIBLIOGRAPHY

Stadler, E., Suarez, M., Tiphène, D., Turatto, M., Udry, S., Vakili, F., Waters, L. B. F. M.,

Weber, L., Wildi, F., Zins, G., and Zurlo, A. (2019). SPHERE: the exoplanet imager for

the Very Large Telescope. arXiv e-prints, page arXiv:1902.04080.

Boccaletti, A., Sezestre, E., Lagrange, A. M., Thébault, P., Gratton, R., Langlois, M., Thalmann,
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Martinez, P., and Rigal, F. (2018). Observations of fast-moving features in the debris disk

of AU Mic on a three-year timescale: Confirmation and new discoveries. , 614:A52.

Bohlin, R. C., Savage, B. D., and Drake, J. F. (1978). A survey of interstellar H I from L-alpha

absorption measurements. II. , 224:132–142.

Bonavita, M. and Desidera, S. (2020). Frequency of Planets in Binaries. Galaxies, 8(1):16.

Booth, M., Kennedy, G., Sibthorpe, B., Matthews, B. C., Wyatt, M. C., Duchêne, G., Kavelaars,
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C., Lizano, S., and Rodŕıguez, L. F. (2018). On the Effects of Self-obscuration in the

(Sub)Millimeter Spectral Indices and the Appearance of Protostellar Disks. , 868(1):39.

Golimowski, D. A., Ardila, D. R., Krist, J. E., Clampin, M., Ford, H. C., Illingworth, G. D.,
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Wyatt, M. C., Matrà, L., and Jackson, A. (2016). Gas and dust around A-type stars at tens

of Myr: signatures of cometary breakup. , 461:3910–3917.

Greaves, J. S., Kennedy, G. M., Thureau, N., Eiroa, C., Marshall, J. P., Maldonado, J.,

Matthews, B. C., Olofsson, G., Barlow, M. J., Moro-Mart́ın, A., Sibthorpe, B., Absil, O.,

Ardila, D. R., Booth, M., Broekhoven-Fiene, H., Brown, D. J. A., Cameron, A. C., del
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Stars. 6. The Shell Star 4 Herculis as an Interacting Binary. Bulletin of the Astronomical

Institutes of Czechoslovakia, 27:47.

Hauck, B. and Jaschek, C. (2000). A-shell stars in the Geneva system. , 354:157–162.

Heap, S. R., Lindler, D. J., Lanz, T. M., Cornett, R. H., Hubeny, I., Maran, S. P., and Woodgate,

B. (2000). Space Telescope Imaging Spectrograph Coronagraphic Observations of β Pictoris.

, 539(1):435–444.

Henry, G. W., Fekel, F. C., and Henry, S. M. (2011). A Volume-limited Photometric Survey of

114 γ Doradus Candidates. , 142(2):39.

Henyey, L. G. and Greenstein, J. L. (1941). Diffuse radiation in the Galaxy. , 93:70–83.

Herbig, G. H. (1995). The Diffuse Interstellar Bands. , 33:19–74.

Hernández, J., Briceño, C., Calvet, N., Hartmann, L., Muzerolle, J., and Quintero, A. (2006).

Spitzer Observations of the Orion OB1 Association: Second-Generation Dust Disks at 5-10

Myr. , 652:472–481.

Hernández, J., Hartmann, L., Megeath, T., Gutermuth, R., Muzerolle, J., Calvet, N., Vivas,

A. K., Briceño, C., Allen, L., Stauffer, J., Young, E., and Fazio, G. (2007). A Spitzer Space

Telescope Study of Disks in the Young σ Orionis Cluster. , 662:1067–1081.

Higuchi, A. E., Sato, A., Tsukagoshi, T., Sakai, N., Iwasaki, K., Momose, M., Kobayashi, H., Ishi-

hara, D., Watanabe, S., Kaneda, H., and Yamamoto, S. (2017). Detection of Submillimeter-

wave [C I] Emission in Gaseous Debris Disks of 49 Ceti and β Pictoris. , 839:L14.

Hoffleit, D. (1964). Catalogue of Bright Stars.

191



BIBLIOGRAPHY

Houck, J. R., Roellig, T. L., van Cleve, J., Forrest, W. J., Herter, T., Lawrence, C. R., Matthews,

K., Reitsema, H. J., Soifer, B. T., Watson, D. M., Weedman, D., Huisjen, M., Troeltzsch, J.,

Barry, D. J., Bernard-Salas, J., Blacken, C. E., Brandl, B. R., Charmandaris, V., Devost,

D., Gull, G. E., Hall, P., Henderson, C. P., Higdon, S. J. U., Pirger, B. E., Schoenwald, J.,

Sloan, G. C., Uchida, K. I., Appleton, P. N., Armus, L., Burgdorf, M. J., Fajardo-Acosta,

S. B., Grillmair, C. J., Ingalls, J. G., Morris, P. W., and Teplitz, H. I. (2004). The Infrared

Spectrograph (IRS) on the Spitzer Space Telescope. , 154:18–24.

Houdebine, E. R., Doyle, J. G., and Koscielecki, M. (1995). Observation and modelling of main

sequence star chromospheres. III. Differential analysis of hydrogen lines versus activity level

in M dwarfs. , 294:773–791.

Howarth, I. D., Price, R. J., Crawford, I. A., and Hawkins, I. (2002). A VAPID analysis of

interstellar lithium in the ζ Oph sightline. , 335:267–274.

Huang, J., Andrews, S. M., Dullemond, C. P., Isella, A., Pérez, L. M., Guzmán, V. V., Öberg,
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Matrà, L., Dent, W. R. F., Wyatt, M. C., Kral, Q., Wilner, D. J., Panić, O., Hughes, A. M.,
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Meeus, G., Moór, A., Mora, A., Olofsson, J., Rauw, G., and Riviere-Marichalar, P. (2020).

Exocomets: A spectroscopic survey. arXiv e-prints, page arXiv:2003.11084.

Redfield, S. (2006). The Local Interstellar Medium, volume 352 of Astronomical Society of the

Pacific Conference Series, page 79.

Redfield, S. (2007). Gas Absorption Detected from the Edge-on Debris Disk Surrounding HD

32297. , 656:L97–L100.

Redfield, S. and Linsky, J. L. (2008). The Structure of the Local Interstellar Medium. IV.

Dynamics, Morphology, Physical Properties, and Implications of Cloud-Cloud Interactions.

, 673:283–314.

Redfield, S. and Linsky, J. L. (2015). Evaluating the Morphology of the Local Interstellar

Medium: Using New Data to Distinguish between Multiple Discrete Clouds and a Con-

tinuous Medium. , 812(2):125.

208



BIBLIOGRAPHY

Ren, B., Pueyo, L., Zhu, G. B., Debes, J., and Duchêne, G. (2018). Non-negative Matrix
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Appendix A

Sample

A.1 Identifiers and coordinates of the full sample

Table A.1: Identifiers and coordinates of the sample.

Simbad HD HR HIP My ID RA DEC

HD 225200 225200 9102 345 HR9102 00:04:20.31 -29:16:07.75

HD 166 166 8 544 HD166 00:06:36.78 +29:01:17.40

HD 203 203 9 560 HR9 00:06:50.08 -23:06:27.14

HD 870 870 1031 HD870 00:12:50.24 -57:54:45.39

*sig And 1404 68 1473 sigAnd 00:18:19.65 +36:47:06.81

HD 1466 1466 1481 HD1466 00:18:26.12 -63:28:38.98

HD 1461 1461 72 1499 HD1461 00:18:41.86 -08:03:10.80

*kap Phe 2262 100 2072 kapPhe 00:26:12.20 -43:40:47.39

*lam01 Phe 2834 125 2472 lam01Phe 00:31:24.98 -48:48:12.65

*lam Cas 2772 123 2505 lamCas 00:31:46.35 +54:31:20.22

*bet03 Tuc 3003 136 2578 bet03Tuc 00:32:43.90 -63:01:53.40

HD 3670 3670 HD3670 00:38:56.70 -52:32:03.42

Continued on next page

219



APPENDIX A. SAMPLE

Table A.1 – continued from previous page

Simbad HD HR HIP My ID RA DEC

*66 Psc 5267 254 4267 66Psc 00:54:35.22 +19:11:18.30

HD 6798 6798 333 5626 HR333 01:12:16.81 +79:40:26.26

*nu. Phe 7570 370 5862 nuPhe 01:15:11.12 -45:31:53.99

*49 Cet 9672 451 7345 49Cet 01:34:37.77 -15:40:34.89

HD 10472 10472 7805 HD10472 01:40:24.06 -60:59:56.62

*q01 Eri 10647 506 7978 q01Eri 01:42:29.31 -53:44:27.00

HD 10638 10638 8122 HD10638 01:44:22.81 +32:30:57.16

*q02 Eri 10939 520 8241 q02Eri 01:46:06.26 -53:31:19.32

V* DK Cet 12039 9141 VDK Cet 01:57:48.97 -21:54:05.34

*50 Cas 12216 580 9598 50Cas 02:03:26.10 +72:25:16.65

HD 13246 13246 9902 HD13246 02:07:26.12 -59:40:45.94

HD 12467 12467 597 10054 HR597 02:09:25.31 +81:17:45.39

*bet Tri 13161 622 10064 betTri 02:09:32.62 +34:59:14.26

*gam Tri 14055 664 10670 gamTri 02:17:18.86 +33:50:49.89

HD 15115 15115 11360 HD15115 02:26:16.24 +06:17:33.18

*phi For 15427 724 11477 phiFor 02:28:01.70 -33:48:39.74

*12 Tri 15257 717 11486 12Tri 02:28:09.98 +29:40:09.58

HD 15745 15745 11847 HD15745 02:32:55.81 +37:20:01.04

HD 16743 16743 12361 HD16743 02:39:07.56 -52:56:05.30

HD 17390 17390 826 12964 HR826 02:46:45.10 -21:38:22.27

*nu. Hor 17848 852 13141 nuHor 02:49:01.48 -62:48:23.47

*41 Ari 17573 838 13209 41Ari 02:49:59.03 +27:15:37.82

*alf For 20010 963 14879 alfFor 03:12:04.52 -28:59:15.43

*94 Cet 19994 962 14954 94Cet 03:12:46.43 -01:11:45.96

HD 21997 21997 1082 16449 HD21997 03:31:53.64 -25:36:50.93

HD 23267 23267 17549 HD23267 03:45:31.06 +42:00:24.92

V* V1229 Tau 23642 17704 VV1229Tau 03:47:29.45 +24:17:18.03

Continued on next page
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Table A.1 – continued from previous page

Simbad HD HR HIP My ID RA DEC

HD 24636 24636 17764 HD24636 03:48:11.47 -74:41:38.81

*28 Tau 23862 1180 17851 28Tau 03:49:11.21 +24:08:12.15

HD 23863 23863 HD23863 03:49:12.18 +23:53:12.45

HD 23923 23923 1183 17900 HR1183 03:49:43.53 +23:42:42.67

HD 24141 24141 1192 18217 HR1192 03:53:43.28 +57:58:30.51

HD 24966 24966 18437 HD24966 03:56:29.37 -38:57:43.80

HD 24817 24817 1224 18481 HR1224 03:57:01.71 +06:02:23.89

HD 25457 25457 1249 18859 HD25457 04:02:36.74 -00:16:08.12

HD 25570 25570 1254 18975 HR1254 04:03:56.60 +08:11:50.15

*gam Dor 27290 1338 19893 gamDor 04:16:01.58 -51:29:11.94

*b Tau 28355 1414 20901 bTau 04:28:50.16 +13:02:51.36

V* EX Eri 30422 1525 22192 VEX Eri 04:46:25.74 -28:05:14.80

HD 30447 30447 22226 HD30447 04:46:49.52 -26:18:08.84

HD 32195 32195 22295 HD32195 04:48:05.17 -80:46:45.25

*pi.01 Ori 31295 1570 22845 pi01Ori 04:54:53.72 +10:09:02.99

*l Tau 32977 1658 23871 lTau 05:07:48.39 +20:25:06.16

*kap Lep 33949 1705 24327 kapLep 05:13:13.87 -12:56:28.64

HD 34324 34324 24528 HD34324 05:15:43.90 -22:53:39.70

HD 35150 35150 HD35150 05:22:47.95 +01:43:00.29

HD 287787 287787 HD287787 05:23:06.87 +01:18:23.76

HD 35332 35332 HD35332 05:24:07.85 +01:38:00.14

HD 35367 35367 HD35367 05:24:20.74 +01:35:26.59

HD 287861 287861 HD287861 05:25:10.29 +01:15:31.37

HD 287850 287850 HD287850 05:25:39.79 +01:38:18.35

HD 287854 287854 HD287854 05:25:48.65 +01:23:22.05

HD 35625 35625 HD35625 05:26:11.98 +01:53:35.73

HD 35841 35841 HD35841 05:26:36.58 -22:29:23.72

Continued on next page
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Table A.1 – continued from previous page

Simbad HD HR HIP My ID RA DEC

HD 290540 290540 HD290540 05:31:31.35 -01:49:33.27

HD 36444 36444 HD36444 05:31:40.48 -01:07:33.29

HD 290609 290609 HD290609 05:33:05.58 -01:43:15.50

HD 36968 36968 HD36968 05:33:24.06 -39:27:04.63

HD 37286 37286 1915 26309 HR1915 05:36:10.29 -28:42:28.84

HD 37306 37306 1919 26395 HR1919 05:37:08.77 -11:46:31.85

HD 37484 37484 26453 HD37484 05:37:39.62 -28:37:34.66

HD 38056 38056 1966 26796 HR1966 05:41:26.92 -33:24:02.66

HD 38207 38207 HD38207 05:43:20.95 -20:11:21.46

HD 38206 38206 1975 26966 HR1975 05:43:21.67 -18:33:26.91

*zet Lep 38678 1998 27288 zetLep 05:46:57.34 -14:49:19.01

HD 38858 38858 2007 27435 HD38858 05:48:34.93 -04:05:40.71

*eta Lep 40136 2085 28103 etaLep 05:56:24.29 -14:10:03.71

HD 40540 40540 28230 HD40540 05:57:52.59 -34:28:34.01

HD 45184 45184 2318 30503 HD45184 06:24:43.87 -28:46:48.41

HD 46190 46190 30760 HD46190 06:27:48.61 -62:08:59.72

HD 53842 53842 32435 HD53842 06:46:13.54 -83:59:29.52

*psi05 Aur 48682A 2483 32480 psi05Aur 06:46:44.33 +43:34:38.72

HD 50571 50571 2562 32775 HR2562 06:50:01.01 -60:14:56.91

HD 53143 53143 33690 HD53143 06:59:59.65 -61:20:10.25

HD 52265 52265 2622 33719 HD52265 07:00:18.03 -05:22:01.78

HD 54341 54341 34276 HD54341 07:06:20.93 -43:36:38.69

*bet CMi 58715 2845 36188 betCMi 07:27:09.04 +08:17:21.53

HD 61005 61005 36948 HD61005 07:35:47.46 -32:12:14.04

HD 60856 60856 36967 HD60856 07:35:56.95 -14:42:39.01

HD 60995 60995 HD60995 07:36:32.77 -14:14:33.44

*rho Pup 67523 3185 39757 rhoPup 08:07:32.64 -24:18:15.56

Continued on next page
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Table A.1 – continued from previous page

Simbad HD HR HIP My ID RA DEC

HD 68420 68420 HD68420 08:10:08.41 -49:00:43.41

HD 69830 69830 3259 40693 HD69830 08:18:23.94 -12:37:55.81

HD 71043 71043 3300 41081 HR3300 08:22:55.15 -52:07:25.42

HD 70313 70313 3277 41152 HR3277 08:23:48.50 +53:13:10.96

*30 Mon 71155 3314 41307 30Mon 08:25:39.63 -03:54:23.11

HD 71722 71722 3341 41373 HD71722 08:26:25.20 -52:48:26.99

V* pi.01 UMa 72905 3391 42438 Vpi01UMa 08:39:11.70 +65:01:15.26

HD 74340 74340 HD74340 08:41:09.98 -52:54:10.5

*eta Cha 75416 3502 42637 etaCha 08:41:19.51 -78:57:48.09

HD 74374 74374 HD74374 08:41:22.76 -53:38:09.46

*50 Cnc 74873 3481 43121 50Cnc 08:46:56.01 +12:06:35.82

HD 76151 76151 3538 43726 HD76151 08:54:17.94 -05:26:04.05

HD 76653 76653 3570 43797 HR3570 08:55:11.78 -54:57:56.76

*omi01 Cnc 76543 3561 43970 omi01Cnc 08:57:14.95 +15:19:21.95

*omi02 Cnc 76582 3565 44001 omi02Cnc 08:57:35.20 +15:34:52.61

HD 78702 78702 3638 44923 HR3638 09:09:04.20 -18:19:42.78

HD 79108 79108 3651 45167 HR3651 09:12:12.88 +03:52:01.11

*tet Hya 79469 3665 45336 tetHya 09:14:21.86 +02:18:51.34

HD 80950 80950 3721 45585 HD80950 09:17:27.56 -74:44:04.52

HD 82943 82943 47007 HD82943 09:34:50.73 -12:07:46.37

HD 84075 84075 47135 HD84075 09:36:17.81 -78:20:41.57

HD 84870 84870 48164 HD84870 09:49:02.84 +34:05:07.42

HD 86087 86087 3927 48613 HR3927 09:54:51.23 -50:14:38.25

*21 LMi 87696 3974 49593 21LMi 10:07:25.76 +35:14:40.89

HD 88215 88215 3991 49809 HR3991 10:10:05.88 -12:48:57.32

HD 90874 90874 4115 51194 HD90874 10:27:25.28 -65:42:16.78

HD 91375 91375 4138 51438 HR4138 10:30:20.12 -71:59:34.06

Continued on next page
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Table A.1 – continued from previous page

Simbad HD HR HIP My ID RA DEC

HD 92536 92536 52160 HD92536 10:39:22.83 -64:06:42.43

V* CE Ant VCE Ant 10:42:30.06 -33:40:16.62

HD 93738 93738 52815 HD93738 10:47:53.53 -64:15:46.22

HD 95086 95086 53524 HD95086 10:57:03.02 -68:40:02.45

*bet UMa 95418 4295 53910 betUMa 11:01:50.47 +56:22:56.73

*b Leo 95608 4300 53954 bLeo 11:02:19.77 +20:10:47.42

HD 95698 95698 4302 53963 HD95698 11:02:24.45 -26:49:53.42

*tet Leo 97633 4359 54879 tetLeo 11:14:14.40 +15:25:46.45

HD 98363 98363 55188 HD98363 11:17:58.13 -64:02:33.34

HD 98673 98673 4388 55485 HR4388 11:21:49.28 +57:04:29.48

HD 101088 101088 56673 HD101088 11:37:14.65 -69:40:27.17

*pi. Cha 101132 4479 56675 piCha 11:37:15.63 -75:53:47.56

HD 102458 102458A 57524 HD102458 11:47:24.54 -49:53:03.01

*bet Leo 102647 4534 57632 betLeo 11:49:03.57 +14:34:19.40

HD 103234 103234 57950 HD103234 11:53:08.00 -56:43:38.10

HD 103266 103266 4553 57971 HD103266 11:53:26.80 -35:03:59.91

HD 103703 103703 58220 HD103703 11:56:26.56 -58:49:16.83

HD 104231 104231 58528 HD104231 12:00:09.40 -57:07:01.99

HD 104600 104600 4597 58720 HR4597 12:02:37.69 -69:11:32.23

*eta Cru 105211B 4616 59072 etaCru 12:06:52.89 -64:36:49.42

HD 105613 105613 59282 HD105613 12:09:38.78 -58:20:58.75

*3 Crv 105850 4635 59394 3Crv 12:11:03.83 -23:36:08.72

HD 105857 105857 59397 HD105857 12:11:05.87 -56:24:04.89

HD 105912 105912 59422 HD105912 12:11:21.79 -03:46:43.93

HD 106036 106036 59502 HD106036 12:12:10.27 -63:27:14.81

CD-54 4621 CD54 4621 12:12:35.75 -55:20:27.29

HD 106389 106389 59693 HD106389 12:14:28.64 -47:36:46.08
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Simbad HD HR HIP My ID RA DEC

