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Abstract

The young moving groups are collections of nearby (<200 pc), young (5-150 Myr) pre-
main sequence stars; these stars offer us one of the best opportunities to characterise
stellar multiplicity, sub-stellar phenomena, disc evolution and planet formation.

Here we present results from a series of multiplicity studies aimed at producing com-
prehensive multiplicity statistics of the young moving groups. The aim was to compare
the derived statistics of the young moving groups to other populations in order to in-
vestigate whether the abundance and properties of multiple systems are environment-
independent.

We have combined high-resolution spectroscopy, AO-imaging and direct imaging to
identify and characterise multiple systems across a huge range of orbital periods (1-
1010 day). The observational techniques also allow us to constrain the abundance of
multiple systems in these populations by calculating detection limits.

We found many similarities (frequency of spectroscopic binaries; frequency, mass-ratio
and physical separation of visual binaries) between the young moving groups and both
younger and older regions, for multiple systems with physical separations smaller than
1000 au. We did, however, identify a significant number of new wide (>1000 au) com-
panions. We reconciled the apparent excess of wide binary systems, when compared
to the field population, by arguing that the wide systems are weakly bound and most
likely decaying. By comparing the multiplicity statistics in one particular moving group
we showed that the dynamical evolution of non-hierarchical protostars could lead to the
population of wide binaries we can observe today.

Our results indicate that the majority of low-mass stars form in small groups with 3 or
4 components that undergo significant dynamical evolution. The multiplicity properties
of the young nearby moving groups are statistically similar to many other populations,
supporting the environment-independent formation of multiple systems.
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Chapter 1

Introduction

What can the study of stellar multiplicity tell us about how stars form? In a way stars,

and stellar multiple systems, are fossils of the star formation process. In the same way

that fossils need to form and be found, cleaned and analysed, so do single and multiple

stars in a population. It is very important to appreciate that the stars we observe today

may have evolved significantly from the time of their birth, similar to the aged fossils

hidden on Earth.

Forming them: First of all stars need to form from the vast clouds of dust and gas

that make up the interstellar medium. Finding them: Once the stars have formed, they

need to be observed and linked to a certain population by their colour, magnitude,

spectroscopic features and kinematics. Given that many multiple systems are in fact

unresolved (due to the pixel scale of instrumentation), finding them is not as straight

forward as it may first appear. However, the dedicated study of their variation in colour,

brightness and position, sometimes over years, decades and centuries, allows us to

confirm their origin and multiple system structure. Cleaning the data: Astronomical

data does not have infinite precision, and therefore we are always limited by the instru-

ments we use to observe the stars. Additionally, the majority of observational facilities

are ground-based, which adds its own atmospheric signature to the data we collect.

We reduce the data to the best of our abilities and look for bound companions but be-

low a certain threshold (defined by the physical separation and companion mass), we

12
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have no further knowledge. Therefore our knowledge of the multiple system structure

is always an approximation of true physical structure. Analysing them: With this pop-

ulation of identified stars and stellar multiple systems we then try to understand what

processes could form such a population. The main caveat is that what we observe

today is not necessarily the direct outcome of star formation. There are many physical

processes that can alter the multiplicity properties of a population; it is by no means

constant. Our analyses must factor in these processes before we conclude on the

formation of these objects.

In this section we1 hope to summarise the four steps outlined above for the targets

that are the main focus of this thesis, multiple systems in the young moving groups.

The brief outline of theoretical works regarding the formation and evolution of multiple

systems is by no means comprehensive. It, rather, acts to introduce the basic mecha-

nisms, physical scales and potential outcomes of the different processes.

1.1 From cores to stars

The formation of a star involves a huge transformation of scale: from a cloud of density

ρ ∼10−20 g cm−3 transforming eventually to a star of ρ ∼1 g cm−3, in the case of our

Sun (Schulz, 2005). There is a very complex interplay of physical processes that are

involved in this transformation, and our understanding of star formation is still very

much in progress. One of the outstanding problems is the formation of binary/multiple

systems. The mechanisms involved in the formation and evolution of such systems are

discussed below.
1Throughout this thesis the plural form is used for stylistic reasons. However, the written text is

solely the author’s and the work presented has been lead by the author, in collaboration with the listed
co-authors of each chapter.
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1.1.1 Formation of primordial multiple systems

It is generally accepted that almost 50% of low-mass stars are in multiple systems

(Duquennoy and Mayor, 1991; Raghavan et al., 2010; Tokovinin, 2014a,b), and this

rate of multiplicity is likely even higher at younger ages [Tobin et al., 2016; Chen et al.,

2013, Chapter 5]; therefore, we need to understand how these system can form.

The formation of these systems requires fragmentation of the collapsing cloud. These

modes can be divided into two types: prompt fragmentation (Boss, 1986) and disc

fragmentation (Bonnell and Bate, 1994; Stamatellos and Whitworth, 2009). Prompt

fragmentation refers to fragmentation of the collapsing cloud core due to local over-

densities (Burkert and Bodenheimer, 1993; Padoan and Nordlund, 2002, 2004; Offner

et al., 2010). The typical physical scales of this mode are ∼1000 au; however, the initial

separations between protostars can be significantly altered via migration. Disc frag-

mentation takes place in a star-disc system, whereby the disc fragments due to density

perturbations. Due to the spatial extent of the disc these companions are formed within

∼100 au (Bonnell and Bate, 1994; Hayfield et al., 2011; Zhu et al., 2012).

It is important to emphasise that the typical physical separations and masses of com-

panions can be, and most likely have been, altered significantly between the time of

their birth and the T-Tauri2 stage of evolution. This interplay of many physical processes

is extremely complex and is what leads to the somewhat stochastic nature of multiple

system formation.

Below we discuss the properties and evolution of close (.100 au) binary systems. Al-

though wide binary systems, formed via prompt fragmentation, are important, the prop-

erties of closer systems are more intimately linked because of their accretion history

(Bate, 2000; Zhao et al., 2013). Additionally, close companions have the most impact

on subsequent evolution, such as proto-planetary disc evolution and planet formation.
2Named after the star T Tau, this stage of evolution is when the star has emerged from its parental

cloud and is observable at visible wavelengths. The star can still be actively accreting although it has
gained almost all of its mass.
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1.2 The properties and evolution of close binaries

There are a number of potential formation channels for close binary systems. The

closest systems (<10 au) cannot form directly via either prompt or disc fragmentation.

The smallest separation a primordial binary system could have is ≈10 au, due to the

size of the first core (≈5 au, Larson, 1969; Vaytet et al., 2012). However, in all observed

T-Tauri and main sequence populations there are a significant number of binaries with

these separations. The components of these systems must have undergone significant

migration to be orbiting at such small separations. The processes responsible for this

migration can significantly alter the evolutionary paths of these systems, compared

to stars formed in isolation. Below we outline the formation and properties of close

binaries and the effect companions can have on subsequent disc evolution.

1.2.1 Formation channels and properties

As mentioned in Section 1.1.1, disc fragmentation is one way to form close binary

systems. The closest systems can then evolve from these initial separations via ac-

cretion, gravitational torques and dynamical interactions to closer separations (Bate

et al., 2002). For example, the dynamical interactions between 3 or more components

in an unstable configuration can form an inner binary with a bound tertiary component,

or even eject the tertiary component altogether (Reipurth and Mikkola, 2012). This is

discussed further in Chapter 5. If a bound system is formed this is also a formation

channel for wider multiple systems. Additionally, a stable binary can be perturbed by a

third body, another member of the star cluster. Through an exchange interaction, the

physical separation of the binary can decrease, thus forming a close a binary system.

The mass-ratios and system configurations formed through the different formation chan-

nels can also differ. For example, systems formed via accretion are more likely to be

equal mass (Bate, 2000), although more recent simulations including magnetic fields

by Zhao et al. (2013) found that this growth via accretion of the secondary was quite

severely suppressed. Binaries formed via dynamical interactions could be preferentially
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observed in triple system configurations (discussed further in Chapter 5). These pro-

cesses are taking place simultaneously, and therefore disentangling them observation-

ally is very difficult. However, these close binary systems should reflect the properties

of accretion much more closely than wider companions formed via prompt fragmenta-

tion.

1.2.2 Effect on subsequent disc evolution

There are two types of discs that can form in binary systems: circumstellar (around

one or both components of the system) and circumbinary (one disc around the binary

system). Below we consider the form and evolution of both types of discs and their

potential to form planets.

1.2.2.1 Circumbinary discs and planets

Circumbinary discs can be found in very close (.1 au) systems. One famous example

is the disc around the V4046 Sgr binary (0.04 au separation, 2.4 day period, Quast

et al., 2000). This is an actively accreting member of the β-Pictoris moving group with

a gaseous disc (Rodriguez et al., 2010). The main features of circumbinary discs from

theory are inner cavities with a radii ∼2–3 times the semi-major axis (Artymowicz and

Lubow, 1994) and density perturbations in discs, induced by the orbit of the binary

(Artymowicz and Lubow, 1996; de Val-Borro et al., 2011). These features are yet to

be observed in any significant number of systems, firstly due to the small number of

known circumbinary disc systems, and secondly because of the current resolution of

instruments. However, the Atacama Large Millimeter/submillimeter Array (ALMA)3 has

the power to resolve such features in the future with millimetre interferometric imaging.

The perturbations in the disc manifest themselves as asymmetries in the disc density

profile, creating spiral arm features. Ruge et al. (2015) showed that ALMA should be

able to resolve these features in close (<140 pc) face-on binary systems. Additionally,
3http://www.almaobservatory.org/en/home

http://www.almaobservatory.org/en/home
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this work showed that the eccentricity and mass-ratio of the system can significantly

alter the form of these disc perturbations. Density perturbations can also be induced via

other mechanisms such as planet-disc interactions (Gonzalez et al., 2012) and photo-

evaporation (Espaillat et al., 2012). Therefore, having a comprehensive understanding

of the effect of stellar companions is crucial for a full and comprehensive picture of

circumbinary evolution.

Although the protoplanetary disc may be significantly truncated in these systems, there

is emerging evidence that the frequency of circumbinary planets may not differ signif-

icantly from circumstellar planets. Doyle et al. (2011); Welsh et al. (2012) and Dupuy

et al. (2016) all reported circumbinary planet detections, with Welsh et al. (2012) claim-

ing a ∼1 % frequency of giant planets in circumbinary systems, although a comprehen-

sive statistical analysis is still missing.

1.2.2.2 Circumstellar discs and planets

Circumstellar discs are found around single stars and wider (>1 au) multiple systems.

One very interesting case is when the companion is in an orbit of comparable size to

the expected size of the protoplanetary disc. In these scenarios, one would expect

there should be significant interaction between the two; indeed, previous studies have

shown that protoplanetary disc evolution and planet formation in low-mass stars are

significantly altered by close companions (Holman and Wiegert, 1999; Jang-Condell

et al., 2007; Kraus et al., 2012; Harris et al., 2012).

Artymowicz and Lubow (1994) showed that the outer edge of a circumprimary disc

should be truncated at ≈1/3 of the semi-major of the binary, in a nearly circular orbit.

However, some works have argued that as long as this disc is replenished by the sur-

rounding envelope, that this may not be significant in the evolution of the disc (Bouvier

et al., 1997; Mathieu et al., 2000).

One very dramatic effect of a close companion is the disc dispersal timescale. There is

an increasing wealth of evidence that suggests that multiple systems with companions
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FIGURE 1.1: Binary separation versus disc frequency for binaries in the Taurus-Auriga
association (Kraus et al., 2012), used with permission.

<100 au disperse their primordial discs much faster than single stars (Kraus et al.,

2012; Daemgen et al., 2016). Figure 1.1 is taken from Kraus et al. (2012) and shows

the binary separation versus disc frequency for identified multiple systems and single

stars in the Taurus region: for systems with companions ≤40 au, 40-1000 au and single

stars the derived disc frequencies were 39+9
−7 %, 90+3

−8 % and 80+4
−6 %, respectively. They

suggest that close binary systems disperse their discs within .1 Myr after the end of

the envelope accretion.

The recent work of Rodriguez et al. (2015) studied the effect of multiplicity on debris

discs from an unbiased sample presented in Phillips et al. (2010). They found that

only 1/50 (2%) and 2/61 (3%) systems, with companions between 1-10 and 10-100 au

respectively, had dusty discs. For systems with companions between 1000-10,000 au

the fraction was 5/22 (23%), and comparable to that of single stars (≈20 %). These

results are, again, strong evidence for faster disc dispersal in close binary systems.

Faster disc dispersal in close binary systems could potentially result in a paucity of gi-

ant planets due to their formation timescale (although the time scale of gas giants could

be much shorter (<1 Myr) than previously thought Bitsch et al., 2015). Indeed there is
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some observational evidence that this is the case. Wang et al. (2015) showed that,

of a sample of giant planet-hosting stars, 0+5 % had companions <20 au, compared to

34±8% with companions 20-200 au and 12±2 % for a control sample. This suggests

that planet formation is heavily suppressed for separations <20 au, but could play a

significant role in the migration of the planets for separations between 20-200 au. How-

ever, Jang-Condell (2015) analysed a number of giant planet-hosting binary systems

with stellar companions orbiting at ≈10-20 au. She showed that even with truncated

discs these systems had stable enough conditions to form their planets either via core

accretion or disc instability.

The disc dispersal timescale also affects the spin evolution of a star, which is intimately

linked with its angular momentum evolution. Stars can interact with their accretion discs

through the so-called disc-locking mechanism, which prevents them from spinning up,

even though they are contracting towards the main-sequence (Bouvier et al., 1997;

Gallet and Bouvier, 2013). It must be said that a comprehensive model of angular

momentum evolution is extremely complex, and must include the effect of stellar winds

and internal processes, that can redistribute angular momentum in the stellar interior4.

However, considering disc-locking alone, systems with close companions should start

spinning up earlier than single stars, and should have faster rotational periods. Analysis

from the RACE-OC series of papers (Messina et al., 2010) has shown mixed results

so far when comparing spin rates of close binaries and wider companions in the young

β-Pictoris moving group (Messina et al., 2014, 2016). Statistical analysis on a larger

sample is underway.