HD 106797 106797 4669 59898 HD106797 12:17:06.30 -65:41:34.65

HD 106906 106906 59960 HD106906 12:17:53.19 -55:58:31.88

HD 107146 107146 60074 HD107146 12:19:06.50 +16:32:53.86

HD 107301 107301 4692 60183 HR4692 12:20:28.22 -65:50:33.56

HD 107649 107649 60348 HD107649 12:22:24.85 -51:01:34.34

HD 107947 107947 60561 HD107947 12:24:51.91 -72:36:14.02

HD 108857 108857 61049 HD108857 12:30:46.27 -58:11:16.76

HD 108904 108904 61087 HD108904 12:31:12.64 -61:54:31.46

*eta Crv 109085 4775 61174 etaCrv 12:32:04.22 -16:11:45.61

HD 109573 109573 4796 61498 HD109573 12:36:01.03 -39:52:10.22

*f Vir 109704 4799 61558 fVir 12:36:47.35 -05:49:54.84

HD 109832 109832 61684 HD109832 12:38:42.77 -68:45:49.12

HD 110058 110058 61782 HD110058 12:39:46.19 -49:11:55.54

*rho Vir 110411 4828 61960 rhoVir 12:41:53.05 +10:14:08.25

HD 111520 111520 62657 HD111520 12:50:19.71 -49:51:48.95

V* MO Hya 111786 4881 62788 VMO Hya 12:51:57.89 -26:44:17.78

HD 112383 112383 63236 HD112383 12:57:26.18 -67:57:38.53

HD 112810 112810 63439 HD112810 12:59:59.88 -50:23:22.48

HD 113337 113337 4934 63584 HD113337 13:01:46.92 +63:36:36.80

CPD-52 6110 CPD52 6110 13:01:50.69 -53:04:58.22

HD 113457 113457 63839 HD113457 13:05:02.04 -64:26:29.70

HD 113556 113556 63886 HD113556 13:05:32.60 -58:32:07.95

HD 113902 113902 4951 64053 HR4951 13:07:38.28 -53:27:35.14

HD 114082 114082 64184 HD114082 13:09:16.19 -60:18:30.05

HD 115361 115361 64877 HD115361 13:17:55.41 -61:00:38.82

*61 Vir 115617 5019 64924 61Vir 13:18:24.31 -18:18:40.30

HD 115600 115600 64995 HD115600 13:19:19.53 -59:28:20.43
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Simbad HD HR HIP My ID RA DEC

*iot Cen 115892 5028 65109 iotCen 13:20:35.81 -36:42:44.24

HD 117376 117376 5085 65728 HR5085 13:28:27.08 +59:56:44.83

HD 117214 117214 65875 HD117214 13:30:08.97 -58:29:04.34

HD 117484 117484 65965 HD117484 13:31:30.96 -46:44:06.84

HD 117665 117665 66068 HD117665 13:32:39.24 -44:27:00.91

*24 CVn 118232 5112 66234 24CVn 13:34:27.25 +49:00:57.50

V* BH CVn 118216 5110 66257 VBH CVn 13:34:47.80 +37:10:56.69

HD 118379 118379 66447 HD118379 13:37:17.77 -40:53:52.35

HD 118588 118588 66566 HD118588 13:38:42.87 -44:30:58.63

HD 119124 119124 5148 66704 HD119124 13:40:23.23 +50:31:09.90

HD 119511 119511 67068 HD119511 13:44:43.94 -49:17:57.74

HD 119718 119718 67230 HD119718 13:46:35.39 -62:04:09.75

HD 120326 120326 67497 HD120326 13:49:54.50 -50:14:23.87

HD 121189 121189 67970 HD121189 13:55:09.99 -50:44:42.93

*tau Vir 122408 5264 68520 tauVir 14:01:38.79 +01:32:40.31

HD 122705 122705 68781 HD122705 14:04:42.14 -50:04:17.06

HD 124619 124619 69720 HD124619 14:16:16.99 -53:49:01.94

*lam Boo 125162 5351 69732 lamBoo 14:16:23.01 +46:05:17.90

HD 126062 126062 70441 HD126062 14:24:36.99 -47:10:39.85

HD 126135 126135 70455 HD126135 14:24:43.91 -40:45:18.58

HD 127821 127821 5436 70952 HD127821 14:30:46.06 +63:11:08.83

*gam Boo 127762 5435 71075 gamBoo 14:32:04.67 +38:18:29.70

HD 127750 127750 71271 HD127750 14:34:33.44 -46:18:17.24

HD 128311 128311 71395 HD128311 14:36:00.56 +09:44:47.46

HD 128207 128207 5449 71453 HR5449 14:36:44.13 -40:12:41.69

HD 129590 129590 72070 HD129590 14:44:30.96 -39:59:20.61

HD 132254 132254 5581 73100 HD132254 14:56:23.04 +49:37:42.42
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Simbad HD HR HIP My ID RA DEC

HD 131835 131835 73145 HD131835 14:56:54.46 -35:41:43.65

HD 132238 132238 5579 73341 HR5579 14:59:13.92 -37:52:52.42

HD 134888 134888 74499 HD134888 15:13:27.96 -33:08:50.20

HD 135599 135599 74702 HD135599 15:15:59.16 +00:47:46.89

HD 135454 135454 74752 HD135454 15:16:37.15 -42:22:12.55

*bet Cir 135379 5670 74824 betCir 15:17:30.85 -58:48:04.33

HD 135953 135953 74959 HD135953 15:19:05.41 -36:21:44.20

BD-07 4003 74995 BD07 4003 15:19:26.82 -07:43:20.21

HD 136246 136246 75077 HD136246 15:20:31.41 -28:17:13.58

HD 136482 136482 75210 HD136482 15:22:11.25 -37:38:08.25

HD 137015 137015 5722 75476 HD137015 15:25:06.43 -38:10:09.25

HD 137057 137057 75491 HD137057 15:25:16.05 -38:09:28.43

HD 137119 137119 75509 HD137119 15:25:30.17 -36:11:57.94

*tet CrB 138749 5778 76127 tetCrB 15:32:55.78 +31:21:32.87

*alf CrB 139006 5793 76267 alfCrB 15:34:41.26 +26:42:52.89

HD 138813 138813 76310 HD138813 15:35:16.10 -25:44:03.00

HD 138923 138923 5790 76395 HR5790 15:36:11.36 -33:05:34.09

HD 138965 138965 5792 76736 HR5792 15:40:11.55 -70:13:40.38

*g Lup 139664 5825 76829 gLup 15:41:11.37 -44:39:40.34

HD 140817 140817 77315 HD140817 15:47:04.45 -35:30:37.25

HD 140840 140840 77317 HD140840 15:47:06.16 -35:31:04.94

HD 141011 141011 77432 HD141011 15:48:24.78 -42:37:05.01

HD 141378 141378 5875 77464 HD141378 15:48:56.79 -03:49:06.63

HD 141327 141327 77523 HD141327 15:49:43.10 -32:48:29.82

*4 Her 142926 5938 77986 4Her 15:55:30.59 +42:33:58.29

HD 142446 142446 78043 HD142446 15:56:05.62 -36:53:34.31

HD 142139 142139 5905 78045 HR5905 15:56:05.91 -60:28:56.95
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HD 143675 143675 78641 HD143675 16:03:13.54 -35:17:14.96

V* LM Lup 143939 78756 VLM Lup 16:04:44.48 -39:26:04.77

HD 144587 144587 78996 HD144587 16:07:29.92 -23:57:02.44

HD 144981 144981 79156 HD144981 16:09:20.88 -19:27:25.94

HD 145554 145554 79410 HD145554 16:12:21.83 -19:34:44.56

HD 145631 145631 79439 HD145631 16:12:44.10 -19:30:10.33

HD 145560 145560 79516 HD145560 16:13:34.33 -45:49:03.66

HD 145964 145964 6051 79599 HR6051 16:14:28.88 -21:06:27.48

HD 145880 145880 79631 HD145880 16:14:57.76 -39:37:40.12

HD 145972 145972 79710 HD145972 16:16:03.83 -49:04:29.39

HD 145689 145689 6037 79797 HR6037 16:17:05.41 -67:56:28.62

HD 146606 146606 79878 HD146606 16:18:16.16 -28:02:30.15

*d Sco 146624 6070 79881 dSco 16:18:17.90 -28:36:50.47

HD 146897 146897 79977 HD146897 16:19:29.24 -21:24:13.27

V* V933 Sco 147010 80024 VV933Sco 16:20:05.49 -20:03:23.02

HD 147594 147594 80320 HD147594 16:23:53.85 -29:46:40.11

HD 148657 148657 80897 HD148657 16:31:11.67 -38:22:58.74

HD 151044 151044 81800 HD151044 16:42:27.81 +49:56:11.19

HD 151109 151109 82154 HD151109 16:47:01.67 -39:32:01.94

*53 Her 152598 6279 82587 53Her 16:52:58.05 +31:42:06.02

HD 153053 153053 6297 83187 HD153053 17:00:06.27 -54:35:49.83

*73 Her 157728 6480 85157 73Her 17:24:06.58 +22:57:37.01

HD 158633 158633 6518 85235 HD158633 17:25:00.09 +67:18:24.14

*b Oph 157792 6486 85340 bOph 17:26:22.21 -24:10:31.11

HD 158352 158352 6507 85537 HR6507 17:28:49.65 +00:19:50.25

*78 Her 159139 6533 85790 78Her 17:31:49.57 +28:24:26.99

HD 159082 159082 6532 85826 HD159082 17:32:14.88 +11:55:48.18
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HD 1591 159170 6534 85922 HR6534 17:33:29.84 -05:44:41.29

*pi. Ara 159492 6549 86305 piAra 17:38:05.51 -54:30:01.56

*mu. Ara 160691 6585 86796 muAra 17:44:08.70 -51:50:02.58

*gam Oph 161868 6629 87108 gamOph 17:47:53.55 +02:42:26.20

HD 162917 162917 6670 87558 HR6670 17:53:14.18 +06:06:05.11

HD 164249 164249 88399 HD164249 18:03:03.41 -51:38:56.43

HD 169666 169666 89770 HD169666 18:19:08.24 +71:31:04.28

*eps Sgr 169022 6879 90185 epsSgr 18:24:10.31 -34:23:04.61

HD 170773 170773 6948 90936 HR6948 18:33:00.91 -39:53:31.27

*110 Her 173667 7061 92043 110Her 18:45:39.72 +20:32:46.71

*zet CrA 176638 7188 93542 zetCrA 19:03:06.87 -42:05:42.38

*rho Tel 177171 7213 93815 rhoTel 19:06:19.95 -52:20:27.27

*alf CrA 178253 7254 94114 alfCrA 19:09:28.34 -37:54:16.10

*eta Tel 181296 7329 95261 etaTel 19:22:51.20 -54:25:26.14

HD 181327 181327 95270 HD181327 19:22:58.94 -54:32:16.97

*5 Vul 182919 7390 95560 5Vul 19:26:13.24 +20:05:51.84

*c Aql 183324 7400 95793 cAql 19:29:00.98 +01:57:01.61

HD 190470 190470 98828 HD190470 20:04:10.04 +25:47:24.82

HD 191174 191174 7695 98872 HD191174 20:04:44.51 +63:53:24.74

HD 191089 191089 99273 HD191089 20:09:05.21 -26:13:26.52

*tet Aql 191692 7710 99473 tetAql 20:11:18.26 -00:49:17.31

HD 191849 191849 99701 HD191849 20:13:53.39 -45:09:50.47

*rho Aql 192425 7724 99742 rhoAql 20:14:16.61 +15:11:51.39

HD 192758 192758 HD192758 20:18:15.79 -42:51:36.29

*kap01 Sgr 193571 7779 100469 kap01Sgr 20:22:27.50 -42:02:58.36

*phi01 Pav 195627 7848 101612 phi01Pav 20:35:34.85 -60:34:54.30

*bet Del 196524 7882 101769 betDel 20:37:32.94 +14:35:42.31
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*iot Del 196544 7883 101800 iotDel 20:37:49.11 +11:22:39.63

V* AU Mic 197481 102409 VAU Mic 20:45:09.53 -31:20:27.24

HD 199260 199260 8013 103389 HR8013 20:56:47.33 -26:17:46.95

*alf Oct 199532 8021 104043 alfOct 21:04:43.06 -77:01:25.56

HD 200800 200800 104411 HD200800 21:09:05.49 -65:47:56.12

HD 202206 202206 104903 HD202206 21:14:57.76 -20:47:21.15

HD 202917 202917 105388 HD202917 21:20:49.95 -53:02:03.14

HD 205674 205674 106741 HD205674 21:37:21.11 -18:26:28.24

*3 Peg 205811 8265 106783 3Peg 21:37:43.64 +06:37:06.21

HD 206893 206893 107412 HD206893 21:45:21.90 -12:47:00.06

HD 207129 207129 8323 107649 HD207129 21:48:15.75 -47:18:13.01

*39 Peg 213617 8586 111278 39Peg 22:32:35.48 +20:13:48.06

*tau01 Aqr 215766 8673 112542 tau01Aqr 22:47:42.76 -14:03:23.14

V* V342 Peg 218396 8799A 114189 VV342Peg 23:07:28.71 +21:08:03.30

HD 219623 219623 8853 114924 HD219623 23:16:42.30 +53:12:48.51

HD 219482 219482 8843 114948 HR8843 23:16:57.68 -62:00:04.32

*kap Psc 220825 8911 115738 kapPsc 23:26:55.95 +01:15:20.19

HD 221853 221853 116431 HD221853 23:35:36.15 +08:22:57.42

*del Scl 223352 9016 117452 delScl 23:48:55.54 -28:07:48.97
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A.2. PARAMETERS OF THE FULL SAMPLE

A.2 Parameters of the full sample

Table A.2: Main parameters of the sample. Spectral type, heliocentric radial velocity, projected rota-
tional velocity, luminosity ratio Ldisk/Lstar , distance and age flag, where “O” stands for older than 100
Myr and “Y” stands for younger than 100 Myr.

Simbad ID Spectral type RV vsini Ldisk{L‹ Distance Age

[km.s´1] [km.s´1] [pc] flag

HD 225200 A1V 18.40 341.00 6.14 x10´5 134.46 O

HD 166 G8 -6.59 6.20 6.29 x10´5 13.77 O

HD 203 F3V 6.50 170.00 1.41 x10´4 39.96 Y

HD 870 K0V 1.30 0.79 2.49 x10´5 20.62 O

* sig And A2V -8.20 123.00 1.83 x10´5 41.32 O

HD 1466 F8V 6.32 21.00 1.05 x10´4 42.97 Y

HD 1461 G3VFe0.5 -10.09 4.80 4.23 x10´5 23.46 O

* kap Phe A5IVn 11.30 194.00 1.10 x10´5 23.80 O

* lam01 Phe A1Va -2.00 – 1.38 x10´5 56.12 O

* lam Cas B8Vn -12.20 220.00 3.14 x10´6 115.74 O

* bet03 Tuc A0V 7.70 93.00 1.36 x10´4 45.90 Y

HD 3670 F5V 8.92 – 5.15 x10´4 77.59 O

* 66 Psc A1Vn 8.50 144.00 3.21 x10´5 108.10 O

HD 6798 A3V 10.00 207.00 9.78 x10´5 80.70 O

* nu. Phe F9VFe+0.4 11.82 – 3.03 x10´5 15.17 O

* 49 Cet A1V 10.30 196.00 6.93 x10´4 57.06 Y

HD 10472 F2IV/V 12.41 78.20 3.40 x10´4 71.15 O

* q01 Eri F9V 27.82 3.84 3.18 x10´4 17.34 O

HD 10638 A3 -0.40 – 3.14 x10´4 68.69 O

* q02 Eri A1V 9.50 – 7.36 x10´5 60.96 O

V* DK Cet G4V 6.12 15.20 6.34 x10´5 41.41 Y

* 50 Cas A2V -18.20 91.00 1.77 x10´5 48.16 O

HD 13246 F7V 10.68 35.60 1.72 x10´4 45.61 Y
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Simbad ID Spectral type RV vsini Ldisk{L‹ Distance Age

[km.s´1] [km.s´1] [pc] flag

HD 12467 A1.5V -9.00 130.00 8.58 x10´5 70.86 O

* bet Tri A5III 12.30 70.00 2.70 x10´5 38.89 O

* gam Tri A1Vnn 9.90 254.00 6.76 x10´5 34.43 Y

HD 15115 F4IV 0.81 89.80 4.76 x10´4 49.00 Y

* phi For A2.5V 19.00 116.80 4.15 x10´5 47.25 O

* 12 Tri F0III -24.80 79.80 3.57 x10´5 49.93 O

HD 15745 F0 5.68 – 2.22 x10´3 71.99 O

HD 16743 F0/2III/IV – 112.20 3.79 x10´4 57.93 O

HD 17390 F3IV/V 7.20 – 2.08 x10´4 48.19 O

* nu. Hor A2V 30.90 143.70 4.70 x10´5 51.71 O

* 41 Ari B8Vn 4.00 175.00 1.57 x10´5 50.78 Y

* alf For F6V+G7V -17.14 4.41 5.88 x10´4 14.23 O

* 94 Cet F8.5V 18.96 7.70 3.94 x10´6 22.53 O

HD 21997 A3IV/V 17.30 69.80 4.79 x10´4 69.64 Y

HD 23267 A0 7.60 – 6.60 x10´5 149.83 O

V* V1229 Tau A0VpSi+Am 5.00 40.00 2.00 x10´4 139.54 Y

HD 24636 F3IV/V 14.55 – 1.38 x10´4 57.05 Y

* 28 Tau B8Vne 5.10 220.00 1.49 x10´4 129.48 O

HD 23863 A7Vn 5.00 165.00 5.77 x10´5 134.25 Y

HD 23923 B8V 9.50 290.00 4.95 x10´5 133.40 Y

HD 24141 kA3hF0mF0 -0.20 63.00 3.56 x10´5 54.21 O

HD 24966 A0V – – 2.67 x10´4 114.85 Y

HD 24817 A0Vn 12.00 285.00 4.15 x10´5 77.65 O

HD 25457 F7V 17.62 20.24 1.23 x10´4 18.77 Y

HD 25570 F2Vs 38.20 34.40 4.36 x10´5 34.84 O

* gam Dor F1V 25.20 59.50 1.72 x10´5 20.45 O
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Simbad ID Spectral type RV vsini Ldisk{L‹ Distance Age

[km.s´1] [km.s´1] [pc] flag

* b Tau kA5hF0VmF0 37.30 105.00 4.84 x10´5 48.57 Y

V* EX Eri A7VkA3mA3 14.40 130.00 4.37 x10´5 57.47 Y

HD 30447 F3V 24.65 – 9.38 x10´4 80.53 Y

HD 32195 F7V 11.40 – 1.06 x10´4 62.78 Y

* pi.01 Ori A0Va lB 11.10 120.00 5.86 x10´5 35.66 O

* l Tau A5IV -1.70 112.00 2.84 x10´5 61.97 O

* kap Lep B7V 20.80 120.00 4.83 x10´6 223.21 O

HD 34324 A3V – – 8.98 x10´5 82.04 O

HD 35150 A0V – – 3.74 x10´4 370.67 O

HD 287787 A2 – – 2.23 x10´4 410.77 O

HD 35332 A0V – – 3.44 x10´4 384.18 O

HD 35367 A1IV/V – – 1.66 x10´4 365.79 O

HD 287861 A0 – – 3.02 x10´4 363.62 O

HD 287850 A5 – – 1.30 x10´4 377.57 O

HD 287854 F0 – – 2.92 x10´4 362.52 O

HD 35625 A0V – – 8.51 x10´5 361.96 O

HD 35841 F3V 25.45 – 1.38 x10´3 103.67 Y

HD 290540 A2 – – 1.12 x10´4 448.75 O

HD 36444 B9V – – 2.85 x10´3 443.63 O

HD 290609 B8 – – 1.60 x10´4 847.45 O

HD 36968 F2V 16.51 – 1.27 x10´3 150.10 Y

HD 37286 A2III/IV 22.40 70.00 7.82 x10´5 58.89 Y

HD 37306 A1V 23.00 148.10 8.68 x10´5 70.46 Y

HD 37484 F4V 26.05 54.51 3.14 x10´4 59.11 Y

HD 38056 B9.5V 28.10 195.00 4.41 x10´5 128.31 O

HD 38207 F2V 24.77 69.88 9.08 x10´4 110.96 Y
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Simbad ID Spectral type RV vsini Ldisk{L‹ Distance Age