1.3 Dynamics of multiple systems in a population

In the previous sections we have concentrated on the birth and evolution of multiple

systems, predominantly binaries, but we have not considered the effect of other cluster
4For a recent in-depth review of angular momentum evolution in low-mass stars and brown dwarfs

see Bouvier et al. (2014)
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members. As mentioned at the beginning of this introduction, the multiple systems

we observe today are not necessarily in the same configuration as when they were

formed. The dominant factor in shaping the properties of the entire populations of

stars we observe is N-body dynamics. As stars typically form in large clusters (Lada

and Lada, 2003), members formed from different cores are likely to interact to some

degree, depending on the spatial density of stars. These interactions can have a variety

of outcomes, from member ejection to the formation of hierarchical multiple systems.

Understanding the role of N-body dynamics in populations of single and multiple stars

is crucial. We need to be able to reverse engineer evolved populations to some extent,

in order to understand the likely primordial population that initially formed.

Generally speaking, binaries can be divided into two categories: hard and soft (Heggie,

1975; Hills, 1975). Hard binaries are very tightly bound and any encounter with a third

body is very unlikely to significantly perturb or destroy the system; soft binaries, on the

other hand, are more susceptible to perturbation or destruction from encounters. The

destruction of binaries depends on three main quantities: the energy of the binary, the

energy of the encounter and the rate of encounters (Reipurth et al., 2014). Therefore,

given an approximate calculation of the density of a region and its velocity dispersion,

one can calculate the hard-soft boundary and use this to define a pristine – free of

significant dynamical processing – parameter space of physical separations (Goodwin,

2010). However, the history of the region’s density is usually unknown, and this can

significantly shift the hard-soft boundary (Parker et al., 2009). That said, it is clear to

see that the companions orbiting at the largest separations are the most likely to be

disrupted and destroyed.

As well as being disrupted and destroyed by N-body dynamics, multiple systems can

also potentially be formed via gravitational capture (Kouwenhoven et al., 2010; Moeckel

and Bate, 2010). As the cluster dissolves two members can share extremely similar

velocities and form a bound system, and each of these two members could themselves

be binaries. This mechanism depends on the number of stars in the cluster and the

dispersion velocities.
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It is also important to reiterate that there can be significant dynamical interactions

between components in non-hierarchical primordial triple (or higher-order) systems

(Reipurth and Mikkola, 2012), as was mentioned previously in Section 1.2.1. This

mechanism can operate very early on in the fragmentation process (<0.1 Myr). How-

ever, observationally distinguishing between multiple systems formed via the different

formation channels is extremely challenging.

From this discussion of the physical processes associated with multiple system forma-

tion and destruction, it is easy to see that entire populations need to be studied in order

to make any firm conclusions. We therefore need to define a set of derivable properties

in order to describe multiplicity.

1.4 Statistics used in multiplicity studies

There are many ways to describe the multiplicity properties of a population. However,

there are some standard statistics and distributions that are used in many works (see

Duchêne and Kraus, 2013). These properties are referred to and discussed extensively

in the work presented here, and therefore deserve a clear definition and outline of their

advantages and disadvantages. The reader must keep in mind the limits in parame-

ter space that the properties describe: for example, a population can have different

multiplicity frequency ( MF ) values in different physical separation parameter spaces.

Where appropriate, the limits of the considered parameter spaces are shown as super-

and sub-script descriptions.

1.4.1 Common statistics

Arguably the most basic of the statistics used to describe a population’s multiplic-

ity properties are the multiplicity frequency (MF), the triple frequency (TF) and the

companion-star frequency (CSF) defined by:
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MF =
B + T + Qu + Qi + ...

S + B + T + Qu + Qi + ...
(1.1)

TF =
T

S + B + T + Qu + Qi + ...
(1.2)

CSF =
B + 2T + 3Qu + 4Qi + ...
S + B + T + Qu + Qi + ...

(1.3)

where S, B, T , Qu and Qi represent the number of single, binary, triple, quadruple and

quintuple systems, respectively.

In many previous works, and in much of the analysis presented here, the MF statistic

is used and analysed in more detail than the CSF. The MF is arguably the most ro-

bust multiplicity quantity as it is unaffected by newly resolved components leading to

higher-order multiplicity within a system. A system, whether it is a binary or a quintuple,

adds a 1 to both the numerator and denominator to the MF quantity. Equally, informa-

tion of higher-order systems is lost within the MF quantity. Therefore, given a high

level of detection completeness, the CSF offers more information about a population’s

multiplicity.

The TF statistic is a probe of higher-order multiplicity (specifically the frequency of triple

systems), and is somewhat of a halfway-house between the MF and the CSF statistics.

It is usually only used in imaging studies where the number of triple systems is small

but still worthy of comparison.

Better still is a hierarchical breakdown (HB) of the type of multiple systems i.e. the

relative frequency of binary, triple, quadruple systems in a population, defined by:

HB =
S : B : T : Qu : Qi : ...

S + B + T + Qu + Qi + ...
(1.4)

Strictly speaking, this not a statistic but, rather, a description of a population. It is

not commonly used in multiplicity works because it relies on a high level of detection
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completeness over a large parameter space which is hard to achieve. However, works

such as Raghavan et al. (2010); Kraus et al. (2011); Tokovinin (2014a,b) and Tobin

et al. (2016) have managed to derive this breakdown due to the extensive detection

completeness of their surveys.

1.4.2 Distributions

The common statistics described above only deal with the initial identification of multiple

systems within a population, but we however, want to characterise the properties of the

systems themselves. Below we outline the distributions that are used to conduct this

analysis.

1.4.2.1 Mass-ratio

The mass-ratio (q = Mb/Ma) distribution (f (q)) describes the distribution of mass in

each multiple system, over the entire population. A power law distribution (f (q) ∝ qγ) is

usually used to characterise this distribution. Masses of multiple system components

are usually model-based due to the timescale of significant orbital motion. However, the

mass-ratio quantity is fairly robust; the largest uncertainty comes from further potential

unresolved companions.

In higher-order systems the mass-ratio quantity can be defined in several ways, de-

pending on what the definition of the primary star is. For example, in a triple system

consisting of an inner binary and a wider, tertiary companion, the Ma quantity can ei-

ther be defined as the total mass of the inner binary or the mass of the more massive

component. In the analysis presented here, in order to maintain the mass-ratio quantity

between 0 and 1, the primary star is defined as the more massive component.
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1.4.2.2 Period and physical separation

As mentioned above, for the majority of multiple systems the timescale of significant

orbital motion is very large. This makes the determination of a system’s period (P) very

difficult, and therefore in most cases this quantity is approximated from the system’s

projected physical separation (a∗). The quantities are related by Kepler’s third law:

P =
√

a∗3/(Ma + Mb) (1.5)

where a∗ is the projected physical separation in astronomical units (au), Ma and Mb are

the masses of the components in the multiple system in solar masses (M�) and P the

period of the system in years.

The a∗ quantity is an estimation for the orbital semi-major axis (a). On a statistical

basis, this estimation should not have a significant effect on the physical separation

distributions derived in this work (Brandeker et al., 2006).

The physical separation distribution can be combined with the MF and CSF quantities

by normalising the distribution by the number of systems studied in the population. This

way a distinction can be made between a population with the same physical separation

distribution form but a higher or lower frequency within the entire studied sample.

1.4.2.3 Eccentricity

The eccentricity (e) of a system is only derivable with multiple observations of a system

showing significant orbital motion. For this reason, it is very difficult to produce eccen-

tricity distributions of an entire population of stars, especially when considering wider

multiple systems (a & 10 au, P & 30 yr). However, it is a very important distribution as

it can tell us about the formation, bound / unbound state and dynamical evolution of the

multiple system.
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The recent work of Tokovinin and Kiyaeva (2016) presented a statistical analysis of

the eccentricity distribution based on a comparison between the speed of the relative

orbital motion (µ) and the angle (γ) of the orbital motion relative to the vector joining the

components. This analysis showed that even for systems with long periods (P & 350 yr,

a & 50 au) it is possible to study the eccentricities statistically.

In the analysis presented in this work we do not produce eccentricity distributions as

there are too few systems with multi-epoch data that would make this quantity deriv-

able5. However, it is very important to note their importance, especially in older, higher-

order systems where dynamical mechanisms such as the Kozai-cycles with tidal friction

(KCTF, Eggleton and Kisseleva-Eggleton, 2006) mechanism can significantly alter or-

bital parameters.

1.5 State of the art of statistical multiplicity studies

In order to make robust conclusions using the statistics and distributions outlined above

we need to study large populations of stars. This allows us to reduce our statistical

uncertainties and probe the underlying distributions. Below, we outline the ideal prop-

erties of a stellar population for a primordial6 multiplicity study:

1. Volume-limited, large number of stars (ideally >1000 stars, for typical statistical

uncertainties <1 %).

2. Primary stars in the sample have approximately the same mass (in this thesis we

are concerned with solar-type stars – ≈0.2-2.0 M�).

3. The sample is comprised of stars that have experienced the same environmental

effects.
5GAIA (Lindegren et al., 2008) is expected to resolve many binary systems with angular separations

>1-2 mas and produce full orbital solutions.
6Primordial refers to the components of a system that formed at the same birth site as opposed to

dynamically captured components.
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TABLE 1.1: A summary of previous stellar multiplicity studies ordered by the age of the
region.

Region Age Dist. Ref. N Sep.
(Myr) (pc) (au)

Various 0.01-0.1 <500 Chen et al. (2013) 33 50-5000
Perseus 0.01-0.1 ≈250 Tobin et al. (2016) 94 15-10,000
Ophiuchus 0.3 ≈140 Ratzka et al. (2005) 158 17-830
Taurus 1-2 ≈140 Kraus et al. (2011) 117 3-5000
Taurus 1-2 ≈140 Leinert et al. (1993) 104 18-1820
ONC <1 450 Reipurth et al. (2007) 781 62-620
ONC <1 450 Kounkel et al. (2016) 129 100-1000
CrA 1-9 ≈130 Köhler et al. (2008) 49 17-774
Cha I 2 160 Lafrenière et al. (2008) 126 16-960
IC 348 2 320 Duchêne (1999) 66 32-2530
η-Cha 6-8 97 Brandeker et al. (2006) 17 5-1300
U Sco 11 145 Köhler et al. (2000) 118 19-870
The field ∼1000 ≤22 Duquennoy and Mayor (1991) 164 0.01-100,000
The field ∼1000 ≤25 Raghavan et al. (2010) 454 0.01-100,000
The field ∼1000 ≤67 Tokovinin (2014a,b) 4847 0.01-100,000

4. Young, dynamically pristine region, i.e., the components of multiple systems have

had little time to interact with both other components in the multiple system and

other members of the star-forming region.

5. Close to the Sun to allow the derivation of orbital parameters (most importantly

Ma, Mb, a, P and e) over a large parameter space (1–1010 day) and on the shortest

possible timescale.

In reality it is often not possible to have all of these properties in one population and

therefore one has to make compromises. In Table 1.1 we summarise recent multiplicity

works, focussed on solar-type stars.

Table 1.1 shows the various properties and limits of each survey and sample. For

example, the recent survey of Tobin et al. (2016) is the largest and most complete

multiplicity survey of Class 0 sources. Such surveys have only become possible very

recently due to the advent of large millimetre arrays (The Very Large Array (VLA),

ALMA) allowing for much higher resolution. However, this survey is still limited to a

relatively low number of objects (<100 in total) and to physical separations as small
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as 15 au. In contrast, the volume-limited sample of Tokovinin (2014a,b) studied 4847

targets in total, down to separations <0.01 au, making the statistics extremely robust.

However, the history of field objects is not well constrained and the overall population is

the result of many different clusters with different dynamical histories. There is always

some degree of compromise in the statistical studies, but our knowledge improves as

more and more data are collated and compared.

1.5.1 The current status of multiplicity for solar-type stars

Below, we outline the conclusions from previous statistical studies to date along with

some remaining open questions. These have been adapted from similar points pre-

sented in Duchêne and Kraus (2013), a review of multiplicity.

Conclusions:

• The overall multiplicity properties of a population are set at the pre-main sequence

stage or before.

• No single population has a thermal eccentricity distribution, f (e) = 2e.

• No single population has a mass-ratio distribution that is compatible with random

pairing from the initial mass function (IMF) distribution.

• There does not appear to be a firm upper limit on the separation of two compo-

nents in a multiple system, although extremely wide systems are rare.

Open questions:

• Are multiplicity properties universal, or do they depend on the native environ-

ment?

• How are spectroscopic binaries formed and what is the timescale for this forma-

tion?
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• How are extremely wide systems formed and what is their fate?

• What effect does multiplicity have on disc evolution and planet formation?

Even now, combining all previous statistical surveys, it is not possible to conclude with

certainty whether the multiplicity properties of a population are universal. This is due to

the compromises discussed previously in this section. In the work presented here we

hope to present a strong case for the universality of the overall multiplicity properties in

a population.

Most surveys (excluding the volume-limited surveys conducted for field objects) use

only one observing technique to study multiplicity in a specific region. However, multi-

plicity at the smallest scales (spectroscopic binaries, a < 1 au) is not necessarily iso-

lated from multiplicity at the largest scales (common proper motion pairs ≈100,000 au).

In fact, as discussed previously, they are most likely inherently linked.

The next section describes the origin, progress and current status of the young mov-

ing groups (the sample used in the analysis presented in this thesis). We outline the

advantages of multiplicity studies using these targets over previously studied young

star-forming regions.

1.6 The young moving groups

The young moving groups or young associations are groups of stars that share similar

3D motion but are not necessarily spatially clustered on the sky, due to their proximity

(typically <100 pc) and age (5-100 Myr). As Torres et al. (2008) highlighted, Orion

at 50 pc would cover almost the entire sky. Their age and proximity also mean that

they are no longer embedded in their natal cloud, unlike spatially-clustered younger

star-forming regions (Taurus, Orion), and they have drifted a significant difference from

their original birth site. This drift distance is important for the identification of very

wide binaries (see Chapter 4). All of these properties make them ideal for studies of

multiplicity, disc evolution and searching for planets.
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1.6.1 A brief history

In the late 1970s, and continuing through the 1980s, astronomers started to find so-

called isolated T-Tauri stars at high galactic latitudes: stars that did not seem to belong

to any nearby cloud complexes. Famous examples of such objects are TW-Hya (Her-

big, 1978) and V4046-Sgr (a double-lined spectroscopic binary) (Herbig, 1978; de La

Reza et al., 1986).

Amongst the first to report that these objects could be kinematically related, due to

their similar radial velocities, was de la Reza et al. (1989). Since then, this handful

of isolated T-Tauri stars has increased dramatically. In the 1990s the Pico dos Dias

survey (PDS) was conducted (Gregorio-Hetem et al., 1992; Torres et al., 1995). Can-

didates for spectroscopic follow up were reported from identifying optical counterparts

to sources in the Infrared Astronomical Satellite (IRAS) point source catalogue. How-

ever, this method only identified targets that are still embedded in material from their

parental cloud or have strong infrared excess from surrounding circumstellar material:

many pre-main sequence objects with ages >10 Myr have dissipated the majority of

their circumstellar material, and therefore do not show any strong emission at infrared

wavelengths.

The census of members dramatically increased with the seminal work of Torres et al.

(2006) presenting the Search for Associations Containing Young Stars (SACY) dataset.

Candidates were initially identified from a cross-match of X-ray sources7 (the ROSAT

all-sky survey, Voges et al., 1999) with optical sources (HIPPARCOS ESA, 1997, Tycho-

2 Høg et al., 2000). They were followed up with high resolution spectroscopy, similar

to candidates from the PDS. The spectroscopic observations provide signatures of

youth (lithium absorption, Hα emission) and the radial component of the targets’ motion.

Using the latter, combined with either a photometric distance or parallactic distance and

proper motion, one can calculate the 3D galactic velocity of the target (see Figure 5 of
7Walter (1986) was one of the first works to show so-called post T-Tauri stars have enhanced X-ray

activity.
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Torres et al., 2006). In this way, both the youth and kinematics of the objects are

studied, which helps to define which moving group8, if any, a young object belongs to.

There are now hundreds of bonafide members (Kastner et al., 1997; Zuckerman et al.,

2004; Torres et al., 2006, 2008; Malo et al., 2013; Murphy and Lawson, 2015) in several

distinct moving groups, see Figure 1.2 and Table 1.2.

1.6.2 Advancements in member identification

The methods to identify new members of the young moving groups have also devel-

oped significantly. A common theme is the initial identification of candidates from pho-

tometry (ultra-violet – Bianchi et al., 2011; visible – GSC, TYC, URAT1: Lasker et al.,

2008; Høg et al., 2000; Zacharias et al., 2015; near-infrared – 2MASS: Cutri et al.,

2003; mid-infrared – WISE Wright et al., 2010) and proper motion – NOMAD, PPMXL,

UCAC4: Zacharias et al., 2005; Roeser et al., 2010; Zacharias et al., 2012). These

are then followed up with spectroscopy to identify features consistent with youth and,

where possible, compute radial velocities.

One of biggest challenges now is to identify low-mass members of the young moving

groups. The initial methods used to identify young stars were very limited in the spectral

types of stars they could detect due to the sensitivities of the surveys. If the initial

mass function (IMF) of the young moving groups is similar in form (a power-law for

masses > 1 M� (α=-2.35, Salpeter, 1955) and a log-normal (µ=0.2 M�, σ=0.6 log(M�),

Chabrier, 2003) for masses smaller than 1 M�) to other star-forming regions then there

are still hundreds sub-stellar members missing.

Many authors have tried to find these missing members, utilising a whole host of avail-

able catalogues. In particular, many (>200) new late-type (≥M5) candidate members

have been identified in the BANYAN All-Sky Survey (BASS) catalogue (Gagné et al.,

2015). This survey combined the 2MASS and WISE catalogues with proper motion
8Quite often moving groups are referred to as loose associations or solely associations: these terms

are interchangeable in this work.
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TABLE 1.2: A summary of the young moving groups studied in this thesis

Ass. Ass. ID Age Age ref. Dist. No. of members
(Myr) (pc)

AB Dor ABD 100-150 2,7 49±29 110
Argus ARG 40-44 1,7 111±47 77
β-Pic BPC 21-26 1,3,4,7 43±20 73
Carina CAR 35-45 1,3,7 97±39 50
Columba COL 35-42 1,3,7 78±25 79
ε-Cha ECH 5-10 1,5,7 106±9 36
Octans OCT 30-40 1,6,7 111±42 63
Tuc-Hor THA 33-45 1,3,7 51±10 187
TW Hydrae TWA 10-12 1,3,7 56±14 27

References. 1: Torres et al. (2006), 2: da Silva et al. (2009), 3: Bell et al. (2015), 4: Binks and Jeffries
(2014), 5: Murphy et al. (2013), 6: Murphy and Lawson (2015), 7: Torres et al. in prep.

measurements, outside the plane of the galaxy (|b| > 15◦). High probability candidate

members were identified from this list using the statistical tool BANYAN II9 (Bayesian

Analysis for Nearby Young AssociatioNs), which computes membership probabilities

based on Bayesian inference. This is a very active area of research and there is a

steady stream of works identifying and characterising new very low-mass members.

For example, in April 2016 alone, there were 3 independent works with details of po-

tential new members (Weinberger et al., 2016; Kellogg et al., 2016; Schneider et al.,

2016).

Kraus et al. (2014) focussed on one specific young moving group, Tuc-Hor, and iden-

tified 129 new late-type (SpT = K3-M6) members. The number of bonafide members

before that study was 58, therefore significantly increasing the population. Again, the

initial candidates were selected from a combination of optical and near-infrared pho-

tometry and proper motions, and followed up with spectroscopy.

In part of the analysis presented in this thesis (Chapter 4), we have combined the

2MASS catalogue with proper motion catalogues to identify new members (the majority

of which are sub-stellar) around bonafide members. The advantage over many other

searches is that the initial candidates are only based on two properties: near-infrared

photometry (J, H, K ) and proper motion. Thanks to the completeness of the 2MASS
9http://www.astro.umontreal.ca/~gagne/banyanII.php

http://www.astro.umontreal.ca/~gagne/banyanII.php
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FIGURE 1.2: Spatial distribution of the bonafide and candidate member targets in 9
young moving groups. AB Doradus: red circles, Argus: blue stars, β-Pic moving group:
green triangles, Carina: purple crosses, Columba: orange circles, ε-Cha: red stars,

Octans: blue triangles, Tuc-Hor: green crosses and TW Hydrae: purple squares.

catalogue, this uncovers many new candidate members that would be missed if further

cross-matched with other catalogues. However, arguably, it could increase the number

of false-positives; this is explored in Chapter 4.

It is difficult and telescope-time consuming to identify and spectroscopically confirm a

significant number of these sub-stellar members; however, the community has made

a lot of progress in the last decade. A complete census of the young moving groups

would enable us to study their spatial structure which is inherently linked to their birth

and subsequent dynamical evolution. The precise astrometry from the GAIA mission

(Lindegren et al., 2008) will significantly improve this area.
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1.6.3 Why study multiplicity in the young moving groups?

The young moving groups are similar to the field population in the way that objects are

spatially scattered on the sky and at varying distances. The advantage over the field is

that the stars are members of well-defined groups, rather than field stars, whose history

is not well constrained. Additionally, these objects are ≈5-150 Myr in age which means

that the majority of low-mass stars are still contracting towards the main sequence.

This is a very important stage of evolution, including significant angular momentum

and disc evolution, see Section 1.2.2. Below, we further motivate using these stars to

study multiplicity.

1.6.3.1 Making use of existing data

As mentioned previously, the targets studied in this thesis are ideal for the search and

characterisation of circumstellar discs and planets due to their youth and proximity.

Owing to this, there is a huge amount of existing observational data on these targets.

For example, from previous AO-imaging campaigns searching for companions around

young stars, over 300 targets have existing AO-imaging data. We have used this exist-

ing data to calculate comprehensive detection limits for our targets. Additionally, given

the same instrumental limit in angular resolution, we are able to probe down to smaller

physical separations due to the proximity of the stars, compared to nearby (>100 pc)

star-forming regions.

As mentioned in the previous section, members of the young moving groups are usually

confirmed with spectroscopy and radial velocities. With multi-epoch spectroscopy we

are sensitive to both single-lined and multiple-lined spectroscopic binary systems. As

many authors are interested in spectroscopic characterisation of these objects there is

a wealth of multi-epoch data available to us. Additionally, throughout the course of this

degree the author has been awarded time to conduct further spectroscopic observa-

tions (see Appendix B). In total, over 360 targets have multi-epoch spectroscopy from

which we derived radial velocities and detection limits.
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1.6.3.2 The ability to probe for wide companions

Another advantage of the proximity of these targets is their projected motion on the

sky. For example, the average proper motion of the β-Pictoris moving group is µα∗,av. =

50 mas/yr, µδ,av. = -75 mas/yr. These high values allow us to search for wide compan-

ions with a small probability of objects in the field of view sharing the same photometric

and kinematic properties. This analysis is presented in Chapter 4. Aside from the

field, this is not possible in other star-forming regions due to their spatial density and

distance from Earth.

1.6.3.3 Dynamical masses in an unexplored age space

Given that the members of these groups are prime targets for exoplanet searches,

accurately determining their masses is crucial. That way we can reduce the uncer-

tainties on the inferred masses of the planets. Additionally, the age range covered by

our sample (5-150 Myr) is relatively unexplored in terms of direct comparisons between

model-based and direct masses. The majority of young regions with similar ages are

much further away than our sample (>150 pc), and therefore the timescale to obtain

full periods of resolvable binary systems is ∼50-100 yr.

We have identified a number of systems in our sample that have orbital periods <16 yr.

Similar to the analysis presented in Bonnefoy et al. (2009), we have started a series of

observations to obtain their orbital solutions (see Appendix B.7 for details). With these

solutions we can make comparisons to the masses predicted by evolutionary models

such as Baraffe et al. (2015).

1.7 The long-term nature of multiplicity studies

In the discussion above we have tried to motivate the importance of multiplicity in the

context of star formation and evolution. We have also discussed how the young moving
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groups can play an important role in improving our understanding of this topic. The

types of statistical studies embarked upon here are long term projects: this is due

to both the volume of data needed for the statistics and the time interval needed to

identify and confirm multiple systems. For this reason the work presented in this thesis

represents our first steps in terms of studying and understanding multiplicity in the

young moving groups. This project is very much ongoing and is being actively pursued

by the author and collaborators, as can be seen by a number of observation proposals

presented in Appendix B.

1.8 Thesis outline

The remainder of this thesis is divided into the following chapters:

Chapter 2 presents analysis of the abundance and properties of spectroscopic bina-

ries in the young moving groups based on multi-epoch high-resolution spectroscopic

observations of 250 targets in the young moving groups. These results are compared

with other regions and discussed in the context of universal star formation.

Chapter 3 examines the abundance and properties of visual binaries in the young mov-

ing groups based on AO-imaging data for 113 targets in the young moving groups. The

statistics and distributions of visual multiple systems in these young moving groups are

compared with other regions and discussed in the context of universal star formation.

Chapter 4 presents new stellar and sub-stellar candidate members of the young mov-

ing groups identified from a search for wide companions. The technique used to find

these companions is described and the candidates’ photometric and spectroscopic

properties are presented.

Chapter 5 focuses on the multiple system population in the β-Pictoris moving group.

Using detection limits from a combination of spectroscopy, AO-imaging and direct imag-

ing (the analyses presented in Chapters 2, 3, and 4) we present evidence for the signif-

icant role of higher-order multiple systems in the evolution of a population’s multiplicity.
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Overall conclusions from the work presented in this thesis and prospects for future

analysis are presented in Chapter 6.

Appendix A describes the methods used to handle the large dataset analysed in this

thesis. This includes the structure of the database and an example of the object-

orientated approach to data manipulation.

Appendix B is a collection of proposals that were awarded telescope time during the

course of this thesis (November 2012 to May 2016). The scientific rationales and im-

mediate objectives are presented in their original form.

Appendix C presents a brief summary of an observatory project that was carried out at

Paranal observatory in Chile (April to May 2014). The aim of the project was to produce

a code to calculate basic statistics of raw FLAMES (a fibre-fed optical spectrograph) ad

hoc.

Chapters 2, 3 and 4 have been published in Astronomy and Astrophysics (Elliott et al.,

2014, 2015, 2016), respectively. The full bibliographic information is stated at the be-

ginning of these chapters.

Chapter 5 has been accepted for publication in Monthly Notices of the Royal Astronom-

ical Society (Elliott and Bayo, 2016). The full bibliographic information is stated at the

beginning of the chapter.

Figure 1.3 presents the reader with a schematic of the observational techniques used in

this thesis and the focus of each chapter of analysis. The interferometric and speckle-

imaging parameter spaces are hatched, as most targets do not have detection limits in

this space. However, as highlighted by the future work annotation, this is ongoing (see

PIONIER proposal in Appendix B.6).
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FIGURE 1.3: Top panel: Period versus mass-ratio showing the approximate param-
eter space that each observational technique probes for a typical star in our sample,
adapted from Sana and Evans (2011). The parameter space and observational tech-
niques are annotated showing the division of analysis presented in this thesis. Bottom
panel: An example of detection limits derived in this work from the combination of
spectroscopy, AO-imaging and direct imaging techniques for a star (HD 27679) in our

sample. Red is 100% probability of companion detection, white 0%.



Chapter 2

Spectroscopic binaries in the young

moving groups

Parts of this chapter have been previously published as ‘Search for associations con-

taining young stars (SACY). V. Is multiplicity universal? Tight multiple systems’, Elliott,

P.; Bayo, A.; Melo, C. H. F.; Torres, C. A. O.; Sterzik, M.; Quast, G. R., 2014, A&A, 568,

A26. The work is presented here in expanded and updated form.

In this chapter we present analysis of the abundance and properties of spectroscopic

binaries in a sub-sample of targets in the young moving groups. We identified single-,

double- and triple-lined spectroscopic systems. We found no significant difference be-

tween the short period multiplicity fraction (MF) of this sub-sample and that of close

star-forming regions (≈1-2 Myr) and the field (MF≤10%). Our results are consistent

with the picture of universal star formation, when compared to the field and close

star-forming regions (SFRs). We also comment on the implications of the relation-

ship between increasing multiplicity frequency with the primary mass within the close

companion range in relation to star formation.