[km.s´1] [km.s´1] [pc] flag

HD 38206 A0V 25.30 35.00 1.47 x10´4 71.40 Y

* zet Lep A2IV-V(n) 24.70 258.70 8.74 x10´5 21.60 O

HD 38858 G2V 31.61 1.00 5.81 x10´5 15.25 O

* eta Lep F2V -2.14 16.99 4.03 x10´5 14.87 O

HD 40540 A8IV(m) 32.59 – 3.91 x10´4 88.29 O

HD 45184 G2Va -3.73 5.40 8.82 x10´5 21.96 O

HD 46190 A0V – – 1.10 x10´5 84.51 O

HD 53842 F5V 12.20 – 3.01 x10´4 57.87 Y

* psi05 Aur F9V -23.9 6.50 4.92 x10´5 16.64 O

HD 50571 F5VFe+0.4 26.69 – 1.25 x10´4 34.04 O

HD 53143 G9V 22.04 4.10 2.65 x10´4 18.36 O

HD 52265 G0V 53.92 6.70 1.81 x10´5 30.00 O

HD 54341 A0V – – 2.19 x10´4 101.16 Y

* bet CMi B8Ve 22.00 210.00 8.61 x10´5 49.57 O

HD 61005 G8Vk 22.64 8.20 2.67 x10´3 36.48 Y

HD 60856 B5V 31.20 44.00 1.52 x10´5 471.96 O

HD 60995 B8/9V 29.00 316.00 2.72 x10´5 504.64 O

* rho Pup F5IIkF2IImF5II 45.80 8.00 1.04 x10´5 19.48 O

HD 68420 A3V – – 1.17 x10´4 411.57 O

HD 69830 G8:V 30.29 5.20 1.84 x10´4 12.56 O

HD 71043 A0V 22.50 224.00 5.87 x10´5 73.24 O

HD 70313 A3Va 21.30 112.00 6.93 x10´5 52.09 O

* 30 Mon A0Va 10.00 134.00 2.71 x10´5 37.50 O

HD 71722 A0V 30.20 – 1.00 x10´4 69.33 O

V* pi.01 UMa G0.5V -13.03 11.21 1.64 x10´5 14.45 O

HD 74340 F5V -30.00 48.80 1.31 x10´4 152.07 O
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* eta Cha B8V 14.00 – 6.27 x10´5 99.56 Y

HD 74374 F3V 16.51 – 1.28 x10´4 153.24 Y

* 50 Cnc A1Vp 23.30 18.00 3.76 x10´5 56.19 O

HD 76151 G2V 32.08 3.58 2.34 x10´5 16.85 O

HD 76653 F6V -6.88 10.30 1.68 x10´5 24.26 O

* omi01 Cnc A5III -4.60 102.00 3.00 x10´5 48.40 O

* omi02 Cnc F0IV -4.00 107.00 1.42 x10´4 48.80 O

HD 78702 A0/1V 16.90 222.00 2.42 x10´4 104.71 O

HD 79108 A0V 22.60 172.00 5.85 x10´5 115.74 O

* tet Hya B9.5V+DA1.6 -10.70 97.00 4.33 x10´6 35.20 O

HD 80950 A0V 11.20 40.00 1.19 x10´4 77.34 O

HD 82943 F9VFe+0.5 8.220 6.50 1.51 x10´4 27.61 O

HD 84075 G2V 5.040 – 1.83 x10´4 64.09 Y

HD 84870 A3 – – 3.43 x10´4 89.85 O

HD 86087 A0V 13.90 – 1.35 x10´4 99.33 O

* 21 LMi A7V(n) -11.40 165.00 1.85 x10´5 28.24 O

HD 88215 F3V 23.60 148.00 3.57 x10´5 27.81 O

HD 90874 A2V 7.10 65.70 9.51 x10´6 67.73 O

HD 91375 A1V 7.50 10.00 1.05 x10´5 79.87 O

HD 92536 B8V 10.00 – 6.11 x10´5 158.00 O

V* CE Ant M2Ve 11.40 4.40 1.19 x10´3 34.03 Y

HD 93738 B9.5V 4.00 – 1.71 x10´5 154.85 O

HD 95086 A8III 10.10 – 1.22 x10´3 86.44 Y

* bet UMa A1IVps -13.10 46.00 1.11 x10´5 24.44 O

* b Leo kA1VmA3V -11.10 21.00 2.02 x10´5 38.86 O

HD 95698 A9III/IV 0.84 42.00 6.86 x10´5 57.38 O
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* tet Leo A2IV 7.30 23.00 1.16 x10´5 50.60 O

HD 98363 A2V 9.60 – 7.28 x10´4 138.59 O

HD 98673 A7Vn -10.00 259.00 5.28 x10´5 86.28 O

HD 101088 F5IV 19.70 152.00 2.73 x10´5 101.24 O

* pi. Cha A9IV -15.27 – 1.78 x10´5 41.51 O

HD 102458 G4V 14.40 31.00 1.00 x10´4 113.40 O

* bet Leo A3Va -0.20 128.00 2.27 x10´5 10.99 O

HD 103234 F2IV/V 13.36 57.00 9.80 x10´5 102.12 O

HD 103266 A1V -7.50 165.10 3.92 x10´5 83.14 O

HD 103703 F3V 16.01 66.00 4.06 x10´4 107.42 O

HD 104231 F5V 13.51 36.00 1.46 x10´4 102.73 O

HD 104600 B9V 7.60 214.00 1.26 x10´4 104.85 Y

* eta Cru F2V 10.40 46.10 3.75 x10´5 19.75 O

HD 105613 A3V 7.40 – 1.16 x10´4 104.60 O

* 3 Crv A1V 11.00 126.80 2.83 x10´5 58.81 O

HD 105857 A2V 7.20 – 1.16 x10´4 112.44 O

HD 105912 F5V 0.40 42.30 7.30 x10´5 48.24 O

HD 106036 A2V 7.70 – 2.94 x10´4 100.60 Y

CD-54 4621 K0Ve 14.70 29.70 3.13 x10´4 113.28 Y

HD 106389 F6IV 15.60 10.00 3.41 x10´4 145.20 O

HD 106797 A0V 21.00 172.00 1.68 x10´4 105.94 Y

HD 106906 F5V 10.20 55.00 1.33 x10´3 103.33 Y

HD 107146 G2V 1.68 13.83 9.67 x10´4 27.47 Y

HD 107301 B9V -8.30 – 1.12 x10´4 97.36 O

HD 107649 F5V 6.10 72.00 1.21 x10´4 108.32 O

HD 107947 A0V 7.90 – 8.25 x10´5 99.13 O
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HD 108857 F7V 6.50 8.00 4.94 x10´4 104.51 O

HD 108904 F6V 12.45 64.00 5.33 x10´4 108.02 Y

* eta Crv F2V 0.69 92.00 1.98 x10´4 18.28 O

HD 109573 A0V 7.10 152.00 4.45 x10´3 71.90 Y

* f Vir A3V -6.00 155.40 4.73 x10´5 71.44 O

HD 109832 A9V 7.20 – 4.60 x10´4 108.31 O

HD 110058 A0V 5.00 – 1.78 x10´3 129.98 Y

* rho Vir A0Va lB 1.60 154.00 5.57 x10´5 38.16 O

HD 111520 F5/6V 11.82 42.00 2.03 x10´3 108.93 Y

V* MO Hya F0VkA1mA1 lB -18.10 138.00 6.55 x10´5 62.57 O

HD 112383 A2IV/V 6.60 – 1.28 x10´4 101.64 O

HD 112810 F3/5IV/V 4.20 82.00 7.92 x10´4 132.92 Y

HD 113337 F6V -15.70 6.00 9.81 x10´5 36.21 O

CPD-52 6110 K3V(e) 10.19 – 3.20 x10´4 117.86 Y

HD 113457 A0V 15.00 – 1.78 x10´4 105.86 Y

HD 113556 F2V 12.75 49.00 6.50 x10´4 101.54 Y

HD 113902 B8/9V 22.00 – 4.25 x10´5 100.42 Y

HD 114082 F3V 11.76 43.00 3.21 x10´3 95.65 Y

HD 115361 F5V 10.76 74.00 2.01 x10´4 96.35 O

* 61 Vir G6.5V -8.13 3.90 2.54 x10´5 8.55 O

HD 115600 F2IV/V 12.08 61.00 1.63 x10´3 109.61 Y

* iot Cen kA1.5hA3mA3Va 0.10 90.30 2.24 x10´5 18.02 O

HD 117376 A1Vn -11.10 154.00 3.26 x10´5 73.14 O

HD 117214 F6V 10.20 40.00 2.40 x10´3 107.61 Y

HD 117484 B9.5V 2.00 – 1.99 x10´4 155.50 O

HD 117665 A1/2V 1.50 – 1.69 x10´4 129.17 O
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* 24 CVn A4V -18.30 159.00 1.11 x10´5 55.27 O

V* BH CVn A6m 6.43 16.00 7.02 x10´5 46.14 O

HD 118379 A3IV/V 6.10 – 1.35 x10´4 111.87 O

HD 118588 A1V 1.20 – 5.62 x10´4 135.98 O

HD 119124 F7.7V -12.44 12.00 4.85 x10´5 25.48 O

HD 119511 F3V 1.80 124.00 6.22 x10´5 119.37 O

HD 119718 F5V 11.98 98.00 3.40 x10´4 116.66 O

HD 120326 F0V 7.30 70.00 1.63 x10´3 113.93 O

HD 121189 F3V 9.84 50.00 4.11 x10´4 129.18 O

* tau Vir A2IV/V -6.70 186.00 1.06 x10´5 68.96 O

HD 122705 A2V 6.60 – 6.11 x10´5 122.58 O

HD 124619 F0V 6.90 115.00 8.60 x10´5 131.85 O

* lam Boo A0Va lB -7.90 110.00 5.39 x10´5 30.35 O

HD 126062 A1V 5.10 – 2.81 x10´4 132.48 O

HD 126135 B8V 12.00 – 4.57 x10´5 182.41 Y

HD 127821 F4IV -11.80 55.60 2.03 x10´4 31.71 O

* gam Boo A7IV+(n) -32.40 115.00 9.93 x10´6 26.60 O

HD 127750 A0V 4.40 – 1.59 x10´4 143.43 O

HD 128311 K3V -9.58 5.60 7.03 x10´5 16.33 O

HD 128207 B8V 2.00 – 6.49 x10´6 142.77 Y

HD 129590 G3V 2.30 32.00 6.08 x10´3 136.03 Y

HD 132254 F8-V -15.53 7.70 2.81 x10´6 25.22 O

HD 131835 A2IV 0.50 – 2.03 x10´3 133.65 Y

HD 132238 B7V 15.00 – 4.41 x10´5 161.67 Y

HD 134888 F3/5V 2.95 37.00 8.73 x10´4 112.31 Y

HD 135599 K0V -3.08 3.80 9.75 x10´5 15.81 O
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HD 135454 B9.5V 1.40 – 2.36 x10´5 134.15 O

* bet Cir A3Va 9.60 68.50 4.77 x10´5 30.55 O

HD 135953 F5V 3.36 33.00 6.55 x10´4 130.47 Y

BD-07 4003 M3V -9.21 – 5.41 x10´4 6.29 O

HD 136246 A1V -2.70 – 4.03 x10´5 114.18 O

HD 136482 B8/9V -0.20 – 8.12 x10´5 148.27 O

HD 137015 A1/2V 3.20 119.60 2.05 x10´5 296.42 Y

HD 137057 F3V -0.20 55.00 2.58 x10´4 143.77 O

HD 137119 A2V -0.70 – 1.53 x10´4 128.34 O

* tet CrB B6Vnne -25.70 310.00 1.00 x10´5 115.07 O

* alf CrB A1IV 1.70 138.00 1.41 x10´5 23.00 O

HD 138813 A0V -2.54 97.90 9.60 x10´4 137.41 Y

HD 138923 B8V -3.60 – 1.05 x10´4 134.24 Y

HD 138965 A1V -2.00 102.70 3.74 x10´4 78.08 O

* g Lup F3/5V -7.08 71.60 7.85 x10´5 17.43 O

HD 140817 A0V – – 1.26 x10´4 142.46 O

HD 140840 B9/A0V – – 1.65 x10´4 148.16 O

HD 141011 F5V 0.20 83.00 1.44 x10´4 128.60 O

HD 141378 A5IV-V -16.40 107.00 6.93 x10´5 53.54 O

HD 141327 B9V -5.10 – 4.35 x10´5 217.38 O

* 4 Her B9pe -20.20 275.00 1.15 x10´4 169.74 O

HD 142446 F3V -1.90 66.00 6.29 x10´4 137.54 Y

HD 142139 A1IV/V -16.70 89.20 3.52 x10´5 69.76 O

HD 143675 A5IV/V -2.70 – 4.89 x10´4 139.20 O

V* LM Lup ApSiCr 1.60 – 2.78 x10´5 143.51 Y

HD 144587 A9V 0.00 112.10 3.03 x10´4 144.01 O
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HD 144981 A0V -1.30 155.20 1.09 x10´4 150.59 O

HD 145554 B9V -6.15 340.00 1.31 x10´4 136.83 Y

HD 145631 B9V -5.56 287.00 4.16 x10´5 140.72 Y

HD 145560 F5V 4.38 43.00 3.03 x10´3 120.43 Y

HD 145964 B9V -7.80 306.00 9.19 x10´6 112.18 Y

HD 145880 B9.5V -1.80 – 3.65 x10´4 125.62 O

HD 145972 F0V 1.20 61.00 2.07 x10´4 125.88 O

HD 145689 A3V -9.00 106.40 2.77 x10´5 55.55 O

HD 146606 A0V -3.43 137.00 7.90 x10´5 137.27 Y

* d Sco A1Va -13.00 39.00 1.67 x10´5 41.28 O

HD 146897 F2/3V -1.60 55.00 5.39 x10´3 131.49 Y

V* V933 Sco B9II/III -3.96 15.00 7.30 x10´5 130.76 Y

HD 147594 G3IV 1.10 33.00 1.04 x10´4 134.26 O

HD 148657 A0V -2.70 – 3.01 x10´4 189.92 O

HD 151044 F8V -13.22 – 7.04 x10´5 29.33 O

HD 151109 B9IV/V -2.90 – 1.03 x10´4 174.45 O

* 53 Her F0V -21.80 84.00 4.07 x10´5 29.67 Y

HD 153053 A5IV/V -20.20 102.80 5.82 x10´5 53.25 O

* 73 Her A7V -19.70 73.00 3.34 x10´4 42.74 O

HD 158633 K0 -38.49 3.40 2.73 x10´5 12.79 O

* b Oph kA5hA9mF1III -37.20 78.00 2.59 x10´5 25.49 O

HD 158352 A8Vp -36.10 180.00 7.46 x10´5 63.46 O

* 78 Her A1V -25.70 – 1.90 x10´5 83.39 O

HD 159082 B9.5V -11.80 22.00 4.21 x10´5 145.61 O

HD 159170 A5V -26.00 243.00 3.96 x10´5 46.82 O

* pi. Ara A5IV/V -3.30 54.10 1.19 x10´4 41.34 O
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* mu. Ara G3IV-V -9.29 1.33 1.48 x10´5 15.60 O

* gam Oph A1VnkA0mA0 -7.60 210.00 6.63 x10´5 31.51 O

HD 162917 F4IV-V -26.23 28.40 2.93 x10´5 30.80 O

HD 164249 F6V -0.09 20.00 9.73 x10´4 49.61 Y

HD 169666 F2V -43.05 – 1.71 x10´4 52.99 O

* eps Sgr B9.5III -15.00 236.00 9.13 x10´6 43.93 O

HD 170773 F5V -16.55 – 4.27 x10´4 37.05 O

* 110 Her F5.5IV-V 23.37 14.08 7.33 x10´7 19.20 O

* zet CrA B9.5Vann -13.00 – 5.89 x10´5 59.20 O

* rho Tel F6V 0.30 – 2.56 x10´5 58.85 O

* alf CrA A2Va -18.40 203.20 2.00 x10´5 38.43 O

* eta Tel A0V+M7/8V 13.00 – 1.95 x10´4 48.21 Y

HD 181327 F6V -0.25 16.00 2.98 x10´3 48.21 Y

* 5 Vul A0V -21.20 154.00 3.12 x10´5 71.98 O

* c Aql A0IVp 12.00 90.00 1.28 x10´5 60.67 O

HD 190470 K3V -7.38 1.40 1.07 x10´4 22.15 O

HD 191174 A3V -19.20 41.00 4.22 x10´5 83.56 O

HD 191089 F5V -5.39 37.70 1.51 x10´3 50.13 Y

* tet Aql B9.5III -28.02 45.00 7.64 x10´6 87.79 O

HD 191849 M0V -33.29 1.00 1.63 x10´5 6.16 O

* rho Aql A1Va -23.00 180.00 4.57 x10´5 47.96 O

HD 192758 F0V -14.36 – 5.33 x10´4 66.52 O

* kap01 Sgr A0V -3.40 79.00 2.27 x10´5 68.45 O

* phi01 Pav F0V -20.00 – 9.21 x10´5 28.29 O

* bet Del F5IV -32.57 39.80 1.54 x10´5 30.93 O

* iot Del A1IV -3.90 41.00 3.44 x10´5 59.46 O
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V* AU Mic M1VeBa1 -4.50 9.68 4.19 x10´4 9.72 Y

HD 199260 F6V -15.91 13.70 1.75 x10´5 21.28 O

* alf Oct F6(m)pec 85.90 – 2.20 x10´5 44.40 O

HD 200800 A3V(m) – – 4.60 x10´5 126.85 O

HD 202206 G6V 14.68 5.70 9.89 x10´5 46.02 O

HD 202917 G7V -1.31 15.40 2.21 x10´4 46.84 Y

HD 205674 F3/5IV -0.38 31.10 3.57 x10´4 56.40 O

* 3 Peg A2V 3.00 102.60 2.56 x10´5 88.29 O

HD 206893 F5V -12.45 – 2.54 x10´4 40.80 O

HD 207129 G2V -7.62 0.56 7.79 x10´5 15.56 O

* 39 Peg F1V -18.90 94.00 9.14 x10´5 53.57 O

* tau01 Aqr B9V 15.00 – 3.09 x10´5 108.87 O

HD 218396 F0+VkA5mA5 -12.60 49.00 2.53 x10´4 41.29 Y

HD 219623 F8V -27.05 3.00 2.39 x10´5 20.55 O

HD 219482 F6V 0.46 – 3.31 x10´5 20.45 O

* kap Psc A2VpSrCrSi -4.40 39.00 2.08 x10´5 48.92 Y

HD 221853 F0 – – 8.27 x10´4 65.41 O

* del Scl A0VankB9(( lB)) 8.70 299.00 2.78 x10´5 42.14 Y
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Spectroscopic Data

Table B.1: Number of observations per instrument and total amounts of observations obtained for our
sample of debris disks. Proprietary observations are flagged with a *.