The chapter is organised as follows. Section 2.1 details the observations and data used

in this work. Section 2.2 describes the use of new radial velocity (RV) data to determine

38
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association membership and details the estimation of the mass distribution of the ob-

served sample. Section 2.3 describes the methods employed to find multiple systems

within our sample and the methods to account for biases. Section 2.4 presents the re-

sults and their significance in relation to star formation. In Section 2.5 the conclusions

of this work on multiplicity and future prospects are presented. Section 2.6 shows the

spectral type to effective temperature conversion. Section 2.7 notes individual sources.

Section 2.8 details the analysis of dubious spectroscopic multiple systems. Section 2.9

details of the individual RV values.

2.1 Observations and data

There were two main sources of high resolution spectroscopy available for analysis:

First, observations performed with the fibre-fed extended range optical spectrograph

(FEROS), a high resolution echelle spectrograph (λ/∆λ ∼50,000) at La Silla, Chile in

two distinct periods: between January 1999 and September 2002 at the 1.5m/ESO

telescope (ESO program ID: 67.C-0123) and after October 2002 at the 2.2m telescope

(ESO program IDs: 072.C-0393, 077.C-0138). These data were reduced and RV val-

ues were calculated for these targets as described in Torres et al. (2006). Out of the

total SACY sample used in this analysis, 127 sources have existing RV values from

FEROS data and multiplicity flags.

Second, observations performed with the ultraviolet and visual echelle spectrograph

(UVES) (λ/∆λ ∼40,000 with 1′′ slit) at Paranal, Chile with ESO program IDs: 088.C-

0506(A) & 089.C-0207(A) between October 2011 and September 2012. In these two

programs each source had three separate observations using the standard set-up, a

1′′ slit width, which covers the wavelength range 3250-6800 Å. The separation in time

between the acquisition of each epoch of data for one source ranges from 1 day to ∼
1 month; the simulations described in Section 2.3.2 help to characterize possible bias

from this time sampling.
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FIGURE 2.1: Average RV values determined in this work versus those from the liter-
ature, where values were available for comparison. Error bars represent the standard
deviation from the mean value for each source. If uncertainties were not quoted in
the literature, the average uncertainty from all other values, 0.90 km s−1, was used. If
only one data epoch was available, the overall standard deviation for the SACY targets,
0.89 km s−1, derived in this chapter was used to represent the uncertainty. Black rings
indicate identified multiple systems. A line representing a 1:1 relation has been drawn

for base comparison.

In addition, for each source, the UVES archive was queried to make use of all available

and public data on the SACY targets. All data were reduced using the UVES pipeline

recipe uves obs redchain with the command-line driven utility esorex (bias corrected,

dark current corrected, flat-fielded, wavelength-calibrated and extracted). This outputs

three individual spectra, (in the case of the standard set-up) one spectrum for each

CCD chip of the instrument: blue, red upper and red lower (BLUE 3250-4500 Å, REDU

4800-5800 Å, and REDL 5800-6800 Å, respectively).
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Association Ass. Dist. N. of N. of
ID (pc) Obj. SBs

AB Doradus ABD 34±26 53 5
Argus ARG 106±51 33 0
β-Pic BPC 31±21 29 4
Carina CAR 85±35 22 3
Columba COL 82±30 31 1
ε-Cha ECH 108±9 20 2
Octans OCT 141±34 13 1
Tuc-Hor THA 48±7 33 0
TW-Hydrae TWA 48±13 11 0

TABLE 2.1: Summary of the properties of the moving groups studied in this chapter.

In addition, the VizieR catalogue service was used to look for any existing RV values. A

comparison between the archival data and the values calculated in this work is shown in

Figure 2.1. The individual values from UVES, FEROS and archival sources is shown in

Table 2.4 with their respective uncertainties; the average uncertainty from the literature

is 0.9 km s−1.

2.2 Characterising the sample

2.2.1 Revising membership with new radial velocities

Accurately determined RV values are a key ingredient to the convergence method (Tor-

res et al., 2006) used to identify the young association members. The convergence

method uses the gamma (systemic) velocity; in the case of single stars, this is equal to

the RV. For multiple systems without orbital solutions, there are two cases, with multi-

component spectra (SB2/SB3) and without (SB1). For SB2/SB3 systems it is derived

from weighting the component RV values, according to their relative flux. For SB1 sys-

tems the mean RV value is used with its respective variability induced by further com-

ponents (certainty of membership for these systems is very difficult without an orbital

solution). For multiple systems with orbital solutions it is a known value. Therefore, the
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more accurate the RV values and, in the case of multiple systems, the greater phase

coverage observed, the more stringent the conditions for membership become.

The large number of RV values calculated in this work was used to revise and refine the

member list (da Silva et al., 2009). With this new data any targets that no longer had

a high probability of membership were removed from the overall analysis and statistics

of the associations (initial members and revised members are shown in Table 2.7).

However, as we have conducted useful analysis on these objects, details can be found

in Section 2.9.

2.2.2 Mass distribution

The mass distribution was constructed using effective temperatures from da Silva et al.

(2009). First, available effective temperatures were used directly with age estimates, as

given in Torres et al. (2006), to obtain a model-based mass using isochrones (Baraffe

et al., 1998, 2003; Siess et al., 2000), see Section 2.6. The different isochrones were

used depending on the temperature range. The median effective temperature for each

spectral subclass within each association was used to estimate a value for those targets

with a spectral type, as calculated by the method described in Torres et al. (2006),

but without an effective temperature value. Linear interpolation was used for those

spectral subclasses without any corresponding temperature values from da Silva et al.

(2009). In the case of Carina (CAR), effective temperature values for targets of spectral

type K3 and later were taken from median values of Tucana-Horologium (THA), which

are approximately the same age, and having a much larger population in this spectral

type range. Masses were then derived using effective temperatures and isochrones to

produce a mass distribution, a shown in Figure 2.2.

To validate this method we derived masses from a calculated bolometric luminosity

value using the VOSA tool (Bayo et al., 2008) by assuming a solar metallicity (Viana

Almeida et al., 2009) and log(g) between 3.5 and 5. This value is calculated from a

fit of the spectral energy distribution (SED). Some 78 sources had poor SED fits due

to a lack of available photometry and therefore could not be used any further. The
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FIGURE 2.2: Mass distribution of all targets used in this work calculated by using
available effective temperatures from da Silva et al. (2009) and derived masses us-
ing Baraffe et al. (2003) models < 0.6 M� – light blue, Baraffe et al. (1998) models
between masses 0.6-1.4 M� – dark blue, and Siess et al. (2000) models >1.4 M� –

green. The grey represents multiple system primary masses.

calibration of the bolometric luminosity is also based on the distance, which is the

largest source of uncertainty. This uncertainty combined with the photometric error

count yields a further 65 sources (from ≈250) with an error in bolometric luminosity

>20% of the calculated value. For the remaining sources, we derived the masses

with the bolometric luminosity value using the isochrones. The standard deviation in

masses derived from the two different methods was 0.07 M�. This is a very small and

acceptable difference in our model-based masses.

The mass distribution calculated from the effective temperatures was used in this work,

as opposed to that calculated from the bolometric luminosity, as it represents our sam-

ple more fully.
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FIGURE 2.3: Resulting CCF profiles from three different sources. Left Panel: HD 45270
with no significant variation in RV and standard deviation < 0.05 km s−1 (data epochs:
2007-05-08, 2008-12-05, 2010-09-26). Central Panel: HD 104467 a SB1 candidate
with significant variation in RV and std dev. > 2.70 km s−1 (data epochs: 2009-03-16,
2010-05-26, 2012-02-24, 2012-03-07). Right Panel: HD 155177 a SB2 system, as
shown by two clear peaks and temporal movement (data epochs: 2007-04-19, 2012-

05-09).

2.3 Identifying multiple systems

To determine the RV values, we computed cross-correlation functions (CCFs) for all

reduced spectra with a signal-to-noise ratio greater than 10. To compute the CCF, the

observed spectrum is convolved with a CORAVEL-type numerical mask, as described

in Queloz (1995). The shape of the CCF function is approximated by a Gaussian profile

and, in cases of fast rotation, the Gray rotational profile (Gray, 1976). The RV is the

peak of this profile to which the barycentric correction is applied.

For the sake of homogeneity, all CCFs quoted in this paper have been calculated using

a K0 mask, including those without a literature spectral type determination. Double-

lined spectroscopic systems (SB2s) –and in rare cases, triple-lined spectroscopic sys-

tems (SB3s) – are identified visually, displaying two distinct peaks in the outputted CCF.

For systems with indications of multiplicity in the CCF profiles, such as two apparently

merged components, further analysis was conducted, the details of which can be found

in Section 2.8. Examples of the CCF output for these systems and that of a system

with no indication of multiplicity are shown in Figure 2.3.
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FIGURE 2.4: The standard deviation in RV values for SACY sources, excluding known
SB2 systems, as a function of V magnitude. UVES and FEROS values – blue dots and
UVES, FEROS and archival data – red circles. The variables, 1 σs and 3 σs, represent
one standard deviation and three standard deviations respectively, for both UVES and
FEROS data. The shaded area contains SB1 candidate multiple systems. The variable

3 σa, represents three standard deviations including archival data.

Single-lined spectroscopic systems (SB1s) are identified through significant RV varia-

tions between different data epochs; the results are shown in Figure 2.4. The shaded

area contains all the SB1 candidates; these candidates have significant RV variations;

above 3 σs (2.70 km s−1), or three standard deviations for the entire dataset. The value

of three standard deviations, 3 σa, including archival data is also shown for compari-

son. All candidates above 3 σs were investigated further, details can be found in Sec-

tion 2.7.1.
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2.3.1 Sources of uncertainty

The uncertainty in the RV values is calculated from equation (9) of Baranne et al.

(1996):

σmeas. =
C(Teff)

D × S/N
(1 + 0.2ω)

3
km s−1, (2.1)

where C(Teff) is a constant that depends on both the spectral type of the star and the

mask used, which is typically 0.04, ω is the (noiseless) FWHM (km s−1) of the CCF, D

is its (noiseless) relative depth, and S/N is the mean signal-to-noise ratio.

This produces a value, which is the internal uncertainty for the measurement of the RV

using this CCF method. Due to the very high signal-to-noise ratio in our data (average

∼ 100), the contribution of this internal uncertainty is almost negligible. Although the

value of C(Teff) is a function of the Teff and the mask used to compute the variation

in the temperature range 4000-6000 K, it only changes the value of C(Teff) by ≈0.01.

When this variation is propagated across the Teff, the output range is not significantly

affected. Values are shown in Table 2.6, these typical values of the uncertainty are

∼0.01 km s−1. However, the stars in our study are often variable, and this can induce

deformities into the CCF (Lagrange et al., 2013) in which this calculation of uncertainty

does not account for; it assumes a symmetric CCF profile, and thus, the uncertainty is

underestimated in the majority of cases.

A more empirical approach to gauging the level of uncertainty in the measurements is

to use the standard deviation of the RV values, as shown in Figure 2.4. This is an a pos-

teriori approach, assuming a very small percentage of our candidates are in multiple

systems, and that this overall distribution is mainly representing single systems. Pre-

vious research in SFRs concerning short period multiplicity of T-Tauri stars has shown

that single systems are by far the most abundant 90+% (Melo, 2003; Nguyen et al.,

2012) and have used such distributions to estimate empirical uncertainties. The one

sigma level in RV variation for all targets with more than one data epoch (excluding

known SB2 systems) is 0.89 km s−1, as seen in Figure 2.4.
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2.3.2 Accounting for biases

A huge advantage of the SACY dataset is the way in which the sample was compiled

from optical counterparts to X-ray sources from the ROSAT all-sky survey. X-ray emis-

sion can originate in protostars∼ 104−105 yr (Koyama et al., 1996) to post T-Tauri stars

∼10 Myr (Walter et al., 1988). In terms of mass this is from sub-stellar (Neuhäuser

et al., 1999) to intermediate-mass Herbig Ae/Be stars (Zinnecker and Preibisch, 1994).

On this basis, our sample should be relatively free of significant bias for ages and

primary masses (∼5-150 Myr and 0.5-3.0 M�). However, the sample is not bias-free

regarding the characteristics of the secondary components and orbital parameters.

To estimate the completeness of this work, given the sparse and irregular time sam-

pling, in terms of our sensitivity in observing binary systems, probability-detection den-

sity maps were created using a set of synthetic binary systems, as described in Section

6.1 of Duquennoy and Mayor (1991) and outlined further below. The primary masses

used in these simulations are the mean values of mass bins containing equal numbers

of targets (0.6, 0.9 and 1.2 M�: 85 targets) taken from the overall mass distribution

of the sample, which includes all targets with cross-correlation results not previously

identified as SB2 systems.

For each primary mass, a density map as a function of the secondary mass (M2) and

the period (P) of the binary system was constructed. A set of binary systems are gen-

erated in this space (M2/M1: 0.1 to 1, P: 1 to 1000 day) following certain distributions.

The parameters phase at time t=0 (φt=0), longitude of the ascending mode (ω) and the

inclination (i), are randomly drawn from uniform distributions within their respective nu-

merical ranges. The eccentricity (e) values depend on the period of the binary system

as follows:

• P < 8 day, e ≡ 0

• P ≤ 8 < 1000 day, e is randomly drawn from a normal distribution centred at 0.33

with a standard deviation of 0.03 (Mayor and Mermilliod, 1984).
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FIGURE 2.5: Probability density maps in (M2, P) space for three different primary mass
stars, 0.60, 0.90, and 1.20 M�, periods, P, range from 1-1000 day, and secondary
masses, M2, from 0.1 M1 −M1. Probabilities: < 5% – black, 5-39%, 40-59%, 60-74%,

75-90% and > 90% – white.

The semi-amplitude (K ) and thus the RV were then calculated through equations (14)

and (17) from Halbwachs (2001) using our physical set of data epochs to input the time

(t) into the equations. For each object, a set of RVs is produced, and from this, the

standard deviation from the mean is calculated. If this calculated value is above the

standard deviation of our physical, observed data the system is said to be observed;

this process is then repeated N times for each (M2, P) point.