Object HARPS UVES FEROS MIKE HERMES FIES Total

*110 Her – 4* – 1* 21* – 26*

*12 Tri – 3* – 5* – 2* 10*

*28 Tau – 2* 1* 4* – – 7*

*30 Mon 276 – – – – – 276

*39 Peg – 3* – 3* – – 6*

*3 Crv 36 – 2 – – – 38

*3 Peg – 1* + 2 – 3* – – 6

*41 Ari – 4* + 1 – 3* – – 8

*49 Cet 37 22 5 – 29* 4* 97

*50 Cnc 25 – 3 – 13* – 41

*5 Vul – 3* 2 – 14* – 19

*61 Vir 1154 9 – – – – 1163

*66 Psc – 3* 7 4* – 2* 16

*73 Her – – – 1* – 2* 3*

*78 Her – – – 1* – – 1*
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*94 Cet 1704 5 – – – – 1709

*alf CrA – 3* – 2* – – 5*

*alf CrB 3 – – – – 4* 7

*alf For 200 2 – – – – 202

*alf Oct – – 30 1* – – 31

BD-07 4003 249 – – – – – 249

*bet03 Tuc 36 – 2 – – – 38

*bet Cir 42 – 50 – – – 92

*bet CMi – 36 – – – – 36

*bet Del – 1* – 4* – – 5*

*bet Leo 157 – 4 – 3* – 164

*bet Tri – 3* – 8* – – 11*

*bet UMa – – – – 10* 4* 14*

*b Leo – 1* 01* + 1 – – – 3

*b Oph – 3* 3 – – – 6

*b Tau 1 1* 1* – 1* – 4

*c Aql – 14 10 144* 11* 9* 188

CD-54 4621 – 3* 14* + 3 – – – 20

CPD-52 6110 – – 3 – – – 3

*del Scl 10 – 8 – – – 18

*d Sco 402 – 4 – – – 406

*eps Sgr – 4* 7 – – – 11

*eta Cha 11 – 31 – – – 42

*eta Cru – 2 6 – – – 8

*eta Crv 43 1 5 – 3* – 52

*eta Lep 36 7 017* + 2 – 1* – 63

*eta Tel 31 – 29 – – – 60
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*f Vir – 3* 1 – – – 4

*gam Dor – 8 10 – – – 18

*gam Oph 10 1 – – – – 11

*gam Tri – 3* + 1 – – 6* 4* 14

*g Lup 8 1 038* + 3 – – – 50

HD 101088 – 10* 3 – – – 13

HD 102458 29 – 14* + 4 – – – 47

HD 103234 – 3* 3 – – – 6

HD 103266 – 3* – – – – 3*

HD 103703 – 3* 8 – – – 11

HD 104231 – 3* 18* + 6 – – – 27

HD 10472 12 – – – – – 12

HD 105613 – 4* – – – – 4*

HD 105857 – 3* – – – – 3*

HD 105912 – 3* 16* – – – 19*

HD 106036 – 3* – – – – 3*

HD 10638 – 4* – 6* – – 10*

HD 106389 – 3* – – – – 3*

HD 106797 – 3* – – – – 3*

HD 106906 76 – 18 – – – 94

HD 107146 – 3* 13* + 4 – – – 20

HD 107649 – 4* 15* – – – 19*

HD 107947 – 3* – – – – 3*

HD 108857 – 4* 8* + 4 – – – 16

HD 108904 – 3* 6 – – – 9

HD 109573 10 206 29 – – – 245

HD 109832 – 3* 24* – – – 27*
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HD 110058 12 – 11 – – – 23

HD 111520 – 3* 23* – – – 26*

HD 112383 – 3* – – – – 3*

HD 112810 – 3* – – – – 3*

HD 113457 – 3* – – – – 3*

HD 113556 – 3* 3 – – – 6

HD 114082 – 3* 22* + 3 – – – 28

HD 115361 – 3* – 1* – – 4*

HD 115600 – – 3 – – – 3

HD 117214 – 3* 14* – – – 17*

HD 117484 – 2* 4 – – – 6

HD 117665 – 3* – – – – 3*

HD 118379 – 3* – – – – 3*

HD 118588 – 3* – – – – 3*

HD 119511 – 3* 6 – – – 9

HD 119718 – 3* 3 – – – 6

HD 120326 – 3* – – – – 3*

HD 121189 – 3* – – – – 3*

HD 122705 – 3* – – – – 3*

HD 124619 – 3* – – – – 3*

HD 126062 – 3* – – – – 3*

HD 126135 4 – – – – – 4

HD 127750 – 3* 2 – – – 5

HD 128311 – 3* 4 – – – 7

HD 129590 – 3* 14* – – – 17*

HD 131835 1 2* 15 – – – 18

HD 13246 – 1* + 1 12* + 1 2* – – 17
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HD 134888 – 3* – – – – 3*

HD 135454 1 2* 6 – – – 9

HD 135599 – 3* – – – – 3*

HD 135953 – 3* 15* – – – 18*

HD 136246 1 1* 7 – – – 9

HD 136482 1 2* – 2* – – 5

HD 137015 1 1* – 2* – – 4

HD 137057 – 3* 3 2* – – 8

HD 137119 – 3* – 2* – – 5*

HD 138813 – 6* 13 2* 7* – 28

HD 140817 – 3* 2 2* – – 7

HD 140840 – 1* 2 2* – – 5

HD 141011 – 4* 24* 2* – – 30*

HD 141327 – – 4 2* – – 6

HD 141378 – 2* 1 3* – – 6

HD 142446 – 3* – 2* – – 5*

HD 143675 4 – – 2* – – 6

HD 144587 – – 3 2* – – 5

HD 144981 – – 2 2* – – 4

HD 145554 – – 1 2* – – 3

HD 145560 – – 23* + 2 2* – – 27

HD 145631 – – 2 2* – – 4

HD 145880 – – 2 2* – – 4

HD 145972 – – 13* + 3 2* – – 18

HD 1461 452 10 – – – – 462

HD 1466 22 4 16* + 11 – – – 53

HD 146606 – 1* 5 2* – – 8

Continued on next page
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Table B.1 – continued from previous page

Object HARPS UVES FEROS MIKE HERMES FIES Total

HD 146897 – – 8 2* – – 10

HD 147594 – – 8* 2* – – 10*

HD 148657 – 1* – 2* – – 3*

HD 151109 – 2* 2 2* – – 6

HD 15115 8 – 10 – – 2* 20

HD 153053 28 – – – – – 28

HD 159082 – – 3 1* – – 4

HD 164249 44 4 4 – – – 52

HD 166 – 3* – – – – 3*

HD 16743 – 3* – 5* – – 8*

HD 181327 64 3 10 – – – 77

HD 190470 – 3* 7* 3* – – 13*

HD 191089 30 3 22* + 4 – – – 59

HD 191849 40 – 17* – – – 57

HD 192758 – 3* – 4* – – 7*

HD 200800 – 3* – 5* – – 8*

HD 202206 66 – – – – – 66

HD 202917 23 1 7* + 5 – – – 36

HD 205674 3 – – 3* – – 6

HD 206893 16 2* 21* + 1 3* – – 43

HD 207129 344 – – – – – 344

HD 21997 4 3 19 – 13* – 39

HD 221853 – 3* – 3* – – 6*

HD 23863 – 5* – 4* – – 9*

HD 24636 1 3 – 1* – – 5

HD 24966 3 3* 1* 3* – – 10

HD 25457 83 6 41 – – – 130

Continued on next page
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Object HARPS UVES FEROS MIKE HERMES FIES Total

HD 287787 – 3* – 2* – – 5*

HD 287850 – 5* 1* 1* – – 7*

HD 287854 – 2* 1* 1* – – 4*

HD 287861 – 2* 1* 2* – – 5*

HD 290540 – 1* 2* – – – 3*

HD 290609 – 2* 1* 1* – – 4*

HD 30447 19 4 2 – – – 25

HD 32195 – 4 1 – – – 5

HD 34324 5 3* 1* – – – 9

HD 35150 – 1* 2* 2* – – 5*

HD 35332 – 2* 1* 2* – – 5*

HD 35367 – 4* – 2* – – 6*

HD 35625 – 3* – 2* – – 5*

HD 35841 – 3 – 1* – – 4

HD 36444 – 2* 1* 1* – – 4*

HD 3670 – 3* 19* 5* – – 27*

HD 36968 – 3* – 2* – – 5*

HD 37484 – 2 – – – – 2

HD 38207 – 1 1 1* – – 3

HD 38858 203 – – – – – 203

HD 40540 – 2* 1* 2* – – 5*

HD 45184 306 2 – – – – 308

HD 46190 12 – 1 – – – 13

HD 52265 11 – 2 – – – 13

HD 53143 25 – 3 – – – 28

HD 53842 – 1* 3 – – – 4

HD 54341 4 – – – – – 4

Continued on next page
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Table B.1 – continued from previous page

Object HARPS UVES FEROS MIKE HERMES FIES Total

HD 60856 – 3* 1* – 2* – 6*

HD 60995 – 3* – 1* – – 4*

HD 61005 33 2 43 – – – 78

HD 68420 – 3* 1* – – – 4*

HD 69830 685 – – – – – 685

HD 71722 5 – 12 – – – 17

HD 74340 – 2* 1* + 2 – – – 5

HD 74374 – 3* 1* – – – 4*

HD 76151 9 8 33* + 5 – – – 55

HD 80950 28 – – – – – 28

HD 82943 197 – – – – – 197

HD 84075 12 1 16* – – – 29

HD 84870 – 3* – – – – 3*

HD 870 4 – 1 – – – 5

HD 90874 – 2* 1* – – – 3*

HD 92536 10 – – – – – 10

HD 93738 4 1* 2* – – – 7

HD 95086 125 – 16 – – – 141

HD 95698 – 2* 1* – – – 3*

HD 98363 – 3* 8 – – – 11

HD 23923 – 4* – 4* – – 8*

HD 24817 – 3* – 4* – – 7*

HD 25570 1 2* 1* 1* – – 5

HD 37286 5 1* 3 – – – 9

HD 37306 22 – 12 1* 9* – 44

HD 38056 5 3* – 2* – – 10

HD 38206 15 – 7 – 11* – 33

Continued on next page
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Object HARPS UVES FEROS MIKE HERMES FIES Total

HD 50571 – 2* 16* + 2 – – – 20

HD 71043 10 – 15 – – – 25

HD 76653 44 – 16* + 5 – – – 65

HD 78702 6 3* 1* – – – 10

HD 79108 – – 3* + 9 – – – 12

HD 86087 – 1* 2* + 1 – – – 4

HD 88215 – 3* + 1 – – – – 4

HD 91375 41 1 5 – – – 47

HD 104600 – 3* – – – – 3*

HD 107301 – 3* – – – – 3*

HD 113902 – 3* 6 – – – 9

HD 128207 7 – 1 – – – 8

HD 132238 1 2* – – – – 3

HD 138923 – 3* 2 2* – – 7

HD 138965 1 2* 2 1* – – 6

HD 142139 26 – 24 – – – 50

HD 145689 28 3 7 – – – 38

HD 145964 – – 14 2* 5* – 21

HD 158352 21 3 – – – – 24

HD 1591 10 – – – – – 10

HD 162917 – 2* – 2* – – 4*

HD 170773 – 3* 7* + 2 3* – – 15

HD 199260 51 – 17* + 5 – – – 73

HD 17390 – 18* – 130* – – 148*

HD 219482 34 – 4 – – – 38

HD 203 – 4* 8 – – – 12

HD 225200 9 – 1 – – – 10

Continued on next page
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Table B.1 – continued from previous page

Object HARPS UVES FEROS MIKE HERMES FIES Total

*iot Cen 34 – 28 – – – 62

*iot Del – 3* – 6* – – 9*

*kap01 Sgr – 3* 11 – – – 14

*kap Lep – 3* – 3* – – 6*

*kap Phe 6 2* 65 – – – 73

*kap Psc – 3* – 5* – – 8*

*lam01 Phe 10 – – – – – 10

*lam Boo – – – – 2* 2* 4*

*l Tau 38 – – – – – 38

*mu. Ara 2979 6 – – – – 2985

*nu. Hor 24 – – – – – 24

*nu. Phe 69 7 17* – – – 93

*omi01 Cnc – 1* 5 – – – 6

*omi02 Cnc – – 5 – – – 5

*phi01 Pav – 4* – 6* – – 10*

*phi For – 3* – 6* – – 9*

*pi.01 Ori – 3* 11 3* 5* – 22

*pi. Ara 224 – – – – – 224

*pi. Cha – 3* – – – – 3*

*q01 Eri 142 9 – – – – 151

*q02 Eri 6 3* – 4* – – 13

*rho Aql 20 – – – – – 20

*rho Pup 447 2 – – – – 449

*rho Tel 39 – – – – – 39

*rho Vir 14 1 14 – 30* 2* 61

*tau01 Aqr – 4* – 2* – – 6*

*tau Vir – 3* – – – – 3*

Continued on next page
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Object HARPS UVES FEROS MIKE HERMES FIES Total

*tet Aql – 3* – 3* – – 6*

*tet CrB – 2 – – – – 2

*tet Hya 6 1* + 2 4 – – – 13

*tet Leo – 1* + 2 – – – – 3

V* AU Mic 48 5 3 – – – 56

V* CE Ant 29 3 24 – – – 56

V* DK Cet 60 2 34 – – – 96

V* EX Eri 4 6* 10 4* – – 24

V* LM Lup – 1* – 2* – – 3*

V* MO Hya – 6 9 – – – 15

V* V1229 Tau – 13 – – – – 13

V* V342 Peg 155 2 150 – – – 307

V* V933 Sco – – – 2* – – 2*

*zet CrA 10 – 2 – – – 12

*zet Lep 23 – – – – – 23

Total 12275 432* + 453 607* + 1157 503* 196* 37* 15660
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Appendix C

Figures and Tables of Chapter 3

C.1 Photospheric line fits

In this appendix we provide the figures illustrating the Kurucz models that best reproduce

each one of the lines of the reference spectrum for each star in the sample presented in Chapter

3. In all cases the reference spectrum is displayed in black and the best-fitting model in red.

Please note that the parameters are allowed to vary between different lines for the same object

(as these models do not include non-LTE effects).

C.2 Residual components

Here we provide the figures showing every isolated component and the multi-Gaussian fit ob-

tained to reproduce and characterize the absorption features in the objects presented in Chapter

3.

C.3 Neighbouring stars

In this appendix we show the analysis performed with neighbouring stars looking for features

of similar characteristics to those detected in each ’science’ target in Chapter 3 (paying particular

attention to the velocity). The detection of the same feature in several stars does automatically

support an ISM origin of the feature.

255



APPENDIX C. FIGURES AND TABLES OF CHAPTER 3

3930 3932 3934 3936 3938
Wavelength (A)

0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

No
rm

al
ize

d 
Fl

ux

CaII K

3960 3965 3970 3975 3980
Wavelength (A)

0.2

0.3

0.4

0.5

0.6

0.7

0.8

No
rm

al
ize

d 
Fl

ux

CaII H

5894 5895 5896 5897 5898 5899
Wavelength (A)

0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

No
rm

al
ize

d 
Fl

ux

NaI D1

5888 5889 5890 5891 5892 5893
Wavelength (A)

0.20

0.40

0.60

0.80

1.00

No
rm

al
ize

d 
Fl

ux

NaI D2

HD 290609

3930 3932 3934 3936 3938
Wavelength (A)

0.4

0.5

0.6

0.7

0.8

0.9

1.0

No
rm

al
ize

d 
Fl

ux

CaII K

3960 3965 3970 3975 3980
Wavelength (A)

0.2

0.3

0.4

0.5

0.6

0.7

No
rm

al
ize

d 
Fl

ux

CaII H

5894 5895 5896 5897 5898 5899
Wavelength (A)

0.95

0.96

0.97

0.98

0.99

1.00

No
rm

al
ize

d 
Fl

ux

NaI D1

5888 5889 5890 5891 5892 5893
Wavelength (A)

0.92

0.94

0.96

0.98

1.00

No
rm

al
ize

d 
Fl

ux
NaI D2

HR 1919

3930 3932 3934 3936 3938
Wavelength (A)

0.9

0.9

1.0

1.0

No
rm

al
ize

d 
Fl

ux

CaII K

3960 3965 3970 3975 3980
Wavelength (A)

0.3

0.4

0.5

0.6

0.7

0.8

No
rm

al
ize

d 
Fl

ux

CaII H

5894 5895 5896 5897 5898 5899
Wavelength (A)

0.97

0.97

0.98

0.98

0.99

0.99

1.00

1.00

No
rm

al
ize

d 
Fl

ux

NaI D1

5888 5889 5890 5891 5892 5893
Wavelength (A)

0.96

0.97

0.98

0.99

1.00

No
rm

al
ize

d 
Fl

ux

NaI D2

HD 54341

3930 3932 3934 3936 3938
Wavelength (A)

0.6

0.7

0.8

0.9

1.0

No
rm

al
ize

d 
Fl

ux

CaII K

3960 3965 3970 3975 3980
Wavelength (A)

0.3

0.4

0.5

0.6

0.7

0.8

0.9

No
rm

al
ize

d 
Fl

ux

CaII H

5894 5895 5896 5897 5898 5899
Wavelength (A)

0.40

0.60

0.80

1.00

No
rm

al
ize

d 
Fl

ux

NaI D1

5888 5889 5890 5891 5892 5893
Wavelength (A)

0.20

0.40

0.60

0.80

1.00

No
rm

al
ize

d 
Fl

ux

NaI D2

HD 60856

3930 3932 3934 3936 3938
Wavelength (A)

0.8

0.8

0.9

0.9

1.0

No
rm

al
ize

d 
Fl

ux

CaII K

3960 3965 3970 3975 3980
Wavelength (A)

0.3

0.4

0.5

0.6

0.7

0.8

No
rm

al
ize

d 
Fl

ux

CaII H

5894 5895 5896 5897 5898 5899
Wavelength (A)

0.98

0.98

0.98

0.99

0.99

0.99

0.99

1.00

No
rm

al
ize

d 
Fl

ux

NaI D1

5888 5889 5890 5891 5892 5893
Wavelength (A)

0.96

0.97

0.97

0.98

0.98

0.99

0.99

No
rm

al
ize

d 
Fl

ux

NaI D2

HR 3300

3930 3932 3934 3936 3938
Wavelength (A)

0.9
1.0
1.0
1.0
1.0
1.0
1.0

No
rm

al
ize

d 
Fl

ux

CaII K

3960 3965 3970 3975 3980
Wavelength (A)

0.4

0.5

0.6

0.7

0.8

0.9

No
rm

al
ize

d 
Fl

ux

CaII H

5894 5895 5896 5897 5898 5899
Wavelength (A)

1.00

1.00

1.00

1.00

1.01

1.01

1.01

1.01

No
rm

al
ize

d 
Fl

ux

NaI D1

5888 5889 5890 5891 5892 5893
Wavelength (A)

0.99

0.99

1.00

1.00

1.01

1.01

No
rm

al
ize

d 
Fl

ux

NaI D2

 Cha

Figure C.1: Best-fit models for HD 290609’s, HR 1919’s, HD 54341’s, HD 60856’s, HR 3300’s and η Cha’s
Ca ii H&K and Na i D1&D2 lines. Median from the real spectra in black, synthetic spectrum in red.
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C.3. NEIGHBOURING STARS
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Figure C.2: Best-fit models for HD 92536’s, 3 Crv’s, HD 106036’s, HR 4796’s, HD 110058’s and
HD 126235’s Ca ii H&K and Na i D1&D2 lines. Median from the real spectra in black, synthetic spectrum
in red.

257



APPENDIX C. FIGURES AND TABLES OF CHAPTER 3

3930 3932 3934 3936 3938
Wavelength (A)

0.2

0.4

0.6

0.8

1.0

No
rm

al
ize

d 
Fl

ux

CaII K

3960 3965 3970 3975 3980
Wavelength (A)

0.2

0.3

0.4

0.5

0.6

0.7

0.8

No
rm

al
ize

d 
Fl

ux

CaII H

5893 5894 5895 5896 5897 5898
Wavelength (A)

0.92

0.94

0.96

0.98

1.00

No
rm

al
ize

d 
Fl

ux

NaI D1

5887 5888 5889 5890 5891 5892
Wavelength (A)

0.90

0.92

0.94

0.96

0.98

1.00

No
rm

al
ize

d 
Fl

ux

NaI D2

HD 141378

3930 3932 3934 3936 3938
Wavelength (A)

0.6

0.7

0.8

0.9

1.0

No
rm

al
ize

d 
Fl

ux

CaII K

3960 3965 3970 3975 3980
Wavelength (A)

0.3

0.4

0.5

0.6

0.7

0.8

No
rm

al
ize

d 
Fl

ux

CaII H

5893 5894 5895 5896 5897 5898
Wavelength (A)

0.20

0.40

0.60

0.80

1.00

No
rm

al
ize

d 
Fl

ux

NaI D1

5887 5888 5889 5890 5891 5892
Wavelength (A)

0.20

0.40

0.60

0.80

1.00

No
rm

al
ize

d 
Fl

ux
NaI D2

HD 141327

3930 3932 3934 3936 3938
Wavelength (A)

0.6

0.7

0.8

0.9

1.0

No
rm

al
ize

d 
Fl

ux

CaII K

3960 3965 3970 3975 3980
Wavelength (A)

0.3

0.4

0.5

0.6

0.7

0.8

No
rm

al
ize

d 
Fl

ux

CaII H

5893 5894 5895 5896 5897 5898
Wavelength (A)

0.20

0.40

0.60

0.80

1.00

No
rm

al
ize

d 
Fl

ux

NaI D1

5887 5888 5889 5890 5891 5892
Wavelength (A)

0.20

0.40

0.60

0.80

1.00

No
rm

al
ize

d 
Fl

ux

NaI D2

HD 144981

3930 3932 3934 3936 3938
Wavelength (A)

0.6

0.7

0.8

0.9

1.0

No
rm

al
ize

d 
Fl

ux

CaII K

3960 3965 3970 3975 3980
Wavelength (A)

0.3

0.4

0.5

0.6

0.7

0.8

No
rm

al
ize

d 
Fl

ux

CaII H

5893 5894 5895 5896 5897 5898
Wavelength (A)

0.20

0.40

0.60

0.80

1.00
No

rm
al

ize
d 

Fl
ux

NaI D1

5887 5888 5889 5890 5891 5892
Wavelength (A)

0.20

0.40

0.60

0.80

1.00

No
rm

al
ize

d 
Fl

ux

NaI D2

HD 145554

3930 3932 3934 3936 3938
Wavelength (A)

0.6

0.7

0.8

0.9

1.0

No
rm

al
ize

d 
Fl

ux

CaII K

3960 3965 3970 3975 3980
Wavelength (A)

0.3

0.4

0.5

0.6

0.7

0.8

No
rm

al
ize

d 
Fl

ux

CaII H

5893 5894 5895 5896 5897 5898
Wavelength (A)

0.20

0.40

0.60

0.80

1.00

No
rm

al
ize

d 
Fl

ux

NaI D1

5887 5888 5889 5890 5891 5892
Wavelength (A)

0.20

0.40

0.60

0.80

1.00

No
rm

al
ize

d 
Fl

ux

NaI D2

HD 145631

3930 3932 3934 3936 3938
Wavelength (A)

0.9

0.9

1.0

1.0

1.0

No
rm

al
ize

d 
Fl

ux

CaII K

3960 3965 3970 3975 3980
Wavelength (A)

0.4

0.5

0.6

0.7

0.8

No
rm

al
ize

d 
Fl

ux

CaII H

5893 5894 5895 5896 5897 5898
Wavelength (A)

0.70

0.75

0.80

0.85

0.90

0.95

1.00

No
rm

al
ize

d 
Fl

ux

NaI D1

5887 5888 5889 5890 5891 5892
Wavelength (A)

0.60

0.70

0.80

0.90

1.00

No
rm

al
ize

d 
Fl

ux

NaI D2

HR 6051

Figure C.3: Best-fit models for HD 141378’s, HD 141327’s, HD 1444981’s, HD 145554’s, HD 145631’s and
HR 6051’s Ca ii H&K and Na i D1&D2 lines. Median from the real spectra in black, synthetic spectrum
in red.
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Figure C.4: Best-fit models for HR 6507’s and c Aql’s Ca ii H&K and Na i D1&D2 lines. Median from
the real spectra in black, synthetic spectrum in red.

Table C.1: All nearby stars used in the analysis per each object of science, their number of spectra,
instrument and ESO program ID. Note that HD 290540, HD 36444 and HD 290609 are each other’s nearby
stars and in addition have three other common nearby stars, as well as HD 145554, HD 144981 and
HD 145631 which also have another common nearby star.

Object Nearby Number of Instrument Program ID

star Spectra

β03 Tuc β01 Tuc 6 HARPS 073.C-0733(E)

2 HARPS 075.C-0689(A)

2 HARPS 077.C-0295(A)

2 HARPS 077.C-0295(B)

3 FEROS 094.A-9012(A)

νHor HR 798 1 FEROS 179.C-0197(B)

HR 762 4 FEROS 088.C-0498(A)

HD 290540, HD 36444 and HD 290609 HR 1861 1 FEROS 074.B-0455(A)

HR 1863 12 UVES 266.D-5655(A)

VVV Ori 98 UVES 194.C-0833(C)

6 FEROS 096.A-9030(A)

2 FEROS 096.A-9024(A)

HR 1919 VV350 Ori 2 UVES 082.C-0831(A)

Continued on next page
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Table C.1 – continued from previous page

Object Nearby Number of Instrument Program ID

star Spectra

HD 38735 79 FEROS 084.C-1008(A)

24 FEROS 084.A-9004(B)

4 FEROS 091.D-0414(B)

HD 54341 L01 Pup 1 FEROS 088.A-9003(A)

HD 60856 HD 61045 8 UVES 072.D-0410(A)

HD 60995 6 UVES 098.C-0463(A)

HR 3300 HD 70731 7 UVES 093.D-0852(A)

HD 71722 5 HARPS 094.C-0946(A)

12 FEROS 094.A-9012(A)

ηCha HD 75505 7 FEROS 084.A-9003(A)

1 FEROS 086.A-9006(A)

9 Cha 310 FEROS 078.D-0549(A)

3 FEROS 084.A-9003(A)

HD 92536 tet Car 1 FEROS 073.D-0291(A)

1 FEROS 074.D-0300(A)

15 UVES 076.C-0503(A)

80 UVES 077.C-0547(A)

1 FEROS 078.D-0080(A)

125 UVES 194.C-0833(A)

VV407 Car 9 FEROS 086.D-0449(A)

HD 93738 2 FEROS 096.A-9018(A)

VV364 Car 6 FEROS 086.D-0449(A)

3 Crv zet Crv 1 FEROS 179.C-0197(D)

HD 106036 zet Cru 1 FEROS 090.D-0358(A)

HR 4796 u Cen 30 FEROS 60.A-9700(A)

121 HARPS 60.A-9036(A)

Continued on next page
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Table C.1 – continued from previous page

Object Nearby Number of Instrument Program ID

star Spectra

120 HARPS 60.A-9700(G)

HD 110058 tau Cen 8 HARPS 076.C-0279(A)

4 HARPS 076.C-0279(C)

1 FEROS 078.D-0080(A)

20 UVES 087.D-0010(A)

HD 110484 3 FEROS 083.C-0139(A)

HR 4871 1 FEROS 078.D-0080(A)

1 FEROS 087.C-0227(C)

13 HARPS 088.C-0353(A)

13 HARPS 089.C-0006(A)

sig Cen 1 FEROS 082.B-0484(A)

40 FEROS 084.B-0029(A)

HD 112810 H Cen 10 UVES 266.D-5655(A)

2 HARPS 185.D-0056(A)

1 HARPS 185.D-0056(C)

HD 126135 a Cen 14 UVES 266.D-5655(A)

64 UVES 073.D-0504(A)

3 HARPS 075.C-0234(A)

3 HARPS 079.C-0170(A)

18 UVES 081.C-0475(A)

4 UVES 097.D-0035(A)

HD 124961 2 FEROS 072.D-0021(A)

2 FEROS 073.D-0049(A)

2 FEROS 082.D-0061(A)

HD 141378 HD 141569 1 UVES 075.C-0637(A)

109 UVES 079.C-0789(A)

Continued on next page
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Table C.1 – continued from previous page

Object Nearby Number of Instrument Program ID

star Spectra

1 FEROS 083.A-9003(A)

7 FEROS 085.A-9027(B)

b Ser 10 UVES 076.B-0055(A)

8 HARPS 077.C-0295(A)

2 HARPS 077.C-0295(C)

2 FEROS 083.A-9014(A)

2 FEROS 083.A-9011(B)

1 FEROS 083.A-9014(B)

3 FEROS 084.A-9011(B)

3 FEROS 085.A-9027(G)

HD 141327 HD 142426 6 FEROS 089.D-0097(B)

2 FEROS 090.D-0061(B)

2 FEROS 091.D-0145(A)

HD 140037 1 FEROS 179.C-0197(C)

1 FEROS 091.C-0713(A)

ksi01 Lup 11 FEROS 075.D-0342(A)

6 HARPS 075.C-0689(A)

2 HARPS 075.C-0689(B)

2 HARPS 077.C-0295(D)

ksi02 Lup 2 HARPS 075.C-0689(B)

2 HARPS 077.C-0295(D)

2 HARPS 077.C-0295(C)

12 HARPS 184.C-0815(F)

HD 145554, HD 144981 and HD 145631 HD 145501 2 FEROS 086.D-0449(A)

HR 6051 HD 146029 1 FEROS 179.C-0197(A)

HD 144822 1 FEROS 077.C-0138(A)

Continued on next page
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Table C.1 – continued from previous page

Object Nearby Number of Instrument Program ID

star Spectra

HR 6507 V2373 Oph 9 FEROS 091.D-0122(A)

HD 156208 8 FEROS 081.D-2002(A)

c Aql BD+01 3992 10 UVES 293.D-5036(A)

HD 183735 1 FEROS 083.D-0034(A)
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Figure C.5: Absorption profiles of the Ca ii H & K and Na i D1 & D2 lines for HD 24966, HD 290540
and HD 36444. Photospheric absorptions have been subtracted and the remaining extra components have
been modelled by gaussian profiles. Individual gaussian fits are shown in dotted magenta lines and the
combined profile is shown in red. Dashed black line marks the estimated radial velocity of the star and
cyan lines mark the velocity of the traversing clouds in the line of sight with their respective errors as
their line widths.
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Figure C.6: Absorption profiles of the Ca ii H & K and Na i D1 & D2 lines for HD 290609, HR 1919 and
HD 54341. Same specifications as in Fig. C.5.
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Figure C.7: Absorption profiles of the Ca ii H & K and Na i D1 & D2 lines for HD 60856, HR 3300 and
η Cha. Same specifications as in Fig. C.5.
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Figure C.8: Absorption profiles of the Ca ii H & K and Na i D1 & D2 lines for HD 92536, 3 Crv and
HD 106036. Same specifications as in Fig. C.5.
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Figure C.9: Absorption profiles of the Ca ii H & K and Na i D1 & D2 lines for HR 4796, HD 110058 and
HD 112810. Same specifications as in Fig. C.5.
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Figure C.10: Absorption profiles of the Ca ii H & K and Na i D1 & D2 lines for HD 126135, HD 141378
and HD 141327. Same specifications as in Fig. C.5.

269



APPENDIX C. FIGURES AND TABLES OF CHAPTER 3

0.2

0.4

0.6

0.8

1.0

Re
sid

ua
l I

nt
en

sit
y

CaII K

HD 144981

0.2

0.4

0.6

0.8

1.0

Re
sid

ua
l I

nt
en

sit
y

CaII H

0.2

0.4

0.6

0.8

1.0

Re
sid

ua
l I

nt
en

sit
y

NaI D1

-100 -50 0 50 100
Heliocentric Velocity (km/s)

0.2

0.4

0.6

0.8

1.0

Re
sid

ua
l I

nt
en

sit
y

NaI D2

0.2

0.4

0.6

0.8

1.0

Re
sid

ua
l I

nt
en

sit
y

CaII K

HD 145554

0.2

0.4

0.6

0.8

1.0

Re
sid

ua
l I

nt
en

sit
y

CaII H

0.2

0.4

0.6

0.8

1.0

Re
sid

ua
l I

nt
en

sit
y

NaI D1

-100 -50 0 50 100
Heliocentric Velocity (km/s)

0.2

0.4

0.6

0.8

1.0

Re
sid

ua
l I

nt
en

sit
y

NaI D2

0.2

0.4

0.6

0.8

1.0

Re
sid

ua
l I

nt
en

sit
y

CaII K

HD 145631

0.2

0.4

0.6

0.8

1.0

Re
sid

ua
l I

nt
en

sit
y

CaII H

0.2

0.4

0.6

0.8

1.0

Re
sid

ua
l I

nt
en

sit
y

NaI D1

-100 -50 0 50 100
Heliocentric Velocity (km/s)

0.2

0.4

0.6

0.8

1.0

Re
sid

ua
l I

nt
en

sit
y

NaI D2

Figure C.11: Absorption profiles of the Ca ii H & K and Na i D1 & D2 lines for HD 144981, HD 145554
and HD 145631. Same specifications as in Fig. C.5.
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Figure C.12: Absorption profiles of the Ca ii H & K and Na i D1 & D2 lines for HR 6051, HR 6507 and
c Aql. Same specifications as in Fig. C.5.
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Figure C.13: Nearby stars around HR 3300, η Cha, HD 92536, 3 Crv, HD 106036 and HR 4796. Dashed
line marks the estimated radial velocity of the star and cyan lines mark the velocity of the traversing
clouds in the line of sight with their respective errors as their line widths.
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Figure C.14: Nearby stars around HD 110058, HD 112810, HD 126135, HD 141378, HD 141327 and
HD 145554 (along with HD 144981 and HD 145631). Dashed line marks the estimated radial velocity of
the star and cyan lines mark the velocity of the traversing clouds in the line of sight with their respective
errors as their line widths.
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Figure C.15: Nearby stars around HR 6051, HR 6507 and c Aql. Dashed line marks the estimated radial
velocity of the star and cyan lines mark the velocity of the traversing clouds in the line of sight with their
respective errors as their line widths.
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Table D.1: Main parameters of the sample. Spectral type, heliocentric radial velocity, projected rota-
tional velocity, luminosity ratio Ldisk/Lstar , distance and age flag, where “O” stands for older than 100
Myr and “Y” stands for younger than 100 Myr.

Simbad ID Spectral type RV vsini Ldisk{L‹ Distance Age

[km.s´1] [km.s´1] [pc] flag

HD 1466 F8V 6.32 21.00 1.05 x10´4 42.97 Y

HD 1461 G3VFe0.5 -10.09 4.80 4.23 x10´5 23.46 O

kap Phe A5IVn 11.30 194.00 1.10 x10´5 23.8 O

lam01 Phe A1Va -2.00 – 1.38 x10´5 56.12 O

HD 3670 F5V 8.92 – 5.15 x10´4 77.59 O

nu. Phe F9VFe+0.4 11.82 – 3.03 x10´5 15.17 O

49 Cet A1V 10.30 196.00 6.93 x10´4 57.06 Y

q01 Eri F9V 27.82 3.84 3.18 x10´4 17.34 O

q02 Eri A1V 9.50 – 7.36 x10´5 60.96 O

V DK Cet G4V 6.12 15.20 6.34 x10´5 41.41 Y

HD 13246 F7V 10.68 35.60 1.72 x10´4 45.61 Y

bet Tri A5III 12.30 70.00 2.70 x10´5 38.89 O

gam Tri A1Vnn 9.90 254.00 6.76 x10´5 34.43 Y

alf For F6V+G7V -17.14 4.41 5.88 x10´4 14.23 O

94 Cet F8.5V 18.96 7.70 3.94 x10´6 22.53 O

HD 21997 A3IV/V 17.30 69.80 4.79 x10´4 69.64 Y

V1229 Tau A0VpSi+Am 5.00 40.00 2.00 x10´4 139.54 Y

28 Tau B8Vne 5.10 220.00 1.49 x10´4 129.48 O

HD 25457 F7V 17.62 20.24 1.23 x10´4 18.77 Y

gam Dor F1V 25.20 59.50 1.72 x10´5 20.45 O

V EX Eri A7VkA3mA3 14.40 130.00 4.37 x10´5 57.47 Y

HD 30447 F3V 24.65 – 9.38 x10´4 80.53 Y

pi.01 Ori A0Va lB 11.10 120.00 5.86 x10´5 35.66 O

HD 35367 A1IV/V – – 1.66 x10´4 365.79 O

Continued on next page
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Table D.1 – continued from previous page

Simbad ID Spectral type RV vsini Ldisk{L‹ Distance Age

[km.s´1] [km.s´1] [pc] flag

HD 287861 A0 – – 3.02 x10´4 363.62 O

HD 290609 B8 – – 1.60 x10´4 847.45 O

HR 1915 A2III/IV 22.40 70.00 7.82 x10´5 58.89 Y

HD 37306 A1V 23.00 148.10 8.68 x10´5 70.46 Y

HR 1975 A0V 25.30 35.00 1.47 x10´4 71.4 Y

HD 38858 G2V 31.61 1.00 5.81 x10´5 15.25 O

HD 45184 G2Va -3.73 5.40 8.82 x10´5 21.96 O

HD 46190 A0V – – 1.10 x10´5 84.51 O

HD 52265 G0V 53.92 6.70 1.81 x10´5 30.0 O

HD 61005 G8Vk 22.64 8.20 2.67 x10´3 36.48 Y

HD 69830 G8:V 30.29 5.20 1.84 x10´4 12.56 O

HD 71722 A0V 30.20 – 1.00 x10´4 69.33 O

HD 76151 G2V 32.08 3.58 2.34 x10´5 16.85 O

HR 3570 F6V -6.88 10.30 1.68 x10´5 24.26 O

HD 82943 F9VFe+0.5 8.220 6.50 1.51 x10´4 27.61 O

HR 3927 A0V 13.90 – 1.35 x10´4 99.33 O

HR 4138 A1V 7.50 10.00 1.05 x10´5 79.87 O

V CE Ant M2Ve 11.40 4.40 1.19 x10´3 34.03 Y

HD 95086 A8III 10.10 – 1.22 x10´3 86.44 Y

bet UMa A1IVps -13.10 46.00 1.11 x10´5 24.44 O

HD 98363 A2V 9.60 – 7.28 x10´4 138.59 O

HD 101088 F5IV 19.70 152.00 2.73 x10´5 101.24 O

HD 102458 G4V 14.40 31.00 1.00 x10´4 113.4 O

HD 104231 F5V 13.51 36.00 1.46 x10´4 102.73 O

CD-54 4621 K0Ve 14.70 29.70 3.13 x10´4 113.28 Y

HD 106906 F5V 10.20 55.00 1.33 x10´3 103.33 Y

Continued on next page
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Table D.1 – continued from previous page

Simbad ID Spectral type RV vsini Ldisk{L‹ Distance Age

[km.s´1] [km.s´1] [pc] flag

HD 107146 G2V 1.68 13.83 9.67 x10´4 27.47 Y

HD 108857 F7V 6.50 8.00 4.94 x10´4 104.51 O

eta Crv F2V 0.69 92.00 1.98 x10´4 18.28 O

HR 4796 A0V 7.10 152.00 4.45 x10´3 71.9 Y

HD 110058 A0V 5.00 – 1.78 x10´3 129.98 Y

rho Vir A0Va lB 1.60 154.00 5.57 x10´5 38.16 O

V MO Hya F0VkA1mA1 lB -18.10 138.00 6.55 x10´5 62.57 O

HD 113556 F2V 12.75 49.00 6.50 x10´4 101.54 Y

HD 114082 F3V 11.76 43.00 3.21 x10´3 95.65 Y

iot Cen kA1.5hA3mA3Va 0.10 90.30 2.24 x10´5 18.02 O

lam Boo A0Va lB -7.90 110.00 5.39 x10´5 30.35 O

HD 128311 K3V -9.58 5.60 7.03 x10´5 16.33 O

HD 131835 A2IV 0.50 – 2.03 x10´3 133.65 Y

bet Cir A3Va 9.60 68.50 4.77 x10´5 30.55 O

BD-07 4003 M3V -9.21 – 5.41 x10´4 6.29 O

HD 137057 F3V -0.20 55.00 2.58 x10´4 143.77 O

alf CrB A1IV 1.70 138.00 1.41 x10´5 23.0 O

HD 138813 A0V -2.54 97.90 9.60 x10´4 137.41 Y

HD 140817 A0V – – 1.26 x10´4 142.46 O

HD 144587 A9V 0.00 112.10 3.03 x10´4 144.01 O

HR 6051 B9V -7.80 306.00 9.19 x10´6 112.18 Y

HR 6037 A3V -9.00 106.40 2.77 x10´5 55.55 O

HD 146897 F2/3V -1.60 55.00 5.39 x10´3 131.49 Y

HR 6507 A8Vp -36.10 180.00 7.46 x10´5 63.46 O

HD 159082 B9.5V -11.80 22.00 4.21 x10´5 145.61 O

HR 6534 A5V -26.00 243.00 3.96 x10´5 46.82 O

Continued on next page
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Table D.1 – continued from previous page

Simbad ID Spectral type RV vsini Ldisk{L‹ Distance Age

[km.s´1] [km.s´1] [pc] flag

mu. Ara G3IV-V -9.29 1.33 1.48 x10´5 15.6 O

HD 164249 F6V -0.09 20.00 9.73 x10´4 49.61 Y

eps Sgr B9.5III -15.00 236.00 9.13 x10´6 43.93 O

HR 6948 F5V -16.55 – 4.27 x10´4 37.05 O

rho Tel F6V 0.30 – 2.56 x10´5 58.85 O

HD 181327 F6V -0.25 16.00 2.98 x10´3 48.21 Y

5 Vul A0V -21.20 154.00 3.12 x10´5 71.98 O

c Aql A0IVp 12.00 90.00 1.28 x10´5 60.67 O

HD 190470 K3V -7.38 1.40 1.07 x10´4 22.15 O

kap01 Sgr A0V -3.40 79.00 2.27 x10´5 68.45 O

phi01 Pav F0V -20.00 – 9.21 x10´5 28.29 O

iot Del A1IV -3.90 41.00 3.44 x10´5 59.46 O

V AU Mic M1VeBa1 -4.50 9.68 4.19 x10´4 9.72 Y

HR 8013 F6V -15.91 13.70 1.75 x10´5 21.28 O

alf Oct F6(m)pec 85.90 – 2.20 x10´5 44.4 O

HD 202206 G6V 14.68 5.70 9.89 x10´5 46.02 O

HD 207129 G2V -7.62 0.56 7.79 x10´5 15.56 O

39 Peg F1V -18.90 94.00 9.14 x10´5 53.57 O

tau01 Aqr B9V 15.00 – 3.09 x10´5 108.87 O

V342 Peg F0+VkA5mA5 -12.60 49.00 2.53 x10´4 41.29 Y

HR 8843 F6V 0.46 – 3.31 x10´5 20.45 O
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Tables of Chapter 6

E.1 Parameters of the sample

Table E.1: Main parameters of the sample. Spectral type, heliocentric radial velocity, projected rota-
tional velocity, luminosity ratio Ldisk/Lstar , distance and age flag, where “O” stands for older than 100
Myr and “Y” stands for younger than 100 Myr.