For this range Figure 2.5 shows that the effect of the primary mass of the binary system

has little effect on the sensitivity to observe the secondary. For all three primary masses

considering a secondary component of 0.1 M�, orbital periods of 30 day and 100 day

have a >75% and >60% probability, respectively, of being detected within our dataset.

2.4 Results and discussion

The individual targets classified as multiple systems are shown in Table 2.2, which are

identified either as SB1, SB2 or SB3. We then calculated the multiplicity frequency

(MF) for our sample.

We use the multiplicity frequency, as opposed to the companion star frequency ( CSF )

because the multiplicity frequency is more robust against unobserved higher order
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TABLE 2.2: A summary of the basic properties of targets classified as spectroscopic
binaries.

ID Mass SpT Ass. Flag
(M�)

GSC 09420-00948 0.6 M0 ECH SB1a

HD 104467 1.9 G3 ECH SB1a

V1005 Ori 0.7 M0 BPC SB1b

HD 59169 1.1 G7 ABD SB1a

PX Vir 0.9 K1 ABD SB1b

CD-27 11535 1.0 K5 BPC SB1a,b

AK Pic 1.2 G2 ABD SB1b

GSC 08077-01788 0.6 M0 COL SB1a,b

1RXS J195602.8-320720 0.3 M4 BPC SB2a

V4046-Sgr 1.1 K6 BPC SB2
HD 155177 1.5 F5 OCT SB2a

BD-20 951 1.0 K1 CAR SB2
HD 309751 1.1 G5 CAR SB2
TWA 20∗ 0.4 M3 TWA SB2
CD-423328 1.0 K1 CAR SB2b,c

HD 217379 0.6 K7 ABD SB3
HD 33999 1.3 F8 ABD SB3

Notes. (∗) No longer classified as a member of TWA with new RV data.(a) System has not been
previously identified in related SACY work or literature.(b) Targets classified based on variation
from literature RV values. (c) Details of the technique to classify this target are described in
Section 2.8.

components (Hubber and Whitworth, 2005), whether a multiple system is a binary or

a triple system the overall value of MF would not be affected. Additionally, given we

are only probing SB systems in this part of the analysis the number of higher-order

spectroscopic multiple systems is extremely low (<10 %).

2.4.0.1 Multiplicity frequency as a function of age

The SACY sample has age determinations calculated in a number of works (Torres

et al., 2008; Binks and Jeffries, 2014; Bell et al., 2015), as shown in Table 1.2. There

are significant uncertainties for these determinations and different works derive quite
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different values in some cases (such as AB Dor 100-150 Myr). However, the relative

ages between the associations are less affected and, therefore, are more robust quan-

tities. In other words, it is known that TW-Hydrae is younger than Tucana-Horologium,

irrespective of their absolute ages, as seen in da Silva et al. (2009), Figure 3.

If there was a significant relationship between multiplicity and age (between ages ∼5-

100 Myr) we could observe it. However, as shown in Figure 2.6, we see no such trend,

merely scatter across the age range. These results also agree with data from young

clusters, Tau-Aur and Cha I with ages 1 Myr and 2 Myr, respectively (Luhman, 2004). In

addition to this when considering results from the field within the orbital period range (1-

200 day), the frequency, 0.073+0.014
−0.012, is indistinguishable (Duquennoy and Mayor, 1991;

Nguyen et al., 2012).

These results can be explained by the minimal N-body dynamical processing for sys-

tems with small physical separations (<5 au). Such systems are essentially never de-

stroyed (Parker et al., 2009), and if we assume similar numbers of multiple systems are

created from population to population initially, we would not expect to see any signifi-

cant evolution of their abundance.

2.4.0.2 Multiplicity frequency as a function of mass (< 3 M�)

To compare our results in terms of primary mass to previous work, we must define a

consistent period and secondary mass range and apply the same correctional tech-

niques. Nguyen et al. (2012) studied the range Pmin=1, Pmax=200 day and M2,min=0.08,

M2,max=0.6 M�. The properties of the synthetic binaries used in their simulations are

taken from a typical T-Tauri star in their sample; however we have calculated detection

probabilities using three primary masses (0.6, 0.9 and 1.2 M�) in this analysis.

We can estimate the probability that the multiple system will be in this P and M2 range

from each primary mass M1 using Bayes’ theorem (Bayes and Price, 1763):

PM1(m, p) =

∑M2,max
m=M2,min

∑Pmax
p=Pmin

M(m, p)D(m, p)∑
m

∑
pM(m, p)D(m, p)

, (2.2)
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FIGURE 2.6: The frequency of spectroscopic multiple systems from the overall ob-
served sample as a function of age for each of the SACY associations, which are
individually labelled. UVES and FEROS data – red, UVES, FEROS and archival data
– white, and data from Nguyen et al. (2012) – yellow. Uncertainties were derived from
low-number statistics using Equation (A3) from Burgasser et al. (2003). A line repre-

senting a 7% frequency is shown.

whereM(m, p) is the prior distribution. In this case the most ignorant prior distribution

is used, M(m, p) = 1, and D(m, p) is the likelihood function from our probability of

detection simulations.

We compute the probability for each of our primary masses and use the mean de-

tectability probability to compute a corrected frequency, as below:

MFcorrec =
MFobs × PM1(m, p)

1
N

∑M2,max
m=M2,min

∑Pmax
p=Pmin

D(m, p)
, (2.3)

where MFcorrec is the corrected frequency, MFobs is the observed frequency, and N is

the number of separate detection probabilities from the simulations.
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The results of these corrected frequencies are shown in Figure 2.7, along with data

from Nguyen et al. (2012). Our mass bins contain equal numbers of targets (85) to

eliminate any bias from the frequency of objects in a certain mass range. The results

are fully compatible, and the spread in the value of MFcorrec including the uncertainties

is only 7% across the mass range (≈0.2–2.0 M�). Additionally, we compared this value

to the processed field population and again, find compatible values (≈10%, Raghavan

et al., 2010; Tokovinin, 2014b). This result also supports the universality of multiplic-

ity, as the data from a range of different environments (younger denser SFRS, young

associations and the field population) is indistinguishable.

As well as comparing the results from SACY to those of younger SFRs, one can look at

the form of the corrected frequency with primary mass for the environments. Figure 2.7

shows there is no significant increase or decrease in the corrected frequency as a

function of the primary mass. In other words, from our results, it is just as likely to

observe a multiple system with a primary mass of ≈0.2 M� than one with a primary

mass of ≈2.0 M�. As shown and discussed in Section 2.4.0.3 when higher masses are

included the form changes quite dramatically.

2.4.0.3 Multiplicity frequency across a wide mass range

There are two phases of interaction that can shape the multiplicity frequency we ob-

serve in populations of stars: (I.) Interactions within the pre-stellar cores (≤ 105 yr)

through accretion, disc interaction and the dynamics of multiple systems (Bate et al.,

2002) and (II.) through cluster dynamics, where the interactions between stars that

have originated in different pre-stellar cores (> 105 yr), which can be modelled using

N-body simulations (Kroupa, 1995).

Populations that are ∼Myr have undergone significant evolution of their parameters al-

ready (e.g., mass ratio, separation distribution, and primordial multiplicity frequency).

However, the close systems observed in this study (< 10 au) should not have under-

gone any destructive processing through the second phase described above. There-

fore, even across a wide range of ages and environments, we should be probing the
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FIGURE 2.7: Multiplicity frequency as a function of primary mass; mass bins are repre-
sented with x-axis error bars, the average value for the SACY targets are the red mark-
ers. frequencies have been corrected using the techniques outlined in Section 2.4.0.2.
The same data (Nguyen et al., 2012) shown in Figure 6 has been transformed from
spectral type to mass by assuming an age of 1 Myr and 2 Myr for Tau-Aur and Cha I
respectively, using Teff from Luhman (2004) and Sestito et al. (2008) with isochrones

explained in Figure 2.2.

multiplicity frequency that is a direct result from the evolution within the separate pre-

stellar cores.

Figure 2.8 shows a compilation of results from this study (in red and white) and from the

literature (in blue and gold) for spectroscopic multiplicity frequencies from a range of

sources. The apparent exponential form of this function should be considered with cau-

tion in this instance, as this compilation lacks thorough refinement, such as a defined

consistent orbital period range. It is a qualitative example of the trend of increasing

multiplicity frequency with spectral type, and therefore mass, for tightly bound multiple

systems. This trend seems to be preserved when considering much wider systems in

the field, as seen in Figure 12 of Raghavan et al. (2010).

One potential explanation for this observed relationship in the field relates to the bind-

ing energy of the system; however, we would not see a significant relationship for tight
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binaries on this basis, (Parker et al. (2009), Section 5.2, interaction time-scale calcula-

tions: Nguyen et al. (2012)). As shown in Figure 2.8, there is an increase with mass for

these close systems, this is not easily explained with our current understanding of star

formation.

The observed physical separation of close systems (<10 au) is the result of the evo-

lution of the multiple system’s properties. As discussed previously, the size of the first

Larson core, a pressure-supported fragment of ≈ 5 au (Larson, 1969), does not per-

mit a secondary component to orbit at such a physical separation initially. Bate et al.

(2002) shows how these close systems can be formed from wider systems through

the processes associated with phase I with dynamical interactions being the dominant

mechanism. Kozai cycles with tidal friction (KCTF) (Eggleton and Kisseleva-Eggleton,

2006) is an example of such a dynamical process. This evolution depends on the

periods of the primary and tertiary components P3(P3/P1). Given P1= 1 yr and P3 =

1000 yr, the time-scale for one cycle is ∼ 106 yr; > 102 cycles are needed to complete

the evolution (Tokovinin et al., 2006). Therefore, one could argue that this evolution is

negligible at the PMS stage. However, the periods within the system could be initially

much more similar and thus the ratio would be smaller, decreasing the time-scale. On

this basis, this mechanism could have an effect even at the PMS stage, producing SB

systems.

Bate et al. (2002) conclude that the processes described in phase I favour the pro-

duction of higher mass multiple systems, which would qualitatively explain the trend

shown in Figure 2.8. If these processes are responsible for the systems we observe,

there would be other related properties, such as a lack of extreme mass-ratios of the

systems and a tendency for wider companions. The second of these properties is in-

vestigated in two further chapters of this thesis (Chapters 3 and 5). The mass ratios

of identified spectroscopic multiple systems is the subject of further analysis outside of

this thesis. We intend to derive the orbital parameters of these systems with further

high-resolution spectroscopy, however, this is a long-term project (≈3 yr).
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FIGURE 2.8: The spectral type versus the multiplicity frequency for all available SACY
data and studies from the literature; the horizontal error bars represent the width of the
spectral class bin (symbols in red, white and yellow as described in previous figures).
Chini et al. (2012) – filled square, Baines et al. (2006) – filled triangle, Sana and Evans
(2011) – filled thin diamond, Sana et al. (2013) – filled diamond, Raghavan et al. (2010)

– inverted filled triangle, and Fischer and Marcy (1992) – filled pentagon.

One must also consider the possibility that star formation is not a single universal pro-

cess. King et al. (2012a) have found significant statistical differences1 in the multiplicity

frequency for binary systems in the 19-100 au range (dynamically unprocessed) be-

tween the field and five clusters (Taurus, Upper Scorpius, Corona Australis, Chamaeleon

I, and Ophiuchus). They conclude that the star formation process is non-universal

and different environments produce different numbers of binaries due to this. How-

ever, star formation is a very chaotic process and multiple systems span from 0.01 au -

100,000 au and potentially even wider. The analysis of King et al. (2012a) concentrated

on a small physical separation range and should be treated with caution.
1see Marks et al. (2014) for an alternative interpretation
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In our data presented in Figure 2.6, we find three associations that have no spectro-

scopic systems from the sample used in our analysis: Argus: 0 / 33 (0+7%), Tucana-

Horologium: 0 / 33 (0+5%), and TW-Hydrae: 0 / 11 (0+13%). With our current dataset

this means that Argus, Tuc-Hor, and TW-Hydrae have upper limits on the MF value of

0.07, 0.05, and 0.13, respectively. However, with more recent spectroscopic observa-

tions taken in 2014-2015, and the inclusion of existing archival data these frequencies

have been newly calculated as: Argus: 5 / 35 (14%), Tucana-Horologium: 9 / 51 (18%)

and TW Hydrae: 4 / 22 (18%).

Due to the stochastic nature of the star formation process it appears that even two

populations with statistically similar primordial multiple system distributions could pro-

duce different distributions once they have evolved (Parker and Goodwin, 2012). The

inclusion of multiple systems across all physical separations (spectroscopic, AO-visual,

direct imaging-visual) scales may provide us with the bigger picture we need to further

our understanding. This is discussed in Chapter 5.

2.5 Conclusions and further work

1. Using our new RV determinations, we have revised the membership of the SACY

associations.

2. We have identified seven new multiple systems (SB1s: 5, SB2s: 2) within the

SACY sample, as shown in Table 2.2.

3. Within the nine SACY associations studied in this analysis, we have found that

there is no significant age dependence on the observed frequency of spectro-

scopic multiple systems (MF).

4. The corrected frequency of spectroscopic multiple systems (MFcorrec) within the

mass range ≈0.2–2.0 M� is compatible with a flat distribution.
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5. Our results are consistent, considering frequencies as a function of mass and

age, with nearby SFRs and the field, as expected from the picture of universal

star formation.

6. The observed frequency of spectroscopic multiple systems sharply declines as a

function of spectral type and appears to plateau for later-types. To what spectral

types this flat distribution extends still needs to be explored.

This section has analysed the frequency of close multiple systems through spectro-

scopic techniques. In the next chapter, these results are complemented with AO-

assisted direct imaging data.

We have analysed ≈ 2700 individual spectra with an average S/N of 100 and suc-

ceeded in detecting new spectroscopic systems with our data alone and in combi-

nation with catalogue data. From our literature search, we did not fail to detect any

systems previously identified as multiple systems. However, there is the possibility that

we were not able to identify some multiple systems through our analysis. Our simula-

tions, as seen in Figure 2.5, are one method to try and account for possible biases in

our dataset. However, it is important to note that the raw frequencies, as quoted in this

chapter, should be treated as lower limits, as 64/250 of our targets have only one RV

value.