Simbad ID Spectral type RV vsini Ldisk{L‹ Distance Age

[km.s´1] [km.s´1] [pc] flag

HD 225200 A1V 18.40 341.00 6.14 x10´5 134.46 O

lam01 Phe A1Va -2.00 – 1.38 x10´5 56.12 O

HD 3670 F5V 8.92 – 5.15 x10´4 77.59 O

49 Cet A1V 10.30 196.00 6.93 x10´4 57.06 Y

HD 10472 F2IV/V 12.41 78.20 3.40 x10´4 71.15 O

q02 Eri A1V 9.50 – 7.36 x10´5 60.96 O

gam Tri A1Vnn 9.90 254.00 6.76 x10´5 34.43 Y

phi For A2.5V 19.00 116.80 4.15 x10´5 47.25 O

HD 16743 F0/2III/IV – 112.20 3.79 x10´4 57.93 O

HD 17390 F3IV/V 7.20 – 2.08 x10´4 48.19 O

41 Ari B8Vn 4.00 175.00 1.57 x10´5 50.78 Y

V V1229 Tau A0VpSi+Am 5.00 40.00 2.00 x10´4 139.54 Y

Continued on next page
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Table E.1 – continued from previous page

Simbad ID Spectral type RV vsini Ldisk{L‹ Distance Age

[km.s´1] [km.s´1] [pc] flag

HD 23863 A7Vn 5.00 165.00 5.77 x10´5 134.25 Y

HD 23923 B8V 9.50 290.00 4.95 x10´5 133.4 Y

kap Lep B7V 20.80 120.00 4.83 x10´6 223.21 O

HD 34324 A3V – – 8.98 x10´5 82.04 O

HD 35150 A0V – – 3.74 x10´4 370.67 O

HD 287787 A2 – – 2.23 x10´4 410.77 O

HD 35332 A0V – – 3.44 x10´4 384.18 O

HD 35367 A1IV/V – – 1.66 x10´4 365.79 O

HD 287850 A5 – – 1.30 x10´4 377.57 O

HD 287854 F0 – – 2.92 x10´4 362.52 O

HD 35625 A0V – – 8.51 x10´5 361.96 O

HD 38056 B9.5V 28.10 195.00 4.41 x10´5 128.31 O

HD 46190 A0V – – 1.10 x10´5 84.51 O

HD 50571 F5VFe+0.4 26.69 – 1.25 x10´4 34.04 O

bet CMi B8Ve 22.00 210.00 8.61 x10´5 49.57 O

HD 60995 B8/9V 29.00 316.00 2.72 x10´5 504.64 O

HD 68420 A3V – – 1.17 x10´4 411.57 O

30 Mon A0Va 10.00 134.00 2.71 x10´5 37.5 O

HD 71722 A0V 30.20 – 1.00 x10´4 69.33 O

HD 74374 F3V 16.51 – 1.28 x10´4 153.24 Y

HD 78702 A0/1V 16.90 222.00 2.42 x10´4 104.71 O

HD 79108 A0V 22.60 172.00 5.85 x10´5 115.74 O

HD 88215 F3V 23.60 148.00 3.57 x10´5 27.81 O

HD 93738 B9.5V 4.00 – 1.71 x10´5 154.85 O

HD 98363 A2V 9.60 – 7.28 x10´4 138.59 O

HD 101088 F5IV 19.70 152.00 2.73 x10´5 101.24 O

Continued on next page
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Table E.1 – continued from previous page

Simbad ID Spectral type RV vsini Ldisk{L‹ Distance Age

[km.s´1] [km.s´1] [pc] flag

bet Leo A3Va -0.20 128.00 2.27 x10´5 10.99 O

HD 103234 F2IV/V 13.36 57.00 9.80 x10´5 102.12 O

HD 103266 A1V -7.50 165.10 3.92 x10´5 83.14 O

HD 103703 F3V 16.01 66.00 4.06 x10´4 107.42 O

HD 104231 F5V 13.51 36.00 1.46 x10´4 102.73 O

HD 104600 B9V 7.60 214.00 1.26 x10´4 104.85 Y

HD 105613 A3V 7.40 – 1.16 x10´4 104.6 O

HD 105857 A2V 7.20 – 1.16 x10´4 112.44 O

HD 105912 F5V 0.40 42.30 7.30 x10´5 48.24 O

HD 106797 A0V 21.00 172.00 1.68 x10´4 105.94 Y

HD 107301 B9V -8.30 – 1.12 x10´4 97.36 O

HD 107649 F5V 6.10 72.00 1.21 x10´4 108.32 O

HD 107947 A0V 7.90 – 8.25 x10´5 99.13 O

HD 108904 F6V 12.45 64.00 5.33 x10´4 108.02 Y

eta Crv F2V 0.69 92.00 1.98 x10´4 18.28 O

f Vir A3V -6.00 155.40 4.73 x10´5 71.44 O

V MO Hya F0VkA1mA1 lB -18.10 138.00 6.55 x10´5 62.57 O

HD 112383 A2IV/V 6.60 – 1.28 x10´4 101.64 O

HD 113457 A0V 15.00 – 1.78 x10´4 105.86 Y

HD 113556 F2V 12.75 49.00 6.50 x10´4 101.54 Y

HD 113902 B8/9V 22.00 – 4.25 x10´5 100.42 Y

iot Cen kA1.5hA3mA3Va 0.10 90.30 2.24 x10´5 18.02 O

HD 117484 B9.5V 2.00 – 1.99 x10´4 155.5 O

HD 117665 A1/2V 1.50 – 1.69 x10´4 129.17 O

HD 118379 A3IV/V 6.10 – 1.35 x10´4 111.87 O

HD 118588 A1V 1.20 – 5.62 x10´4 135.98 O

Continued on next page
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Table E.1 – continued from previous page

Simbad ID Spectral type RV vsini Ldisk{L‹ Distance Age

[km.s´1] [km.s´1] [pc] flag

tau Vir A2IV/V -6.70 186.00 1.06 x10´5 68.96 O

HD 122705 A2V 6.60 – 6.11 x10´5 122.58 O

HD 124619 F0V 6.90 115.00 8.60 x10´5 131.85 O

HD 127750 A0V 4.40 – 1.59 x10´4 143.43 O

HD 128207 B8V 2.00 – 6.49 x10´6 142.77 Y

HD 131835 A2IV 0.50 – 2.03 x10´3 133.65 Y

HD 132238 B7V 15.00 – 4.41 x10´5 161.67 Y

HD 134888 F3/5V 2.95 37.00 8.73 x10´4 112.31 Y

HD 135454 B9.5V 1.40 – 2.36 x10´5 134.15 O

HD 136246 A1V -2.70 – 4.03 x10´5 114.18 O

HD 136482 B8/9V -0.20 – 8.12 x10´5 148.27 O

HD 137015 A1/2V 3.20 119.60 2.05 x10´5 296.42 Y

HD 137119 A2V -0.70 – 1.53 x10´4 128.34 O

tet CrB B6Vnne -25.70 310.00 1.00 x10´5 115.07 O

HD 138813 A0V -2.54 97.90 9.60 x10´4 137.41 Y

HD 138923 B8V -3.60 – 1.05 x10´4 134.24 Y

HD 138965 A1V -2.00 102.70 3.74 x10´4 78.08 O

HD 140840 B9/A0V – – 1.65 x10´4 148.16 O

HD 141011 F5V 0.20 83.00 1.44 x10´4 128.6 O

HD 142446 F3V -1.90 66.00 6.29 x10´4 137.54 Y

HD 144587 A9V 0.00 112.10 3.03 x10´4 144.01 O

HD 145880 B9.5V -1.80 – 3.65 x10´4 125.62 O

HD 145689 A3V -9.00 106.40 2.77 x10´5 55.55 O

HD 146606 A0V -3.43 137.00 7.90 x10´5 137.27 Y

HD 146897 F2/3V -1.60 55.00 5.39 x10´3 131.49 Y

HD 148657 A0V -2.70 – 3.01 x10´4 189.92 O
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Table E.1 – continued from previous page

Simbad ID Spectral type RV vsini Ldisk{L‹ Distance Age

[km.s´1] [km.s´1] [pc] flag

HD 151109 B9IV/V -2.90 – 1.03 x10´4 174.45 O

HD 153053 A5IV/V -20.20 102.80 5.82 x10´5 53.25 O

78 Her A1V -25.70 – 1.90 x10´5 83.39 O

HD 159082 B9.5V -11.80 22.00 4.21 x10´5 145.61 O

HD 159170 A5V -26.00 243.00 3.96 x10´5 46.82 O

gam Oph A1VnkA0mA0 -7.60 210.00 6.63 x10´5 31.51 O

zet CrA B9.5Vann -13.00 – 5.89 x10´5 59.2 O

rho Tel F6V 0.30 – 2.56 x10´5 58.85 O

alf CrA A2Va -18.40 203.20 2.00 x10´5 38.43 O

eta Tel A0V+M7/8V 13.00 – 1.95 x10´4 48.21 Y

HD 181327 F6V -0.25 16.00 2.98 x10´3 48.21 Y

5 Vul A0V -21.20 154.00 3.12 x10´5 71.98 O

rho Aql A1Va -23.00 180.00 4.57 x10´5 47.96 O

HD 192758 F0V -14.36 – 5.33 x10´4 66.52 O

phi01 Pav F0V -20.00 – 9.21 x10´5 28.29 O

3 Peg A2V 3.00 102.60 2.56 x10´5 88.29 O

del Scl A0VankB9(( lB)) 8.70 299.00 2.78 x10´5 42.14 Y

E.2 Matching interstellar clouds
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Table E.2: Clouds in the line of sight or at less than 20˝ of our targets taken from Redfield and Linsky
(2008) LISM database. The name of each target, the radial velocity of each non-photospheric absorption
feature, the FWHM of each feature, the name of the cloud found in the line of sight of the target that
matches with the radial velocity of the feature (within its FWHM), the radial velocity of this cloud, the
name of a cloud found within 20˝ that also matches with the feature and its corresponding radial velocity.

Name RV feature FWHM feat. Cloud RV Cloud LoS Cloud RV Cloud < 20˝

[km.s´1] [km.s´1] line of sight [km.s´1] < 20˝ [km.s´1]

41 Ari 16.13˘1.17 6.24˘0.71 Hyades 14.06˘0.91 Aur 14.34˘1.03

V V1229 Tau 16.64˘1.14 3.83˘0.43 – – Aur 18.40˘0.94

HD 23863 16.00˘1.48 5.20˘0.76 – – Hyades 13.84˘0.93

HD 23923 15.74˘1.49 6.56˘0.96 LIC 22.28˘0.98 Hyades 13.84˘0.93

37.39˘1.48 4.71˘0.69 – – – –

kap Lep -20.80˘1.65 17.67˘2.59 – – – –

2.81˘1.48 5.21˘0.76 – – – –

16.26˘1.51 8.18˘1.20 LIC 20.90˘1.04 Blue 13.70˘0.91

23.83˘1.48 4.99˘0.73 LIC 20.90˘1.04 Aur 24.73˘0.85

32.16˘1.51 8.48˘1.24 – – Dor 35.50˘0.91

HD 34324 9.07˘2.30 5.87˘1.34 Blue 13.10˘0.95 – –

HD 35150 -2.88˘2.37 14.35˘3.28 – – Hyades 11.40˘1.26

11.60˘2.32 8.79˘2.01 – – Hyades 11.40˘1.26

22.26˘2.31 7.88˘1.80 LIC 23.12˘0.95 Aur 24.76˘0.82

HD 287787 -14.11˘1.48 5.41˘0.79 – – – –

0.73˘1.48 4.55˘0.67 – – – –

24.70˘1.48 5.29˘0.78 LIC 23.08˘0.95 Aur 24.79˘0.82

31.56˘1.47 1.36˘0.20 – – – –

HD 35332 10.52˘2.39 16.71˘3.82 LIC 23.11˘0.95 Hyades 11.35˘1.26

23.08˘2.29 4.32˘0.99 LIC 23.11˘0.95 Aur 24.79˘0.82

33.51˘2.30 6.16˘1.41 – – – –

HD 35367 9.89˘1.47 2.34˘0.34 – – Hyades 11.34˘1.27

22.23˘1.48 4.58˘0.67 LIC 23.10˘0.95 Aur 24.79˘0.82
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Table E.2 – continued from previous page

Name RV feature FWHM feat. Cloud RV Cloud LoS Cloud RV Cloud < 20˝

[km.s´1] [km.s´1] line of sight [km.s´1] < 20˝ [km.s´1]

34.45˘1.47 2.94˘0.43 – – – –

HD 287850 4.54˘2.32 8.98˘2.05 – – Hyades 11.29˘1.27

13.05˘2.30 6.53˘1.49 – – Blue 13.83˘0.90

20.96˘2.31 6.93˘1.59 LIC 23.10˘0.95 Aur 24.81˘0.82

29.66˘2.36 13.57˘3.10 LIC 23.10˘0.95 Aur 24.81˘0.82

HD 287854 14.47˘2.33 11.09˘2.53 LIC 23.08˘0.95 Blue 13.84˘0.90

23.42˘2.29 3.57˘0.82 LIC 23.08˘0.95 Aur 24.82˘0.82

HD 35625 10.32˘1.50 7.05˘1.03 – – Hyades 11.28˘1.27

18.91˘1.82 25.54˘3.74 LIC 23.13˘0.95 Blue 13.82˘0.90

HD 38056 6.07˘1.49 6.83˘1.00 Blue 12.00˘0.96 – –

12.86˘1.47 3.52˘0.52 Blue 12.00˘0.96 LIC 15.40˘1.21

22.68˘1.51 8.45˘1.24 – – Dor 23.59˘0.91

HD 46190 19.76˘2.33 10.18˘2.33 Cet 18.20˘0.81 – –

HD 50571 17.11˘2.59 5.31˘1.37 Vel 16.45˘1.01 – –

bet CMi 19.82˘1.05 3.66˘0.38 LIC 19.90˘1.07 Aur 22.23˘1.03

HD 60995 22.33˘1.49 6.91˘1.01 LIC 16.42˘1.18 Aur 22.47˘0.94

31.31˘1.49 6.06˘0.89 – – – –

HD 68420 0.83˘2.36 13.75˘3.14 – – G 6.40˘0.94

12.39˘2.34 11.97˘2.74 – – Blue 7.37˘0.95

25.55˘2.39 16.54˘3.78 – – Cet 24.09˘0.96

30 Mon 15.17˘0.78 4.20˘0.32 LIC 14.85˘1.22 G 15.71˘1.31

HD 71722 4.50˘2.33 10.30˘2.35 G 4.19˘0.94 Blue 6.47˘0.95

13.64˘2.32 8.84˘2.02 Vel 14.33˘0.95 Blue 6.47˘0.95

HD 74374 11.79˘2.32 9.38˘2.14 Vel 12.51˘0.91 Blue 5.96˘0.96

18.27˘2.31 8.40˘1.92 Cet 17.53˘0.81 – –

HD 78702 11.38˘2.31 7.84˘1.79 G 8.69˘1.20 Leo 11.20˘1.20
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Table E.2 – continued from previous page

Name RV feature FWHM feat. Cloud RV Cloud LoS Cloud RV Cloud < 20˝

[km.s´1] [km.s´1] line of sight [km.s´1] < 20˝ [km.s´1]

18.13˘2.30 4.83˘1.10 – – Aur 16.36˘1.14

HD 79108 9.07˘2.32 9.01˘2.06 LIC 11.98˘1.28 G 11.55˘1.51

HD 88215 18.52˘1.05 3.78˘0.39 Gem 20.42˘0.99 Cet 22.24˘0.90

HD 93738 7.01˘2.32 8.98˘2.05 – – Blue 1.64˘0.97

16.21˘2.33 10.69˘2.44 – – – –

HD 98363 3.89˘2.31 7.49˘1.71 – – Blue 0.85˘0.97

10.05˘2.29 2.51˘0.57 – – – –

16.37˘2.30 4.84˘1.11 – – – –

HD 101088 -4.65˘2.30 6.08˘1.39 G -8.90˘1.02 Vel -7.12˘0.80

6.78˘2.34 12.13˘2.77 – – Blue 0.46˘1.00

bet Leo 2.21˘2.29 3.13˘0.72 Leo 0.46˘0.78 NGP 2.61˘0.75

13.64˘2.30 4.95˘1.13 – – – –

HD 103234 0.59˘2.31 8.42˘1.93 – – Blue -0.35˘0.98

10.73˘2.30 6.47˘1.48 – – – –

HD 103266 -9.11˘1.06 5.10˘0.53 – – NGP -7.23˘1.05

3.92˘1.06 5.06˘0.52 – – Gem 3.90˘0.98

HD 103703 -9.20˘2.29 3.70˘0.85 G -10.67˘0.95 Cet -9.52˘0.65

-1.75˘2.30 5.04˘1.15 – – Blue -0.37˘0.97

4.81˘2.33 10.30˘2.36 – – Blue -0.37˘0.97

HD 104231 1.40˘2.65 13.58˘3.51 G -11.03˘0.95 Blue -0.56˘0.98

HD 104600 5.96˘1.13 10.64˘1.10 – – Blue -0.09˘0.99

HD 105613 -7.65˘1.05 4.61˘0.48 G -11.52˘0.96 Cet -11.27˘0.68

3.54˘1.07 6.70˘0.69 – – Blue -0.80˘0.97

HD 105857 -9.80˘1.09 7.88˘0.82 G -11.79˘0.95 NGP -11.41˘1.12

-0.60˘1.08 6.94˘0.72 – – Blue -0.95˘0.98

6.74˘1.12 10.36˘1.07 – – Blue -0.95˘0.98
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Name RV feature FWHM feat. Cloud RV Cloud LoS Cloud RV Cloud < 20˝

[km.s´1] [km.s´1] line of sight [km.s´1] < 20˝ [km.s´1]

HD 105912 -2.17˘1.04 3.30˘0.34 Leo -3.66˘0.90 Aur -2.01˘1.45

HD 106797 -3.53˘1.11 9.41˘0.97 G -11.10˘1.00 Blue -0.60˘0.98

4.31˘1.06 5.63˘0.58 – – Blue -0.60˘0.98

10.39˘1.06 5.66˘0.59 – – – –

HD 107301 -5.52˘1.09 7.73˘0.80 G -11.23˘1.00 Blue -0.68˘0.98

1.71˘1.07 6.06˘0.63 – – Blue -0.68˘0.98

6.89˘1.09 7.75˘0.80 – – Blue -0.68˘0.98

HD 107649 -20.79˘2.59 4.38˘1.13 – – – –

-3.21˘2.67 16.18˘4.18 G -13.04˘0.96 Gem -0.82˘1.01

3.38˘2.59 3.74˘0.97 – – – –

HD 107947 0.74˘1.07 7.10˘0.73 – – Blue -0.32˘1.03

8.62˘1.06 6.42˘0.66 – – – –

HD 108904 -6.47˘2.30 4.78˘1.09 – – – –

-0.24˘2.30 5.34˘1.22 – – Blue -1.21˘0.97

6.93˘2.30 5.24˘1.20 – – – –

eta Crv -9.43˘2.29 2.49˘0.57 – – NGP -9.68˘0.95

-1.12˘2.30 6.23˘1.42 Gem -0.11˘0.92 Aur -3.47˘1.33

34.43˘2.32 9.15˘2.09 – – – –

f Vir -6.94˘2.31 7.81˘1.79 Leo -6.32˘0.95 NGP -8.62˘0.88

V MO Hya -9.10˘2.34 11.53˘2.64 Leo -9.10˘1.12 Aur -4.57˘1.22

-1.00˘2.31 7.78˘1.78 Gem -3.45˘0.95 Aur -4.57˘1.22

HD 112383 -8.52˘1.08 7.31˘0.75 G -12.45˘1.04 Vel -13.13˘0.92

HD 113457 -9.59˘1.08 7.79˘0.80 G -13.51˘1.01 NGP -15.23˘1.15

2.50˘1.11 9.68˘1.00 – – Blue -1.85˘0.98

HD 113556 -14.15˘2.29 4.57˘1.05 G -14.71˘0.98 NGP -15.77˘1.15

-5.81˘2.31 8.35˘1.91 – – – –
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Table E.2 – continued from previous page

Name RV feature FWHM feat. Cloud RV Cloud LoS Cloud RV Cloud < 20˝

[km.s´1] [km.s´1] line of sight [km.s´1] < 20˝ [km.s´1]

2.42˘2.29 3.67˘0.84 – – – –

HD 113902 -13.64˘2.35 12.42˘2.84 G -15.72˘0.97 NGP -16.26˘1.15

-3.17˘2.31 8.15˘1.86 – – Gem -5.22˘1.01

iot Cen -18.37˘2.30 6.70˘1.53 NGP -17.91˘1.13 G -18.81˘1.06

HD 117484 -8.06˘2.32 9.19˘2.10 – – Gem -7.97˘1.01

6.94˘2.32 8.98˘2.05 – – – –

HD 117665 -8.65˘1.06 5.98˘0.62 – – Gem -8.26˘1.00

1.97˘1.06 6.07˘0.62 – – – –

HD 118379 -17.84˘1.06 5.57˘0.57 NGP -19.67˘1.16 G -19.56˘1.03

-2.66˘1.13 11.27˘1.16 – – Gem -9.04˘1.00

HD 118588 -8.34˘1.06 5.69˘0.58 – – Gem -8.92˘1.00

tau Vir -10.92˘1.16 7.07˘0.79 – – Gem -13.03˘0.89

HD 122705 -12.32˘1.05 5.33˘0.55 – – Gem -10.91˘1.02

-0.98˘1.06 5.66˘0.58 – – – –

HD 124619 -10.37˘1.05 4.56˘0.47 – – Gem -11.32˘1.02

-3.17˘1.05 4.59˘0.47 – – – –

HD 127750 -20.65˘2.31 7.75˘1.77 G -21.88˘1.02 NGP -24.37˘1.23

-13.79˘2.31 7.88˘1.80 – – Gem -14.38˘1.02

-4.65˘2.31 8.40˘1.92 – – – –

HD 128207 -22.89˘2.36 13.99˘3.20 NGP -25.40˘1.23 G -23.23˘1.04

-12.19˘2.31 7.03˘1.61 Gem -15.68˘1.01 – –

-4.39˘2.29 3.79˘0.87 – – – –

HD 131835 -29.80˘2.29 4.63˘1.06 NGP -27.63˘1.25 – –

-16.08˘2.32 9.04˘2.07 Gem -18.56˘1.02 G -24.98˘1.06

HD 132238 -27.30˘1.05 3.80˘0.39 – – NGP -27.58˘1.26

-21.09˘1.07 6.15˘0.64 Gem -18.41˘1.02 G -24.71˘1.05
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Name RV feature FWHM feat. Cloud RV Cloud LoS Cloud RV Cloud < 20˝

[km.s´1] [km.s´1] line of sight [km.s´1] < 20˝ [km.s´1]

-15.92˘1.04 3.35˘0.35 Gem -18.41˘1.02 – –

-11.78˘1.05 3.68˘0.38 – – – –

HD 134888 -25.16˘1.04 3.72˘0.38 – – G -26.09˘1.07

-15.13˘1.04 4.17˘0.43 – – – –

HD 135454 -22.94˘2.32 9.31˘2.13 G -24.47˘1.05 Gem -19.12˘1.03

HD 136246 -26.28˘2.31 7.13˘1.63 G -27.02˘1.08 NGP -30.21˘1.28

-17.83˘2.32 9.76˘2.23 Gem -22.25˘1.02 Leo -19.34˘1.45

HD 136482 -27.99˘1.49 6.66˘0.98 G -25.64˘1.06 NGP -29.37˘1.28

-19.20˘1.50 7.52˘1.10 Gem -20.70˘1.03 – –

-8.95˘1.49 6.06˘0.89 – – – –

HD 137015 -7.37˘1.48 5.41˘0.79 – – – –

HD 137119 -14.55˘1.48 4.51˘0.66 – – – –

-7.03˘1.47 2.56˘0.38 – – – –

tet CrB -17.61˘1.17 6.92˘0.78 NGP -19.17˘0.99 Oph -17.85˘0.90

HD 138813 -27.51˘2.32 9.76˘2.23 G -27.82˘1.09 NGP -31.50˘1.29

-16.08˘2.31 8.22˘1.88 Gem -24.16˘1.03 Leo -20.19˘1.47

HD 138923 -29.80˘2.31 8.37˘1.91 G -26.90˘1.07 NGP -30.97˘1.30

-22.94˘2.30 4.86˘1.11 G -26.90˘1.07 Gem -22.96˘1.03

-13.80˘2.31 8.47˘1.94 – – – –

HD 138965 -18.37˘2.29 3.95˘0.90 G -15.95˘1.19 Vel -20.00˘1.12

-11.51˘2.29 3.00˘0.69 – – – –

HD 140840 -22.94˘2.30 6.56˘1.50 G -26.78˘1.07 Gem -23.42˘1.04

-13.80˘2.30 6.28˘1.44 – – – –

-4.65˘2.30 6.88˘1.57 – – – –

HD 141011 -21.78˘2.61 8.20˘2.12 G -25.30˘1.08 Gem -21.72˘1.04

HD 142446 -23.08˘1.52 9.87˘1.45 G -26.72˘1.08 Gem -23.85˘1.04
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Table E.2 – continued from previous page

Name RV feature FWHM feat. Cloud RV Cloud LoS Cloud RV Cloud < 20˝

[km.s´1] [km.s´1] line of sight [km.s´1] < 20˝ [km.s´1]

-12.16˘1.48 4.55˘0.67 – – – –

HD 144587 -28.77˘2.29 4.29˘0.98 G -28.81˘1.09 Gem -27.48˘1.05

-20.57˘2.30 6.88˘1.57 – – Mic -22.98˘1.20

-7.83˘2.32 8.55˘1.96 – – – –

HD 145880 -19.40˘2.39 16.25˘3.71 G -26.45˘1.11 Gem -24.55˘1.05

HD 145689 -11.51˘2.31 7.76˘1.78 G -17.21˘1.22 – –

HD 146606 -27.51˘2.31 7.35˘1.68 G -28.52˘1.09 Gem -27.64˘1.05

-20.65˘2.29 3.15˘0.72 – – – –

HD 146897 -29.30˘2.33 10.79˘2.47 G -29.19˘1.10 Gem -28.88˘1.05

-8.51˘2.30 4.84˘1.11 – – – –

HD 148657 -22.24˘1.47 1.07˘0.16 – – – –

-1.60˘1.47 3.80˘0.56 – – – –

HD 151109 -25.23˘2.30 6.52˘1.49 G -26.63˘1.15 Gem -26.61˘1.06

-16.08˘2.32 8.91˘2.04 – – – –

-2.36˘2.32 9.47˘2.17 – – – –

HD 153053 -24.59˘0.79 4.97˘0.38 G -22.32˘1.23 Aql -24.86˘1.06

-14.17˘0.77 3.17˘0.24 – – – –

78 Her -17.60˘1.51 9.15˘1.34 LIC -17.00˘1.16 G -21.40˘1.09

HD 159082 -23.35˘2.33 10.48˘2.40 LIC -21.03˘1.03 G -26.05˘1.07

HD 1591 -29.32˘0.79 5.12˘0.39 G -28.63˘1.10 Oph -29.39˘0.76

gam Oph -30.67˘1.08 7.04˘0.73 Oph -30.53˘0.61 Mic -27.72˘0.97

zet CrA -25.23˘2.32 8.85˘2.02 Aql -18.66˘1.05 Mic -23.02˘1.16

rho Tel -22.75˘0.79 5.12˘0.39 – – G -19.78˘1.48

alf CrA -23.50˘1.12 9.51˘0.99 Aql -19.37˘1.06 Mic -24.00˘1.11

eta Tel -22.94˘2.30 5.98˘1.37 – – G -18.51˘1.51

HD 181327 -22.94˘2.29 4.21˘0.96 – – G -18.48˘1.51
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Name RV feature FWHM feat. Cloud RV Cloud LoS Cloud RV Cloud < 20˝

[km.s´1] [km.s´1] line of sight [km.s´1] < 20˝ [km.s´1]

5 Vul -29.80˘2.30 5.39˘1.23 Aql -26.30˘1.06 Oph -30.81˘0.69

-20.65˘2.30 6.05˘1.38 G -18.05˘1.04 Eri -18.31˘1.07

rho Aql -15.32˘0.78 4.39˘0.33 Aql -15.40˘1.02 G -14.95˘1.15

HD 192758 -20.51˘1.50 8.10˘1.19 Vel -27.47˘1.37 Mic -20.51˘1.14

phi01 Pav -18.47˘1.53 3.58˘0.54 Vel -19.40˘1.11 – –

3 Peg -14.55˘1.13 1.61˘0.18 – – – –

-8.95˘1.16 6.10˘0.69 – – LIC -8.47˘1.33

del Scl -2.36˘2.30 6.80˘1.55 LIC 0.04˘1.38 Cet -5.25˘0.55

6.78˘2.30 5.18˘1.19 – – – –

E.3 Reference stars

Table E.3: Comparison stars.

Object Distance Rsearch Object of Spectral Distance θ sep.

of science [pc] [deg.] reference type [pc] [deg]

HD 68420 411.57˘6.34 3.6 None – – –

HD 78702 104.72˘1.66 4.6 None – – –

HD 93738 154.86˘6.86 2.7 None – – –

HD 98363 138.59˘0.66 2.7 HD 308804 B9 2557.66˘277.19 2.42

HD97320 F3V 57.51˘0.14 1.57

HD 101088 101.25˘2.44 3.7 HD95881 A0 1185.33˘46.37 3.46

HR4597 B9V 104.85˘1.01 2.28

bet Leo 11.00˘0.06 3.3 HD 103578 A3V 134.41˘4.87 1.92

HD 103234 102.13˘0.46 2.6 HD 103703 F3V 107.43˘0.50 2.14

Continued on next page

293



APPENDIX E. TABLES OF CHAPTER 6

Table E.3 – continued from previous page

Object Distance Rsearch Object of Spectral Distance θ sep.

of science [pc] [deg.] reference type [pc] [deg]

HD 104231 F5V 102.73˘0.47 1.03

HD 105857 A2V 112.44˘0.50 2.50

HD 103266 83.14˘0.43 4.4 HD 101431 B9V 141.02˘4.75 2.73

HD 103703 107.43˘0.50 2.6 HD 104231 F5V 102.73˘0.47 1.77

HD 105613 A3V 104.61˘0.44 1.78

HD 104231 102.73˘0.47 2.6 HD 103703 F3V 107.43˘0.50 1.77

HD 105613 A3V 104.61˘0.44 1.77

HD 105857 A2V 112.44˘0.50 1.66

HD 104600 104.85˘1.01 3.3 HD 109832 A9V 108.31˘0.48 3.26

HD 105613 104.61˘0.44 2.7 HD 106906 F5V 103.33˘0.46 2.62

HD 103703 F3V 107.43˘0.50 1.78

HD 104231 F5V 102.73˘0.47 1.77

HD 105857 A2V 112.44˘0.50 1.96

HD 105857 112.44˘0.50 2.9 HD 106906 F5V 103.33˘0.46 1.04

HD 104231 F5V 102.73˘0.47 1.66

HD 105613 A3V 104.61˘0.44 1.96

HD 106797 105.94˘0.60 2.7 FH Mus B8V 114.57˘0.59 2.45

HD 106036 A2V 100.60˘0.38 2.30

HR 4692 B9V 97.36˘0.59 0.38

HD 107301 97.36˘0.59 3.2 FH Mus B8V 114.57˘0.59 2.08

HR 4669 A0V 105.94˘0.60 0.38

HD 106036 A2V 100.60˘0.38 2.55

HD 107649 108.33˘0.62 3.2 CD-50 7023 A0 1018.83˘65.69 1.19

rho Cen B3V 84.50˘2.67 2.14

HD 107947 99.13˘0.35 3.3 HD 109026 B3V 102.09˘3.99 0.74

HD 108904 108.02˘0.38 2.2 None – – –
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Object Distance Rsearch Object of Spectral Distance θ sep.

of science [pc] [deg.] reference type [pc] [deg]

HD 112383 101.65˘0.45 3.3 FH Mus B8V 114.57˘0.59 2.23

HD 109832 A9V 108.31˘0.48 1.90

HD 113457 105.87˘0.61 2.5 None – – –

HD 113902 100.43˘1.22 3.8 HD 114772 B9.5V 112.23˘8.94 2.90

HD 117484 155.51˘3.40 2.1 None – – –

HD 117665 129.17˘1.16 2.5 HD 117484 B9.5V 155.51˘3.40 2.29

HD 118379 111.88˘0.81 3.1 HD 120272 F3V 58.30˘0.26 2.30

CD-38 8806 A0 680.49˘35.16 2.63

HD 118588 135.99˘2.42 2.8 HD 117484 B9. 155.51˘3.40 2.55

tau Vir 68.97˘0.86 2.3 None – – –

HD 122705 122.59˘0.84 3.9 HD 123515 B8V 170.05˘3.17 1.63

HD 125366 B9V 603.42˘25.37 3.85

HD 124619 131.85˘0.83 3.6 HD 124195 B5V 268.39˘4.68 0.89

HD 123515 B8V 170.05˘3.17 2.53

HD 127750 143.44˘1.57 4.3 None – – –

HD 134888 112.32˘1.02 5.3 HD 136664 B4V 159.24˘5.07 4.21

HD 132955 B3V 151.89˘4.26 2.26

HD 131399 A1V 102.09˘0.69 4.09

HD 136482 148.27˘2.42 4.8 HD 136664 B4V 159.24˘5.07 0.80

HR 5579 B7V 161.68˘3.22 4.54

HD 137119 128.35˘1.11 5.0 HD 136664 B4V 159.24˘5.07 0.81

Hip 077286 B8V 124.35˘1.79 4.58

HD 138923 134.24˘2.17 5.7 HD 136664 B4V 159.24˘5.07 4.62

Hip 077286 B8V 124.35˘1.79 2.71

HD 142630 B9V 64.56˘0.46 4.40

HD 139883 F2V 111.03˘0.64 2.15
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Table E.3 – continued from previous page

Object Distance Rsearch Object of Spectral Distance θ sep.

of science [pc] [deg.] reference type [pc] [deg]

HD 142446 137.55˘0.87 5.2 HR 5999 A7 161.11˘1.82 3.31

Hip 79044 B9V 137.14˘1.02 2.49

HD 142630 B9V 64.56˘0.46 2.93

Hip 077286 B8V 124.35˘1.79 2.91

HD 144587 144.01˘1.64 4.0 HD 142184 B2V 141.29˘2.89 3.10

HD 144844 B9V 146.33˘2.52 0.39

HD 142990 B5V 146.17˘4.38 2.21

HD 144470 B1V 141.65˘7.98 3.29

HIP 78530 B9V 137.27˘1.48 2.35

HD 145880 125.63˘0.78 5.5 HR 5999 A7 161.11˘1.82 1.34

HD 148657 A0V 189.93˘2.96 3.39

Hip 79044 B9V 137.14˘1.02 3.66

HD 147683 B4V 295.22˘7.90 5.12

HD 146897 131.50˘0.93 3.8 HD 144217 B1V 123.92˘11.98 3.66

HD 145502 B2V 135.97˘6.46 2.62

HD 144470 B1V 141.65˘7.98 3.05

HD 148657 189.93˘2.96 3.0 HD 149533 B9V 166.35˘1.75 1.18

HD 151109 174.45˘1.95 3.7 HD 148657 A0V 189.93˘2.96 3.29

HD 326320 B0V 1225.71˘77.46 2.49

V923 Sco F3V 62.22˘0.21 3.55

HD 152249 OC9Iab 2066.61˘234.16 2.68

HD 153053 53.25˘0.36 3.1 None – – –

78 Her 83.39˘0.50 3.5 None – – –

zet CrA 57.50˘1.20 4.9 Hip 91956 F2V 74.53˘0.95 3.50

eta Tel 48.22˘0.49 4.6 None – – –

3 Peg 88.30˘0.75 4.0 None – – –
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Table E.3 – continued from previous page

Object Distance Rsearch Object of Spectral Distance θ sep.

of science [pc] [deg.] reference type [pc] [deg]

del Scl 42.14˘0.39 3.1 None – – –

E.4 Matching features of reference stars

Table E.4: Comparison stars.

Object RV feature FWHM feat. Reference RV feat. ref. FWHM feat. ref.

of science [km.s´1] [km.s´1] star [km.s´1] [km.s´1]

HD 103234 0.59˘2.31 8.42˘1.93 HD105857 0.93˘0.37 14.83˘0.36

10.73˘2.30 6.47˘1.48 HD104231 2.12˘0.86 11.64˘0.94

HD 103266 -9.11˘1.06 5.10˘0.53 HD101431 -7.64˘0.42 5.44˘0.43

3.92˘1.06 5.06˘0.52 HD101431 5.71˘0.05 7.88˘0.06

HD 103703 -9.20˘2.29 3.70˘0.85 HD104231 2.12˘0.86 11.64˘0.94

-1.75˘2.30 5.04˘1.15 HD104231 2.12˘0.86 11.64˘0.94

4.81˘2.33 10.30˘2.36 HD105613 3.76˘0.35 5.80˘0.32

HD 104231 1.40˘2.65 13.58˘3.51 HD105857 0.93˘0.37 14.83˘0.36

HD 104600 5.96˘1.13 10.64˘1.10 None – –

HD 105613 -7.65˘1.05 4.61˘0.48 HD103703 -0.50˘0.37 8.11˘0.24

3.54˘1.07 6.70˘0.69 HD105857 0.95˘0.38 15.03˘0.41

HD 105857 -9.80˘1.09 7.88˘0.82 HD104231 0.42˘0.44 19.34˘1.08

-0.60˘1.08 6.94˘0.72 HD104231 0.42˘0.44 19.34˘1.08

6.74˘1.12 10.36˘1.07 HD105613 3.72˘0.31 5.48˘0.29

HD 106797 -3.53˘1.11 9.41˘0.97 HR4692 -6.59˘0.37 5.66˘0.35

4.31˘1.06 5.63˘0.58 FH Mus 5.85˘0.31 9.23˘0.32

10.39˘1.06 5.66˘0.59 HD106036 10.95˘0.67 6.49˘0.84
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Table E.4 – continued from previous page

Object RV feature FWHM feat. Reference RV feat. ref. FWHM feat. ref.

of science [km.s´1] [km.s´1] star [km.s´1] [km.s´1]

HD 107301 -5.52˘1.09 7.73˘0.80 HR4669 -4.29˘1.21 9.43˘1.04

1.71˘1.07 6.06˘0.63 HD106036 1.11˘0.34 3.15˘0.38

6.89˘1.09 7.75˘0.80 FH Mus 5.85˘0.31 9.23˘0.31

HD 107649 -20.79˘2.59 4.38˘1.13 CD-50 7023 -17.09˘0.13 9.31˘0.14

-3.21˘2.67 16.18˘4.18 CD-50 7023 -0.99˘0.12 15.06˘0.15

3.38˘2.59 3.74˘0.97 rho Cen 1.47˘0.28 8.47˘0.30

HD 107947 0.74˘1.07 7.10˘0.73 HD 109026 3.73˘0.49 16.39˘0.94

8.62˘1.06 6.42˘0.66 HD 109026 3.73˘0.49 16.39˘0.94

HD 112383 -8.52˘1.08 7.31˘0.75 FH Mus -7.13˘0.16 4.46˘0.16

HD 113902 -13.64˘2.35 12.42˘2.84 HD 114772 -2.24˘0.15 13.27˘0.15

-3.17˘2.31 8.15˘1.86 HD 114772 -2.24˘0.15 13.27˘0.15

HD 117665 -8.65˘1.06 5.98˘0.62 HD117484 -8.06˘2.32 9.19˘2.10

1.97˘1.06 6.07˘0.62 HD117484 6.94˘2.32 8.98˘2.05

HD 118379 -17.84˘1.06 5.57˘0.57 CD-38 8806 -7.94˘0.23 14.43˘0.19

-2.66˘1.13 11.27˘1.16 CD-38 8806 -7.94˘0.23 14.43˘0.19

HD 118588 -8.34˘1.06 5.69˘0.58 HD117484 -8.24˘0.53 9.76˘0.55

HD 122705 -12.32˘1.05 5.33˘0.55 HD 123515 -12.84˘1.21 2.96˘1.37

-0.98˘1.06 5.66˘0.58 HD 125366 2.68˘0.18 12.67˘0.19

HD 124619 -10.37˘1.05 4.56˘0.47 HD124195 -10.67˘1.16 20.27˘1.25

-3.17˘1.05 4.59˘0.47 HD124195 -10.67˘1.16 20.27˘1.25

HD 134888 -25.16˘1.04 3.72˘0.38 HD136664 -29.23˘0.44 6.84˘0.46

-15.13˘1.04 4.17˘0.43 HD132955 -13.66˘0.27 7.40˘0.36

HD 136482 -27.99˘1.49 6.66˘0.98 HD136664 -29.24˘0.44 6.93˘0.46

-19.20˘1.50 7.52˘1.10 HR5579 -20.78˘0.89 19.48˘1.00

-8.95˘1.49 6.06˘0.89 HD136664 -13.62˘0.24 10.78˘0.27

HD 137119 -14.55˘1.48 4.51˘0.66 HD136664 -13.62˘0.24 10.78˘0.27
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Object RV feature FWHM feat. Reference RV feat. ref. FWHM feat. ref.

of science [km.s´1] [km.s´1] star [km.s´1] [km.s´1]

-7.03˘1.47 2.56˘0.38 HD136664 -13.62˘0.24 10.78˘0.27

HD 138923 -29.80˘2.31 8.37˘1.91 Hip077286 -29.37˘0.37 5.22˘0.37

-22.94˘2.30 4.86˘1.11 HD142630 -26.16˘0.49 9.69˘0.50

-13.80˘2.31 8.47˘1.94 HD136664 -13.60˘0.23 11.01˘0.19

HD 142446 -23.08˘1.52 9.87˘1.45 Hip79044 -24.55˘0.20 9.43˘0.21

-12.16˘1.48 4.55˘0.67 Hip79044 -9.77˘0.33 4.06˘0.33

HD 144587 -28.77˘2.29 4.29˘0.98 HD142184 -27.55˘0.89 16.54˘0.58

-20.57˘2.30 6.88˘1.57 HD 144844 -17.88˘0.82 12.65˘2.44

-7.83˘2.32 8.55˘1.96 HD 144844 -8.86˘0.09 5.57˘0.13

HD 145880 -19.40˘2.39 16.25˘3.71 HD147683 -18.40˘0.21 7.13˘0.39

HD 146897 -29.30˘2.33 10.79˘2.47 HD144217 -30.51˘0.44 7.25˘0.44

-8.51˘2.30 4.84˘1.11 HD144470 -9.22˘0.05 6.70˘0.05

HD 148657 -22.24˘1.47 1.07˘0.16 None – –

-1.60˘1.47 3.80˘0.56 HD 149533 1.73˘0.34 7.94˘0.24

HD 151109 -25.23˘2.30 6.52˘1.49 HD 152249 -26.75˘0.25 10.41˘0.38

-16.08˘2.32 8.91˘2.04 HD148657 -15.35˘0.09 44.43˘0.08

-2.36˘2.32 9.47˘2.17 HD148657 -1.16˘0.11 8.97˘0.13

zet CrA -25.23˘2.32 8.85˘2.02 None – –
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Table E.5: Comparison stars within our own sample. Object of science, number of comparison stars
found within 3˝, radial velocity of the features of the object of science, number of stars within the sample
having features matching each one of those of the object of science, and the list of these stars. Radial
velocity of the features for the comparison stars are not given again here as they have been already
presented in previous tables.