2.6 Temperature Scale

The way in which the mass distribution (Figure 2.2) of our sample was determined was

based on effective temperature values in combination with model predictions. When

there was no effective temperature value from da Silva et al. (2009), we used the spec-

tral type of that target as an indication for its effective temperature and took the median

value for all available targets with the same spectral type in that age bin. If there were

no other targets within that spectral type bin a value was constructed through linear
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interpolation, using the nearest earlier- and later-spectral type. Figure 2.9 shows the

range of effective temperature and spectral type values.

The spread in effective temperature in each spectral type bin, as shown by the grey

shaded areas, is generally small across all three age bins, for example, for the later-

types, which is smaller than the spread for younger objects reported in Bayo et al.

(2011), which are up to ± 150 K. The largest apparent spread is for the G3 spectral

type bin at <20 Myr; it is caused by two values: 4722 K and 5759 K. The result is

anomalous, and therefore, any necessary interpolation within the regime G2-G8 was

conducted linearly using the two effective temperature values of 5988 K and 5344 K as

boundaries, which is in accordance with the trend of the data.

2.7 Notes on individual sources

In Section 2.7.1 we comment on the individual sources that show RV variation above

σs, 0.89 km s−1. Section 2.7.2 shows the results from an archival search for any existing

multiplicity flags. In Section 2.7.3 we comment on the data used to identify SB2 and

SB3 systems in this work. Section 2.8 describes further analysis conducted in the

cases of potential SB2/SB3 systems to remove false detections from deformities in the

CCF profiles.

2.7.1 Archival RV values

Values quoted below, calculated in this analysis, are average values from available

UVES and FEROS data; their uncertainties are one standard deviation in the following

form: RV ± σ km s−1.

HD 59169: There are only two available epochs for this object: one is from UVES data

and the other is FEROS data producing a value of 34.3±5.4 km s−1. However, this is a

significant change in RV, and therefore, it remains a potential multiple system.
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AU Mic: There are four data epochs in our own dataset, three from UVES, one from

FEROS (-5.1,- 5.2, -4.9, and -4.0 km s−1) producing a value of -4.8±0.5 km s−1, which

is not a significant variation. If one looks at the values from the literature (1.2±1.3,

15.6 and -4.5±1.3 km s−1.) there is one value that is significantly different from the

others, 15.6. However, after private communication with John E. Gizis, it is apparent

that the 1σ uncertainties are ≈17 km s−1, making this value compatible with all others.

Therefore, this target is not considered as a multiple system candidate.

V1005 Ori: This target has a value of 19.0±0.3 km s−1 from three UVES epochs, which

is a variation well below 1σs. However, there are seven values from the literatures;

which when evaluated together show clear RV variability. Therefore, this target is con-

sidered a multiple system candidate.

GSC 09420-00948: There are four UVES data epochs for this target, producing a value

of 12.7±3.2 km s−1. In combination with this, there are two values from Malaroda et al.

(2006): 5.0 and 17.1 km s−1. However, these do not have any quoted uncertainties.

Because the variation in RV value is larger than σs, even without the use of archival

data, it remains a potential multiple system.

HD 104467: This target has a value of 13.3±3.1 km s−1 from both UVES and FEROS

data. There are also two values from VizieR: 12.3±1.4 (Torres et al., 2006) and

15.4±1.0 km s−1 (Kharchenko et al., 2007). The values from the literature are con-

sistent with our derived values but this target remains a potential multiple system due

to the high standard deviation.

CD-363202: This target only has one observation one from FEROS data, producing

a value of 5.2±0.9 km s−1 and one value from the catalogue search, 25.6±1.0 km s−1

(Torres et al., 2006). This is a huge variation in RV; however, it has an extremely high

vsini value of 170±17 km s−1(Torres et al., 2006), which severely limits the accuracy

of the RV determination. For this reason it is not considered as a multiple system

candidate.

AK Pic: There are two observations for this target producing a value of 35.9±0.9 km s−1.

There are six values from VizieR; four of which have associated uncertainties: 32.3±0.4,
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32.1±0.5, 32.2±1.5, and 28.1±2.1 km s−1. These are more than 3σ , <33.1 km s−1, be-

low our derived value, using their upper uncertainty limits. Therefore, this target is a

potential multiple system.

BD+012447: This target only has one value calculated in this work, 7.7±0.9 km s−1.

However, there are seven values from VizieR, two of which have associated uncertain-

ties: 8.3±0.2 and 9.1±0.6 km s−1. These values agree with our derived values, and

therefore, this target is not considered as a multiple system candidate.

CD-2711535: There are two observations for this target; it has a calculated RV value

of -6.9±1.4 km s−1. This standard deviation is well above the average for the sample

(0.89 km s−1). There are also two values in VizieR, -6.4±1.0 and -1.1± km s−1 from

Torres et al. (2006) and Song et al. (2012), respectively. The latter value significantly

varies from our derived value, and therefore, this target is considered a potential multi-

ple system.

GJ 3305: This target has three observations. It has a calculated RV value of 23.8±0.5 km s−1.

There is one value in VizieR 17.6 km s−1 from Reid et al. (1995). However, after pri-

vate communication with John E. Gizis, it is apparent that the 1σ uncertainties are

≈17 km s−1 for this work, and, therefore, this apparent variation is consistent. It is not

considered as a member of β-Pic with new RV data from this work. It is a known ex-

tremely eccentric multiple system with an eccentricity of 0.06 and a period of 21.5 yr

(Delorme et al., 2012; Montet et al., 2015).

BD-211074B: This target has three observations; it has a calculated RV value of

21.6±0.6 km s−1. There are two values from the VizieR 20.0 and 31.7 km s−1 from

Reid et al. (1995). However, after private communication with John E. Gizis, it is appar-

ent that the 1σ uncertainties are ≈17 km s−1 for this work, and therefore, this apparent

variation is consistent. Therefore, this target is not considered as a multiple system

candidate.

PX Vir: Griffin (2010) determined the spectroscopic orbit of this system (216.48 day).

In addition to this, we have one value of -13.3±0.89 km s−1, and there are ten values

from the VizieR, of which six have associated uncertainties. There are two values
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from Maldonado et al. (2010) that have a huge variation, which are much higher than

the level of uncertainty at -13.1±0.1 and -2.6±0.1 km s−1, and agrees with the work of

Griffin (2010). Therefore, this target is classified as a multiple system in this work.

GSC 08077-01788: This target has two observations; it has a calculated RV value of

17.6±0.8 km s−1. There are two values from VizieR, (Torres et al., 2006): 24.0±1.0 km s−1

and (Kordopatis et al., 2013): -6.9±4.1 km s−1 . This is a very large variation, and there-

fore, this target is considered a multiple system in this work.

2.7.2 Archival multiplicity flags

In addition to querying for any existing RV values, we also queried for multiplicity flags

from catalogues using VizieR (Dommanget and Nys (2002); Malkov et al. (2006); Pour-

baix et al. (2004); Worley and Douglass (1996)), whether the system has previously

been identified to have one or more companions. Out of our sub-sample of the overall

SACY sample and probing only the SB systems, we found the previous multiplicity re-

sults:

HD 33999: This is a previously known triple-lined system (Dommanget and Nys, 2002)

which has been flagged in previous SACY work and identified in this analysis as well.

PX Vir: As discussed in Section 2.7.1, this is a previously identified spectroscopic

multiple system which agrees with the variation seen in our catalogue search.

2.7.3 Definite SB2 and SB3 candidates

Below are any details on the data of positively identified SB2 and SB3 candidates;

these targets show a clear double peak in the output of the CCF. The literature was

also queried to use any potential existing information.
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HD 155177: There are four available data epochs for this object over a wide range of

dates (2007-04-19, 2008-10-26, 2012-05-09, and 2012-06-14). There are two clear

peaks that vary across the data epochs indicating strong it is a binary system. No ob-

vious note of spectroscopic multiplicity in the literature.

HD 33999: As mentioned in Section 2.7.2, this is a previously known triple-lined multi-

ple system.

HD 309751: There is only one epoch of data available for this object (2011-11-20);

however, the produced CCF profile is extremely clear to identify it as an SB2 system.

Torres et al. (2006) identified this as an SB2 system.

BD-20951: There are two epochs of data for this target (2012-07-17, 2012-07-31).

There are two clear peaks in the CCFs, indicating strongly it is a bound binary system,

. To the best of our knowledge, there is no note of spectroscopic multiplicity in the

literature.

V4046-Sgr: There are a great many data epochs for this object and it is a well known

and studied spectroscopic binary system (e.g., Quast et al. (2000); Argiroffi et al.

(2012); Donati et al. (2011)).

HD 217379: There is only one epoch of data for this object (2010-05-25). Despite this,

the CCF provides a clear result that this is a triple-lined system; the signal-to-noise is

∼200, and all three peaks are well above the noise level. Torres et al. (2006) identified

this as a triple-lined (SB3) spectroscopic system.

TWA 14: There are two data epochs available for this object (2012-05-22, 2012-06-04).

The output of the CCF shows two peaks; however the profiles are merged. The two
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peaks have different depths in each data epoch and appear to switch position between

the two epochs, indicating it is a bound binary system. Weinberger et al. (2013) and

identified Jayawardhana et al. (2006) this as a double-lined (SB2) system.

TWA 20: There are three epochs of data for this target (2012-05-07, 2012-05-22, and

2012-07-03). There are two strong peaks in all of the CCFs from the RED arm of

UVES; the blue is very noisy due to the spectral type of the star, M3. In addition,

Jayawardhana et al. (2006) identify this is a SB2 system, and therefore, it is classified

as an SB2 system in this work; however it is not considered a member of TW-Hydrae

with new RV values.

1RXS J195602.8-320720: There is one epoch of data for this target (2011-10-09). The

spectral type of the star is M4, and therefore, the CCF output is quite noisy; however,

there is a clear second peak above the level of the noise in both the results from the

RED arm of UVES. To the best of our knowledge, there is no note of spectroscopic

multiplicity in the literature.
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2.8 Questionable SB2 and SB3 candidates

TABLE 2.3: Details of all initially flagged potential spectroscopic multiple systems

Target Spectral Type MJD Radial Velocity (RV1, RV2) km s−1 Relative Perioda Variabilityb vsin(i)a Association

REDL REDU BLUE Phase (days) Type km s−1

CD-423328 K1 56175.398 (9.095, 41.637) (9.000, 42.705) (8.283, 39.763) - - rot - CAR
56179.380 (7.480, 38.662) (8.395, 41.189) (7.711, 37.067)

CD-433604 K4 54876.233 (2.708, 34.119) (2.104, 34.607) (2.010, 33.134) 0 0.89 - 40.0 ARG
56175.381 (3.951, 35.856) (4.654, 37.148) (3.934, 35.242) 0.717
56179.371 (35.742, 4.068) (37.519, 4.802) (34.239, 3.361) 0.200

CD-542644 G5 54898.165 (16.836, 49.248) (19.884, 52.743) (16.517, 48.940) 0 1.5 rot 39.50 CAR
55885.322 (17.599, 49.096) (21.472, 52.862) (12.076, 44.050) 0.105

CP-551885 G5 54898.158 (5.656, 41.220) (5.431, 41.711) (4.480, 40.449) 0 0.916 rot 44.0 CAR
55885.307 (9.909, 43.495) (8.495, 42.886) (7.762, 43.320) 0.674

GSC 09239-01572 K7 55340.108 (-17.435, 17.460) (-21.218, 18.025) (-18.301, 17.029) 0 1.536 - 41.0 ECH
55947.346 (10.446, 42.589) (11.944, 44.481) (10.257, 41.772) 0.337
55978.336 (-2.790, 28.210) (-1.960, 31.678) (2.405, 34.142) 0.513
55979.299 (-16.058, 16.753) (-17.742, 18.181) (-12.314, 16.757) 0.140

HD 30051 F2 56138.352 (16.912, 18.734) (17.352, 19.113) (13.377, 18.504) - - - - THA
56139.358 (16.623, 17.604) (15.756, 18.043) (14.440, 17.640)
56140.361 (16.930, 17.758) (15.124, 17.990) (13.353, 17.893)

TYC 7605-1429-1 K4 55461.359 (29.866, 48.461) (26.870, 46.386) (31.981, 45.182) - 0.3514 - - ABD

TYC 7627-2190-1 K2 54896.092 (9.368, 38.543) (7.412, 37.063) (9.455, 37.343) 0 0.726 - - ABD
55416.402 (17.964, 46.331) (17.739, 46.579) (18.739, 45.394) 0.680

TYC 8594-58-1 G8 54880.184 (-1.595, 23.876) (-2.748, 23.012) (-1.593, 22.506) 0 0.982 - 34.1 ARG
56082.022 (0.5190, 26.313) (-0.035, 25.474) (-0.722, 23.995) 0.868
56107.997 (-0.819, 25.295) (-2.022, 23.421) (-2.078, 22.478) 0.319

Notes. (a) Period values and vsin(i) (Messina et al., 2010, 2011). Relative phase values (relative to our first observation) were computed
using the MJD values from each observation and period values. (b) Variability Type: rot=rotational variability due to the presence of spots
(Kiraga, 2012). RV1 and RV2 values from two component gaussian fits displayed in the panels within the top row of figures in Section 2.8.
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Initially, some targets were flagged as potential multiple systems, as shown in Table 2.3.

The targets CD-423328, CD-542644 and CP-551885 have previously been identified

as having variable rotational behaviour due to the presence of spots (Kiraga, 2012).

However, this does not exclude the possibility that they are multiple systems; therefore,

we conduct the same analysis for these targets as for those without any variability flag.

For the targets shown in Table 2.3, we conducted the following analysis to determine

whether the deformity could be the solely the result of spots on the surface of the star.

The intensity of Ca II H (3968.5 Å) and Ca II K (3933.7 Å) emission respond to the

amount of non-thermal heating of the chromosphere, which can be caused by areas of

concentrated magnetic field (Leighton, 1959); therefore, there is a strong link between

spot coverage and activity. We can use this to our advantage in our CCF output to

differentiate between spots and merged-SB2 components.

We fitted one Gaussian profile to the CCF output, assuming it was a single star, pro-

ducing a system velocity (vsys) and then looked for the specific velocities of the deformi-

ties in the profile (vd1, vd2, etc.). We then compared the system velocity and deformity

velocity values to the line profiles of Ca II H and K; the chromosphere can emit isotrop-

ically at the sytem velocity and have components of emission from the strong areas

of magnetism, corresponding to the deformity velocities. If the Ca II H and K lines

had a multiple-component structure with peaks corresponding to the values of vsys and

vd1, vd2 etc. then it is very likely that the candidate multiple system is a single system

with strong activity. If this was not the case but the profiles of Ca II H and K had a

multiple component structure, we also checked whether the multiple components had

peak values corresponding to a multiple-line fit to the CCF, which assume the system

is multiple.

The graphs presented in this section are in the following format. There are four panels

for each UVES observation from left to right (1-4).

• Panel 1: The CCF output for the BLUE chip of UVES (blue line) and single Gaus-

sian fit (black line). Phase values, φ, are shown from Table 2.3 where available.
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• Panel 2: The residuals from each of the fits, all graphs have the same y-axis

range for easy comparison of the goodness of fit. The parameter σ represents

the average standard deviation in the residuals from the fit.

• Panel 3: The normalised flux of chromospheric line Ca II H, 3968.5 Å, in velocity

space (black line); overplotted is the normalised and reversed CCF profile from

Panel 1 (blue dotted line) as well as vsys and vd1,2 (red vertical lines).

• Panel 4 has the same format are Panel 3 but is at 3933.7 Å, for the chromospheric

line Ca II K.

TYC 7605-1429-1: This target was initially identified as a binary candidate due to its

abnormal CCF profile. However, TYC 7605-1429-1 only has one epoch of data, which

is not conclusive from this analysis, as shown in Figure 2.10. It has an extremely broad

component with a FWHM of ≈62 km s−1, making the RV determination difficult. Tor-

res et al. (2006) quote a value of 28.6 km s−1 which agrees with our derived value of

31.2±4.0 km s−1. Messina et al. (2010) flagged this target as a single system.

-80 -40 0 40 80 -80 -40 0 40 80
Velocity (kms−1)

-80 -40 0 40 80 -80 -40 0 40 80
σ =0.0051

FIGURE 2.10: TYC 7605-1429-1: 2012-09-22.

HD 30051: There are three available epochs for this target, 2012-07-30, 2012-07-31,

and 2012-08-01. This is an F2-type star, and therefore, does not have strong chromop-

sheric activity, as shown in the lack of emission in Panels 3 and 4 of Figure 2.11. This

star was initially classified as a multiple system due to the two component structure

of the CCF profile, which potentially consists of a rapid rotator, producing the broad

component with a slower-rotating companion, narrow component. However, there is

no significant variation in system velocity (-1.5, -2.1 and, -2.5) between observations,
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making it extremely unlikely to be a close binary system with period > 1 day.

-80 -40 0 40 80 -80 -40 0 40 80
Velocity (kms−1)

-80 -40 0 40 80 -80 -40 0 40 80
σ =0.0041

σ =0.0044

σ =0.0043

FIGURE 2.11: HD 30051: 2012-07-30, 2012-07-31, and 2012-08-01.

CD-542644: There are two epochs for this target 2009-03-08 and 2011-11-20, as seen

in Figure 2.12. The velocities for vsys and vd1 do not correspond well to the shape of

the line profiles. The CCF profiles are also quite complex, making it hard to determine

the correct velocities. Based on this analysis, we do not consider this target a multiple

system.

-80 -40 0 40 80 -80 -40 0 40 80
Velocity (kms−1)

-80 -40 0 40 80 -80 -40 0 40 80

σ =0.0034φ=0.105

σ =0.0047φ=0

FIGURE 2.12: CD-542644: 2009-03-08, and 2011-11-20.

CP-551885: There are two epochs for this target 2009-03-08 and 2011-11-20, as seen

in Figure 2.13. The line profiles displayed in panels 3 and 4 show a clear two com-

ponent structure. However, the picture we have is confusing; the vsys value agrees

well in both epochs; however, vd1 does not. Instead, it is one of the velocities fitted

using two Gaussians that matches with the secondary peak ≈5 km s−1. In addition to
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this, if we look at the vsys values, there is no considerable variation: 27.6 (φ = 0), 21.5

(φ = 0.674) and (Torres et al., 2006) 23.1 km s−1 from previous work, assuming the

period of rotation is synchronised with the orbital period. Based on these arguments,

we do not consider this target a multiple system.

-80 -40 0 40 80 -80 -40 0 40 80
Velocity (kms−1)

-80 -40 0 40 80 -80 -40 0 40 80

σ =0.0044φ=0.674

σ =0.0056φ=0

FIGURE 2.13: CP-551885: 2009-03-08, and 2011-11-20.

CD-423328: There are two epochs for this target 2012-09-05 and 2012-09-09, as

seen in Figure 2.14. The lines from a two-component Gaussian fit agree with the

peaks seen in the profiles of Ca II H and K. Torres et al. (2006) also quote a value of

24.6±1.0 km s−1, which is hugely different from our value derived from a single Gaus-

sian fit (15.2±0.1 km s−1). Kiraga (2012) classified this object as rotationally variable

due to the presence of spots; however, this does not exclude the possibility that it is a

binary system. Due to this line-profile analysis and the variation in RV value, this target

is classified as a potential multiple system.

-80 -40 0 40 80 -80 -40 0 40 80
Velocity (kms−1)

-80 -40 0 40 80 -80 -40 0 40 80

σ =0.006

σ =0.0059

FIGURE 2.14: CD-423328: 2012-09-05, and 2012-09-09.
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CD-433604: There are three available epochs for this target, 2009-02-14, 2012-09-05,

and 2012-09-09, as seen in Figure 2.15. It is extremely unlikely that it is an SB2 sys-

tem, as the flux ratio of the two components is variable epoch to epoch (0.97, 0.64, 0.56

respectively). The line profile analysis is inconclusive; epochs 2012-09-05 and 2012-

09-09 show a two-component structure in Ca II H and K; however, the derived vsys and

vd1 values do not correspond to the peaks of these components. The calculated RV

values (20.4, 24.1, and 11.0) are extremely variable, but the fits are poor, as seen in

panel 2 of Figure 2.15. There is one other existing value (priv. communication, C. A. O.

Torres) of 21.4, and therefore, if one considers three of the four values to compute an

average, there is no significant variation (22.0±1.9 kms−1). At this time, the evidence

for multiplicity is not strong enough for us to consider this target as a multiple system.

-80 -40 0 40 80 -80 -40 0 40 80
Velocity (kms−1)

-80 -40 0 40 80 -80 -40 0 40 80
σ =0.007φ=0.200

σ =0.0089φ=0.717

σ =0.0093φ=0

FIGURE 2.15: CD-433604: 2009-02-14, 2012-09-05, and 2012-09-09.

GSC 09239-01572: There are four epochs available for this object, 2010-05-24, 2012-

01-21, 2012-02-21, and 2012-02-22. In Figure 2.16, one can see the agreement be-

tween the deformity velocities and the line profiles of Ca II H and K is extremely good

for all four epochs. On this basis, we conclude that the CCF profile is the result of star

spots as opposed to multiplicity.

TYC 7627-2190-1: There are two epochs available for this object: 2009-03-06 and

2010-08-08, as seen Figure 2.17. From the fitting of a single system velocity to the
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-80 -40 0 40 80 -80 -40 0 40 80
Velocity (kms−1)

-80 -40 0 40 80 -80 -40 0 40 80
σ =0.0034φ=0.140

σ =0.0095φ=0.513

σ =0.0097φ=0.337

σ =0.01φ=0

FIGURE 2.16: GSC 09239-01572: 2010-05-24, 2012-01-21, 2012-02-21, and 2012-
02-22.

profiles there is no significant variation betwen the observations (25.6 and 27.2). The

value of the system velocity is extremely close to that of the deformity velocity; this

makes it extremely difficult to see the separate components in this analysis. However,

we only have two epochs, and therefore based on this evidence, we do not classify this

as a multiple system.

-80 -40 0 40 80 -80 -40 0 40 80
Velocity (kms−1)

-80 -40 0 40 80 -80 -40 0 40 80

σ =0.0103φ=0.680

σ =0.0071φ=0

FIGURE 2.17: TYC 7627-2190-1: 2009-03-06, and 2010-08-08.

TYC 8594-58-1: There are three epochs of data for this target: 2009-02-18, 2012-06-04

and 2012-06-29. However, much like TYC7627-2190, the value of the deformity veloc-

ity is extremely close to the system velocity, and therefore, seeing the two components
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separately is extremely difficult. There is no significant variation in the system velocity

between all three epochs (10.8, 8.2, and 10.9, respectively). Figure 2.18 also shows

the velocities when fitting the CCF with two Gaussians, as shown as black vertical lines.

Neither of these techniques provide strong evidence for or against the multiplicity of the

system. Therefore, as it statistically much more likely to be a single system, it is not

considered a multiple system in this work.

-80 -40 0 40 80 -80 -40 0 40 80
Velocity (kms−1)

-80 -40 0 40 80 -80 -40 0 40 80
σ =0.0076φ=0.319

σ =0.01φ=0.868

σ =0.0104φ=0

FIGURE 2.18: TYC 8594-58-1: 2009-02-18, 2012-06-04, and 2012-06-29.
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2.9 Details of targets and their derived properties

TABLE 2.4: Summary table of all radial velocity values used in this analysis for single
and SB1 systems.

ID RA DEC N. of Obs. RV (km s−1) σ1,2 Reference3

AB Doradus members

HD 6569 01:06:26.2 -14:17:47 2 7.55 0.02

BD-12243 01:20:32.3 -11:28:04 2 10.26 0.35

CD-46644 02:10:55.4 -46:03:59 1 25.78 0.89

25.7 - t

HD 16760B 02:42:21.0 +38:37:21 1 -3.46 0.89

HD 16760 02:42:21.3 +38:37:07 1 -3.19 0.89

HD 17332B 02:47:27.2 +19:22:21 2 4.41 0.65

HD 17332A 02:47:27.4 +19:22:19 1 3.91 0.89

4.5 1.3 a

4.4 0.2 f

4.3 0.1 f

3.76 0.8 g

IS Eri 03:09:42.3 -09:34:47 2 14.46 0.14

HD 24681 03:55:20.4 -01:43:45 1 18.02 0.89

HD 25457 04:02:36.7 -00:16:08 2 17.62 0.36

HD 31652 04:57:22.3 -09:08:00 1 22.61 0.89

CD-401701 05:02:30.4 -39:59:13 3 28.4 0.25

27.8 1.0 j

HD 32981 05:06:27.7 -15:49:30 1 25.64 0.89

HD 293857 05:11:09.7 -04:10:54 1 20.28 0.89

HD 35650 05:24:30.2 -38:58:11 4 32.32 0.53

31.3 0.3 f

UX Col 05:28:56.5 -33:28:16 2 30.07 0.38

30.1 0.1 j

CD-342331 05:35:04.1 -34:17:52 3 30.48 0.14

30.4 1.0 j

CD-481893 05:36:55.1 -47:57:48 3 30.98 1.21

32.2 0.2 g

32.2 B n

UY Pic 05:36:56.9 -47:57:53 3 32.31 0.22

WX Col 05:37:12.9 -42:42:56 4 31.38 0.18

TYC 7604-1675-1 05:37:13.2 -42:42:57 2 30.47 0.14

TYC 4779-394-1 05:38:56.6 -06:24:41 1 22.88 0.89

CP-19878 05:39:23.2 -19:33:29 2 27.8 0.91
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ID RA DEC N. of Obs. RV (km s−1) σ1,2 Reference3

TYC 7605-1429-1 05:41:14.3 -41:17:59 1 30.7 0.89

TZ Col 05:52:16.0 -28:39:25 2 28.71 0.25

31.1 1.0 j

BD-131328 06:02:21.9 -13:55:33 1 25.43 0.89

CD-342676 06:08:33.9 -34:02:55 3 30.47 0.69

31.1 1.0 j

CD-352722 06:09:19.2 -35:49:31 3 32.03 0.08

31.4 0.4 j

HD 45270 06:22:30.9 -60:13:07 4 31.63 0.32

AK Pic 06:38:00.4 -61:32:00 2 35.87 0.91

32.3 0.35 c

28.1 - e

32.1 0.5 f

32.2 1.5 g

28.1 2.1 g

35.0 1.0 j

CD-611439 06:39:50.0 -61:28:42 1 31.38 0.89

31.7 1.0 j

TYC 7627-2190-1 06:41:18.5 -38:20:36 2 28.0 0.8

GSC 08544-01037∗ 06:47:53.4 -57:13:32 3 30.0 0.43

CD-571654 07:10:50.6 -57:36:46 3 29.22 0.14

29.7 1.0 j

V429 Gem 07:23:43.6 +20:24:59 2 7.39 0.43

9.3 - b

HD 59169 07:26:17.7 -49:40:51 2 34.29 5.38

CD-8480 07:30:59.5 -84:19:28 1 23.23 0.89

24.2 0.8 j

HD 64982 07:45:35.6 -79:40:08 2 25.66 0.01

BD+012447 10:28:55.5 +00:50:28 1 7.71 0.89

18.3 - b

12.7 - b

11.8 - b

8.4 - b

9.9 - d

8.3 0.2 f

9.1 0.6 g

PX Vir 13:03:49.7 -05:09:43 1 -13.3 0.89

-10.8 0.3 f

0.0 - g

-13.1 0.08 k

-2.6 0.09 k

-13.1 1.7 m

-9.21 A n
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ID RA DEC N. of Obs. RV (km s−1) σ1,2 Reference3