Object N nearby RV feature N Matching stars

of science stars [km.s´1] matches within our sample

HD 287850 7 4.54˘2.32 6 HD 287787, HD 287854, HD 35150, HD 35332,

HD 35367, HD 35625

13.05˘2.30 5 HD 287854, HD 35150, HD 35332, HD 35367,

HD 35625

20.96˘2.31 6 HD 287787, HD 287854, HD 35150, HD 35332,

HD 35367, HD 35625

29.66˘2.36 6 HD 287787, HD 287854, HD 35150, HD 35332,

HD 35367, HD 35625

HD 287854 8 14.47˘2.33 7 HD 287787, HD 287850, HD 35150, HD 35332,

HD 35367, HD 35625, HD 36444

23.42˘2.29 7 HD 287787, HD 287850, HD 35150, HD 35332,

HD 35367, HD 35625, HD 36444

HD 35625 7 10.32˘1.50 5 HD 287850, HD 287854, HD 35150, HD 35332

HD 35367

18.91˘1.82 6 HD 287787, HD 287850, HD 287854, HD 35150,

HD 35332, HD 35367

HD 38056 0 6.07˘1.49 – –

12.86˘1.47 – –

22.68˘1.51 – –

HD 46190 0 19.76˘2.33 – –

HD 50571 0 17.11˘2.59 – –

bet CMi 0 19.82˘1.05 – –

HD 60995 1 22.33˘1.49 1 HD 60856
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Table E.5 – continued from previous page

Object N nearby RV feature N Matching stars

of science stars [km.s´1] matches within our sample

31.31˘1.49 1 HD 60856

HD 68420 0 0.83˘2.36 – –

12.39˘2.34 – –

25.55˘2.39 – –

30 Mon 0 15.17˘0.78 – –

HD 71722 3 4.50˘2.33 2 HD 74374, HD 71043

13.64˘2.32 2 HD 74374, HD 71043

HD 74374 3 11.79˘2.32 1 HD 71722

18.27˘2.31 1 HD 71722

HD 78702 0 11.38˘2.31 – –

18.13˘2.30 – –

HD 79108 1 9.07˘2.32 0 –

HD 88215 0 18.52˘1.05 – –

HD 93738 2 7.01˘2.32 1 HD 92536

16.21˘2.33 1 HD 92536

HD 98363 0 3.89˘2.31 – –

10.05˘2.29 – –

16.37˘2.30 – –

HD 101088 1 -4.65˘2.30 1 HD 104600

6.78˘2.34 1 HD 104600

bet Leo 0 2.21˘2.29 – –

13.64˘2.30 – –

HD 103234 4 0.59˘2.31 4 HD 103703, HD 104231, HD 105613, HD 105857

10.73˘2.30 4 HD 103703, HD 104231, HD 105613, HD 105857

HD 103266 0 -9.11˘1.06 – –

3.92˘1.06 – –
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Object N nearby RV feature N Matching stars

of science stars [km.s´1] matches within our sample

HD 103703 3 -9.20˘2.29 2 HD 104231, HD 105613

-1.75˘2.30 3 HD 103234, HD 104231, HD 105613

4.81˘2.33 3 HD 103234, HD 104231, HD 105613

HD 104231 5 1.40˘2.65 4 HD 103234, HD 103703, HD 105613, HD 105857

HD 104600 1 5.96˘1.13 1 HD 101088

HD 105613 5 -7.65˘1.05 4 HD 103234, HD 103703, HD 104231, HD 105857

3.54˘1.07 4 HD 103234, HD 103703, HD 104231, HD 105857

HD 105857 4 -9.80˘1.09 3 HD 103234, HD 104231, HD 105613

-0.60˘1.08 3 HD 103234, HD 104231, HD 105613

6.74˘1.12 3 HD 103234, HD 104231, HD 105613

HD 105912 0 -2.17˘1.04 – –

HD 106797 3 -3.53˘1.11 2 HD 106036, HD 107301

4.31˘1.06 2 HD 106036, HD 107301

10.39˘1.06 2 HD 106036, HD 107301

HD 107301 3 -5.52˘1.09 2 HD 106036, HD 106797

1.71˘1.07 2 HD 106036, HD 106797

6.89˘1.09 2 HD 106036, HD 106797

HD 107649 0 -20.79˘2.59 – –

-3.21˘2.67 – –

3.38˘2.59 – –

HD 107947 0 0.74˘1.07 – –

8.62˘1.06 – –

HD 108904 1 -6.47˘2.30 1 HD 106036

-0.24˘2.30 1 HD 106036

6.93˘2.30 1 HD 106036

eta Crv 0 -9.43˘2.29 – –
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Object N nearby RV feature N Matching stars

of science stars [km.s´1] matches within our sample

-1.12˘2.30 – –

34.43˘2.32 – –

f Vir 0 -6.94˘2.31 – –

V MO Hya 0 -9.10˘2.34 – –

-1.00˘2.31 – –

HD 112383 1 -8.52˘1.08 0 –

HD 113457 0 -9.59˘1.08 – –

2.50˘1.11 – –

HD 113556 3 -14.15˘2.29 0 –

-5.81˘2.31 0 –

2.42˘2.29 0 –

HD 113902 0 -13.64˘2.35 – –

-3.17˘2.31 – –

iot Cen 0 -18.37˘2.30 – –

HD 117484 2 -8.06˘2.32 2 HD 117665, HD 118588

6.94˘2.32 1 HD 117665

HD 117665 2 -8.65˘1.06 2 HD 117484, HD 118588

1.97˘1.06 1 HD 117484

HD 118379 0 -17.84˘1.06 – –

-2.66˘1.13 – –

HD 118588 2 -8.34˘1.06 2 HD 117484, HD 117665

tau Vir 0 -10.92˘1.16 – –

HD 122705 2 -12.32˘1.05 0 –

-0.98˘1.06 0 –

HD 124619 0 -10.37˘1.05 – –

-3.17˘1.05 – –
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Table E.5 – continued from previous page

Object N nearby RV feature N Matching stars

of science stars [km.s´1] matches within our sample

HD 127750 1 -20.65˘2.31 0 –

-13.79˘2.31 0 –

-4.65˘2.31 0 –

HD 128207 1 -22.89˘2.36 1 HD 126135

-12.19˘2.31 1 HD 126135

-4.39˘2.29 1 HD 126135

HD 131835 1 -29.80˘2.29 1 HD 132238

-16.08˘2.32 1 HD 132238

HD 132238 1 -27.30˘1.05 1 HD 131835

-21.09˘1.07 1 HD 131835

-15.92˘1.04 1 HD 131835

-11.78˘1.05 1 HD 131835

HD 134888 0 -25.16˘1.04 – –

-15.13˘1.04 – –

HD 135454 0 -22.94˘2.32 – –

HD 136246 0 -26.28˘2.31 – –

-17.83˘2.32 – –

HD 136482 4 -27.99˘1.49 0 –

-19.20˘1.50 1 HD 137119

-8.95˘1.49 2 HD 137015, HD 137119

HD 137015 4 -7.37˘1.48 2 HD 136482, HD 137119

HD 137119 4 -14.55˘1.48 1 HD 136482

-7.03˘1.47 2 HD 136482, HD 137015

tet CrB 0 -17.61˘1.17 – –

HD 138813 0 -27.51˘2.32 – –

-16.08˘2.31 – –

Continued on next page
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Table E.5 – continued from previous page

Object N nearby RV feature N Matching stars

of science stars [km.s´1] matches within our sample

HD 138923 1 -29.80˘2.31 1 HD 141327

-22.94˘2.30 1 HD 141327

-13.80˘2.31 1 HD 141327

HD 138965 0 -18.37˘2.29 – –

-11.51˘2.29 – –

HD 140840 3 -22.94˘2.30 2 HD 141327, HD 142446

-13.80˘2.30 2 HD 141327, HD 142446

-4.65˘2.30 2 HD 141327, HD 142446

HD 141011 1 -21.78˘2.61 0 –

HD 142446 3 -23.08˘1.52 1 HD 140840

-12.16˘1.48 1 HD 140840

HD 144587 0 -28.77˘2.29 – –

-20.57˘2.30 – –

-7.83˘2.32 – –

HD 145880 1 -19.40˘2.39 0 –

HD 145689 0 -11.51˘2.31 – –

HD 146606 1 -27.51˘2.31 0 –

-20.65˘2.29 0 –

HD 146897 4 -29.30˘2.33 3 HD 145554, HD 145631, HD 145964

-8.51˘2.30 3 HD 145554, HD 145631, HD 145964

HD 148657 0 -22.24˘1.47 – –

-1.60˘1.47 – –

HD 151109 0 -25.23˘2.30 – –

-16.08˘2.32 – –

-2.36˘2.32 – –

HD 153053 0 -24.59˘0.79 – –

Continued on next page
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Table E.5 – continued from previous page

Object N nearby RV feature N Matching stars

of science stars [km.s´1] matches within our sample

-14.17˘0.77 – –

78 Her 0 -17.60˘1.51 – –

HD 159082 0 -23.35˘2.33 – –

HD 1591 0 -29.32˘0.79 – –

gam Oph 0 -30.67˘1.08 – –

zet CrA 0 -25.23˘2.32 – –

rho Tel 0 -22.75˘0.79 – –

alf CrA 0 -23.50˘1.12 – –

eta Tel 1 -22.94˘2.30 1 HD 181327

HD181327 1 -22.94˘2.29 1 eta Tel

5 Vul 0 -29.80˘2.30 – –

-20.65˘2.30 – –

rho Aql 0 -15.32˘0.78 – –

HD 192758 1 -20.51˘1.50 0 –

phi01 Pav 0 -18.47˘1.53 – –

3 Peg 0 -14.55˘1.13 – –

-8.95˘1.16 – –

del Scl 0 -2.36˘2.30 – –

6.78˘2.30 – –

E.6 Summary and final results
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E.6. SUMMARY AND FINAL RESULTS

Table E.6: Summary of all the analysis performed and conclusions for the origin of the features. This
Table shows the science object, its radial velocity (when available), the radial velocity of each absorption
feature, whether the radial velocity of the feature matches with: the radial velocity of the star, a known
cloud in the line of sight of the star, a feature in a reference star found in the ESO archive, a feature in
another star of our own sample. Finally, a verdict on the most likely origin of the feature. A match is
indicated with a X, a non match with an 7, and “–” when no information is available.

Object RV star RV feature Match Match Match Match Origin

of science [km.s´1] [km.s´1] RV star Cloud reference within sample

HD 225200 18.4 -0.08 7 X – – ISM

lam01 Phe -2.0 1.76 X X – – ISM

6.73 7 7 – – ISM

HD 3670 8.92 2.38 7 X – – ISM

19.55 7 X – – ISM

HD 10472 12.41 4.65 X X – – ISM

gam Tri 9.9 16.31 7 X – 7 ISM

HD 287850 – 4.54 – 7 – X ISM

13.05 – 7 – X ISM

20.96 – X – X ISM

29.66 – X – X ISM

HD 287854 – 14.47 – X – X ISM

23.42 – X – X ISM

HD 35625 – 10.32 – 7 X X ISM

18.91 – X X X ISM

HD 46190 – 19.76 – X – – ISM

HD 50571 26.69 17.11 7 X – – ISM

bet CMi 22.0 19.82 X X – – ISM

HD 60995 29.0 22.33 X X – X ISM

31.31 X 7 – X ISM

30 Mon 10.0 15.17 7 X – – ISM

HD 71722 30.2 4.50 7 X – X ISM

Continued on next page
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Table E.6 – continued from previous page

Object RV star RV feature Match Match Match Match Origin

of science [km.s´1] [km.s´1] RV star Cloud reference within sample

13.64 7 X – X ISM

HD 74374 16.51 11.79 X X – X ISM

18.27 X X – X ISM

HD 79108 22.6 9.07 7 X – 7 ISM

HD 88215 23.6 18.52 7 X – – ISM

HD 93738 4.0 7.01 X 7 – X ISM

16.21 7 7 – X ISM

HD 98363 9.6 3.89 X 7 X – ISM

10.05 X 7 X – ISM

16.37 7 7 X – ISM

HD 101088 19.7 -4.65 7 X X X ISM

6.78 7 7 X X ISM

bet Leo -0.2 2.21 X X 7 – ISM

13.64 7 7 7 – ISM

HD 103234 13.36 0.59 7 7 X X ISM

10.73 X 7 X X ISM

HD 103266 -7.5 -9.11 X 7 X – ISM

3.92 7 7 X – ISM

HD 103703 16.01 -9.20 7 X X X ISM

-1.75 7 7 X X ISM

4.81 7 7 X X ISM

HD 104231 13.51 1.40 7 X X X ISM

HD 104600 7.6 5.96 X 7 7 X ISM

HD 105613 7.4 -7.65 7 X X X ISM

3.54 X 7 X X ISM

HD 105857 7.2 -9.80 7 X X X ISM

Continued on next page
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Table E.6 – continued from previous page

Object RV star RV feature Match Match Match Match Origin

of science [km.s´1] [km.s´1] RV star Cloud reference within sample

-0.60 7 7 X X ISM

6.74 X 7 X X ISM

HD 105912 0.40 -2.17 X X – – ISM

HD 106797 21.0 -3.53 7 X X X ISM

4.31 7 7 X X ISM

10.39 7 7 X X ISM

HD 107301 -8.3 -5.52 X X X X ISM

1.71 7 7 X X ISM

6.89 7 7 X X ISM

HD 107649 6.1 -20.79 7 7 X – ISM

-3.21 X X X – ISM

3.38 X 7 X – ISM

HD 107947 7.9 0.74 7 7 X – ISM

8.62 X 7 X – ISM

HD 108904 12.45 -6.47 7 7 – X ISM

-0.24 7 7 – X ISM

6.93 7 7 – X ISM

eta Crv 0.69 -9.43 7 7 – – ISM

-1.12 X X – – ISM

34.43 7 7 – – ISM

f Vir -6.0 -6.94 X X – – ISM

V MO Hya -18.1 -9.10 X X – – ISM

-1.00 7 X – – ISM

HD 112383 6.6 -8.52 7 X X 7 ISM

HD 113457 15.0 -9.59 7 X – – ISM

2.50 7 7 – – ISM

Continued on next page
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Table E.6 – continued from previous page

Object RV star RV feature Match Match Match Match Origin

of science [km.s´1] [km.s´1] RV star Cloud reference within sample

HD 113556 12.75 -14.15 7 X – 7 ISM

-5.81 7 7 – 7 ISM

2.42 7 7 – 7 ISM

HD 113902 22.0 -13.64 7 X X – ISM

-3.17 7 7 X – ISM

iot Cen 0.1 -18.37 7 X – – ISM

HD 117484 2.0 -8.06 7 7 – X ISM

6.94 X 7 – X ISM

HD 117665 1.5 -8.65 7 7 X X ISM

1.97 X 7 X X ISM

HD 118379 6.1 -17.84 7 X X – ISM

-2.66 X 7 X – ISM

HD 118588 1.2 -8.34 7 7 X X ISM

HD 122705 6.6 -12.32 7 7 X 7 ISM

-0.98 7 7 X 7 ISM

HD 124619 6.9 -10.37 7 7 X – ISM

-3.17 7 7 X – ISM

HD 127750 4.4 -20.65 7 X – 7 ISM

-13.79 7 7 – 7 ISM

-4.65 7 7 – 7 ISM

HD 128207 2.0 -22.89 7 X – X ISM

-12.19 7 X – X ISM

-4.39 7 7 – X ISM

HD 131835 0.5 -29.80 7 X – X ISM

-16.08 7 X – X ISM

HD 132238 15.0 -27.30 7 7 – X ISM
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Table E.6 – continued from previous page

Object RV star RV feature Match Match Match Match Origin

of science [km.s´1] [km.s´1] RV star Cloud reference within sample

-21.09 7 X – X ISM

-15.92 7 X – X ISM

-11.78 7 7 – X ISM

HD 134888 2.95 -25.16 7 7 X – ISM

-15.13 7 7 X – ISM

HD 135454 1.4 -22.94 7 X – – ISM

HD 136246 -2.7 -26.28 7 X – – ISM

-17.83 7 X – – ISM

HD 136482 -0.2 -27.99 7 X X 7 ISM

-19.20 7 X X X ISM

-8.95 7 7 X X ISM

HD 137015 3.2 -7.37 7 7 – X ISM

HD 137119 -0.7 -14.55 7 7 X X ISM

-7.03 7 7 X X ISM

tet CrB -25.7 -17.61 7 X – – ISM

HD 138813 -2.54 -27.51 7 X – – ISM

-16.08 7 X – – ISM

HD 138923 -3.6 -29.80 7 X X X ISM

-22.94 7 X X X ISM

-13.80 7 7 X X ISM

HD 138965 -2.0 -18.37 7 X – – ISM

-11.51 7 7 – – ISM

HD 140840 – -22.94 – X – X ISM

-13.80 7 7 – X ISM

-4.65 X 7 – X ISM

HD 141011 0.2 -21.78 7 X – 7 ISM
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Table E.6 – continued from previous page

Object RV star RV feature Match Match Match Match Origin

of science [km.s´1] [km.s´1] RV star Cloud reference within sample

HD 142446 -1.9 -23.08 7 X X X ISM

-12.16 7 7 X X ISM

HD 144587 0.0 -28.77 7 X X – ISM

-20.57 7 7 X – ISM

-7.83 X 7 X – ISM

HD 145880 -1.8 -19.40 7 X X 7 ISM

HD 145689 -9.0 -11.51 X X – – ISM

HD 146606 -3.43 -27.51 7 X – 7 ISM

-20.65 7 7 – 7 ISM

HD 146897 -1.6 -29.30 7 X X X ISM

-8.51 7 7 X X ISM

HD 148657 -2.7 -22.24 7 7 – – ISM

-1.60 X 7 X – ISM

HD 151109 -2.9 -25.23 7 X X – ISM

-16.08 7 7 X – ISM

-2.36 X 7 X – ISM

HD 153053 -20.2 -24.59 X X – – ISM

-14.17 7 7 – – ISM

78 Her -25.7 -17.60 X X – – ISM

HD 159082 -11.8 -23.35 7 X – – ISM

HD 1591 -26.0 -29.32 X X – – ISM

gam Oph -7.6 -30.67 7 X – – ISM

zet CrA -13.0 -25.23 7 X 7 – ISM

rho Tel 0.3 -22.75 7 7 – – ISM

alf CrA -18.4 -23.50 X X – – ISM

eta Tel 13.0 -22.94 7 7 – X ISM

Continued on next page

312



E.6. SUMMARY AND FINAL RESULTS

Table E.6 – continued from previous page

Object RV star RV feature Match Match Match Match Origin

of science [km.s´1] [km.s´1] RV star Cloud reference within sample

HD 181327 -0.25 -22.94 7 7 – X ISM

5 Vul -21.2 -29.80 7 X – – ISM

-20.65 X X – – ISM

rho Aql -23.0 -15.32 7 X – – ISM

HD 192758 -14.36 -20.51 X X – 7 ISM

phi01 Pav -20.0 -18.47 X X – – ISM

3 Peg 3.0 -14.55 7 7 – – ISM

-8.95 7 7 – – ISM
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