-8.2 - p

-5.8 - p

7.9 - q

0.0 5.0 s

HD 139751 15:40:28.4 -18:41:46 1 -7.6 0.89

HIP 81084 16:33:41.6 -09:33:12 1 -14.66 0.89

HD 152555 16:54:08.1 -04:20:25 2 -16.44 0.01

HD 178085 19:10:57.9 -60:16:20 1 8.45 0.89

8.1 1.1 j

TYC 486-4943-1 19:33:03.8 +03:45:40 1 -20.69 0.89

BD-034778 20:04:49.4 -02:39:20 2 -16.46 0.01

HD 199058 20:54:21.1 +09:02:24 2 -19.54 0.17

TYC 1090-543-1 20:54:28.0 +09:06:07 2 -19.18 0.13

HD 201919 21:13:05.2 -17:29:13 3 -7.39 0.24

-7.4 1.0 j

HD 218860 23:11:52.0 -45:08:11 2 9.92 0.32

11.2 1.3 j

HD 222575 23:41:54.2 -35:58:39 1 10.83 0.89

11.1 1.7 j

HD 224228 23:56:10.5 -39:03:07 4 13.48 0.59

Argus members

CD-292360 05:34:59.2 -29:54:04 3 25.71 0.31

26.0 1.0 j

CD-283434 06:49:45.4 -28:59:17 1 26.68 0.89

26.7 1.0 j

CD-422906 07:01:53.4 -42:27:56 4 23.73 0.23

23.7 1.0 j

CD-482972 07:28:22.0 -49:08:38 1 18.85 0.89

21.1 1.0 j

HD 61005 07:35:47.5 -32:12:14 2 22.36 0.21

CD-483199 07:47:26.0 -49:02:51 5 17.68 0.31

18.5 1.0 j

CD-433604 07 48 49.8 -43 27 06 3 22.0 1.91

TYC 8561-970-1 07:53:55.5 -57:10:07 4 15.85 0.18

RXS J082952.7-514030 08:29:51.9 -51:40:40 1 16.15 0.89

PMM 6974 08:34:18.1 -52:15:58 1 15.1 0.89

TYC 8568-407-1 08:34:20.5 -52:50:05 1 16.88 0.89

1RXS J083502.7-521339 08:35:01.2 -52:14:01 1 15.4 0.89

ASAS J083655-5308.5 08:36:55.0 -53:08:34 1 14.67 0.89
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ID RA DEC N. of Obs. RV (km s−1) σ1,2 Reference3

TYC 8568-2261-1 08:37:51.6 -53:45:46 1 14.58 0.89

CD-52 2467 08:38:22.9 -52:56:48 1 15.14 0.89

PMM 686 08:39:22.6 -53:55:06 1 15.18 0.89

V364 Vel 08:39:53.0 -52:57:57 1 15.26 0.89

PMM 8415 08:40:16.3 -52:56:29 1 14.79 0.89

VXR PSPC 22a 08:40:49.1 -53:37:45 1 14.14 0.89

TYC 8569-3687-1 08:43:00.4 -53:54:08 1 16.13 0.89

V376 Vel 08:44:05.2 -52:53:17 1 13.61 0.89

1 14.74 0.89

CD-572315 08:50:08.1 -57:45:59 5 11.93 0.86

11.7 0.7 j

TYC 8594-58-1 09:02:03.9 -58:08:50 3 10.0 1.53

BD-202977 09:39:51.4 -21:34:17 1 17.87 0.89

TYC 9217-641-1 09:42:47.4 -72:39:50 2 6.17 0.72

6.7 1.0 j

CD-395833 09:47:19.9 -40:03:10 3 14.87 0.33

HD 309851 09:55:58.3 -67:21:22 4 7.39 0.4

6.6 1.0 j

CD-74673 12:20:34.4 -75:39:29 1 4.68 0.89

0.6 0.8 j

CD-75652 13:49:12.9 -75:49:48 5 -1.03 0.26

-0.9 1.0 j

HD 129496 14:46:21.4 -67:46:16 1 -11.0 0.89

NY Aps 15:12:23.4 -75:15:16 4 -3.07 0.26

-3.5 0.1 j

CD-529381 20:07:23.8 -51:47:27 1 -13.66 0.89

-13.3 1.0 j

β-Pic members

HIP 10679 02:17:24.7 +28:44:30 1 5.32 0.89

3.9 1.3 a

5.0 1.3 g

5.0 0.2 s

GSC 08056-00482 02:36:51.5 -52:03:04 1 13.84 0.89

16.0 0.1 j

BD+05378∗ 02:41:25.9 +05:59:18 1 7.31 0.89

10.0 - n

GJ 3305∗ 04:37:37.5 -02:29:28 3 23.84 0.47

17.6 - d

V1005 Ori 04:59:34.8 +01:47:01 3 18.95 0.33
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ID RA DEC N. of Obs. RV (km s−1) σ1,2 Reference3

39.0 - b

32.4 - b

18.2 - b

37.2 - d

18.7 3.3 f

22.0 5.1 g

30.5 5.1 s

CD-571054 05:00:47.1 -57:15:25 2 19.48 0.47

19.4 0.3 j

BD-211074B 05:06:49.5 -21:35:04 3 21.55 0.55

20.0 - d

31.7 - d

BD-211074A 05:06:49.9 -21:35:09 2 21.22 0.31

TYC 112-917-1 05:20:00.3 +06:13:04 3 18.76 0.13

TYC 112-1486-1 05:20:31.8 +06:16:11 3 18.52 0.23

18.0 - t

V1311 Ori∗ 05:32:04.5 -03:05:29 3 23.84 0.55

AO Men 06:18:28.2 -72:02:41 5 16.18 0.19

16.2 1.0 u

TWA 22 10:17:26.9 -53:54:27 2 13.49 0.1

HD 139084B 15:38:56.8 -57:42:19 1 3.03 0.89

0.1 2.0 j

V343 Nor 15:38:57.5 -57:42:27 3 3.32 2.23

3.1 0.8 f

3.6 0.95 g

4.2 1.4 j

2.4 - l

CD-2711535 17:15:03.6 -27:49:40 2 -6.9 1.36

-6.4 1.0 j

-1.1 1.8 r

CD-547336 17:29:55.1 -54:15:49 4 0.95 0.67

1.6 1.4 j

-0.5 3.7 r

HD 164249 18:03:03.4 -51:38:56 1 -0.67 0.89

GSC 07396-00759 18:14:22.1 -32:46:10 1 -6.05 0.89

TYC 9073-762-1 18:46:52.6 -62:10:36 3 2.56 0.78

CD-2613904 19:11:44.7 -26:04:09 1 -9.72 0.89

HD 181327 19:22:58.9 -54:32:17 3 -0.72 0.29

TYC 7443-1102-1 19:56:04.4 -32:07:38 2 -6.32 0.04

1RXS J200136.9-331307 20:01:37.2 -33:13:14 3 -4.64 0.24

AU Mic 20:45:09.3 -31:20:24 4 -4.82 0.49

1.2 1.3 a

15.6 - d
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ID RA DEC N. of Obs. RV (km s−1) σ1,2 Reference3

-4.5 1.3 g

AZ Cap 20:56:02.7 -17:10:54 3 -7.74 0.88

-6.9 1.0 j

CP-722713 22:42:48.9 -71:42:21 1 7.78 0.89

8.6 0.5 j

WW PsA 22:44:57.8 -33:15:01 3 1.95 0.83

2.2 1.0 j

TX PsA 22:45:00.0 -33:15:26 2 2.97 0.32

BD-136424 23:32:30.9 -12:15:52 3 1.13 0.99

1.8 0.7 j

Carina members

HD 269620 05:29:27.1 -68:52:05 5 19.27 0.41

18.7 1.0 j

HD 42270 05:53:29.3 -81:56:53 3 16.57 0.33

16.7 0.6 j

CD-482324 06:28:06.1 -48:26:53 1 24.57 0.89

24.9 1.0 j

HD 49855∗ 06:43:46.2 -71:58:35 4 20.83 0.14

20.1 0.5 f

19.9 0.5 g

20.7 0.1 j

CD-571709 07:21:23.7 -57:20:37 4 23.32 0.31

23.2 0.2 j

CD-423328a 07:33:21.2 -42:55:42 2 15.2 0.10

24.6 1.0 j

TYC 8557-1251-1 07:55:31.6 -54:36:51 3 21.59 0.37

21.8 0.3 j

TYC 8570-1980-1 08:11:09.3 -55:55:56 3 21.47 0.36

CP-541712 08:37:10.9 -55:18:10 4 20.9 0.24

CD-612010 08:42:00.4 -62:18:26 4 21.65 0.58

22.5 2.1 j

CD-75392 08:50:05.4 -75:54:38 3 17.41 0.49

TYC 8590-1193-1 08:56:31.5 -57:00:41 3 19.49 1.97

TYC 8582-3040-1 08:57:45.6 -54:08:37 4 22.12 0.36

22.5 0.0 j

CD-494008 08:57:52.2 -49:41:51 4 22.03 0.17

23.0 0.2 j

CP-551885 09:00:03.4 -55:38:24 2 25.8 2.55

23.1 1.0 j
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ID RA DEC N. of Obs. RV (km s−1) σ1,2 Reference3

CD-552543 09:09:29.3 -55:38:27 4 22.11 0.86

22.5 1.0 j

TYC 8174-1586-1 09:11:15.6 -50:14:16 3 22.52 0.35

22.5 1.0 j

CD-542644 09:13:16.9 -55:29:03 2 21.15 0.49

CP-621293 09:43:08.8 -63:13:04 4 20.91 0.55

21.8 0.1 j

TYC 8946-872-1∗ 09:55:15.1 -62:03:32 2 21.8 0.31

TYC 9217-417-1 09:59:57.7 -72:21:47 3 16.95 0.24

17.0 0.4 j

TYC 8962-1747-1 11:08:07.9 -63:41:47 3 17.63 1.5

19.3 1.0 j

HD 107722 12:23:29.0 -77:40:51 3 12.5 0.27

TYC 460-624-1∗ 18:45:10.3 +06:20:16 2 -25.2 0.21

HD 189285∗ 19:59:24.1 -04:32:06 1 -19.41 0.89

HD 221451∗ 23:32:19.2 -13:37:18 2 -6.39 0.86

Columba members

CD-52381 01:52:14.6 -52:19:33 7 13.81 0.38

BD-16351 02:01:35.6 -16:10:01 3 10.03 0.36

13.4 1.9 h

CD-44753 02:30:32.4 -43:42:23 2 15.17 2.12

TYC 8862-19-1 02:58:04.0 -62:41:14 6 16.8 0.49

16.6 0.5 j

BD-11648 03:21:49.7 -10:52:18 2 15.12 0.54

BD-04700 03:57:37.2 -04:16:16 3 18.28 0.46

BD-15705∗ 04:02:16.5 -15:21:30 4 15.14 0.14

HD 26980 04:14:22.5 -38:19:02 5 21.3 0.44

20.2 0.3 j

HD 27679 04:21:10.3 -24:32:21 2 21.5 0.16

CD-431395 04:21:48.7 -43:17:33 4 21.68 0.35

22.0 1.0 j

CD-361785 04:34:50.8 -35:47:21 4 22.18 0.35

23.3 1.0 j

GSC 08077-01788 04:51:53.0 -46:47:31 2 17.6 0.76

23.0 1.0 j

-6.9 4.1 v

HD 31242N 04:51:53.5 -46:47:13 2 22.0 0.23

HD 272836 04:53:05.2 -48:44:39 1 22.81 0.89

24.0 1.0 j
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ID RA DEC N. of Obs. RV (km s−1) σ1,2 Reference3

TYC 5900-1180-1∗ 04:58:35.8 -15:37:31 1 23.56 0.89

BD-08995 04:58:48.6 -08:43:40 3 24.08 0.52

HD 32372 05:00:51.9 -41:01:07 2 23.17 0.29

HD 274561 05:28:55.1 -45:34:58 2 24.57 0.16

BD-191194 05:30:19.1 -19:16:32 1 26.16 0.89

CD-392075∗ 05:37:05.3 -39:32:26 3 23.06 0.29

23.1 0.6 j

BD-081195 05:38:35.0 -08:56:40 4 24.16 0.58

26.2 - t

CD-382198 05:45:16.3 -38:36:49 4 26.87 0.71

CD-292531 05:50:21.4 -29:15:21 3 26.54 0.38

27.5 1.0 j

HD 40216 05:55:43.1 -38:06:16 2 24.38 0.09

AB Pic 06:19:12.9 -58:03:16 6 22.94 0.34

22.6 0.3 j

CD-402458 06:26:06.9 -41:02:54 4 25.59 0.45

25.0 1.0 j

HD 48370 06:43:01.0 -02:53:19 1 23.38 0.89

CD-363202 06:52:46.8 -36:36:17 1 5.22 0.89

25.6 1.0 j

TYC 9178-284-1 06:55:25.2 -68:06:21 3 20.09 0.16

20.1 0.1 j

HD 51797 06:56:23.5 -46:46:55 5 25.2 0.31

25.2 0.2 j

HD 55279 07:00:30.5 -79:41:46 3 17.59 0.15

CP-531875∗ 08:45:52.7 -53:27:28 1 21.82 0.89

23.2 1.0 j

V479 Car 09:23:34.9 -61:11:36 5 20.82 0.15

20.8 0.4 j

CP-522481 09:32:26.1 -52:37:40 6 21.37 0.56

HD 298936 10:13:14.6 -52:30:54 4 17.71 0.28

17.7 1.0 j

CD-544320∗ 11:45:51.8 -55:20:46 4 16.01 0.41

ε-Chamaeleon members

EG Cha 08:36:56.2 -78:56:46 3 18.22 0.72

18.4 1.0 j

EO Cha 08:44:31.9 -78:46:31 3 17.32 0.11

15.0 - o

EQ Cha∗ 08:47:56.8 -78:54:53 3 22.98 0.77
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ID RA DEC N. of Obs. RV (km s−1) σ1,2 Reference3

18.0 - o

1RXS J091528.1-760856 09:15:29.1 -76:08:47 3 19.1 0.55

21.0 2.0 o

1RXS J093455.3-780414 09:34:56.1 -78:04:19 3 16.77 0.61

1RXS J100515.1-774900 10:05:20.0 -77:48:42 3 16.38 0.06

DZ Cha 11:49:31.9 -78:51:01 3 14.02 0.42

18.0 - e

13.4 1.3 j

12.2 - o

T Cha 11:57:13.5 -79:21:32 1 14.71 0.89

GSC 09415-02676∗ 11:58:26.9 -77:54:45 3 14.47 0.24

13.0 2.2 o

HIP 58490 11:59:42.3 -76:01:26 5 13.66 0.51

15.1 1.0 j

DX Cha 12:00:05.1 -78:11:35 2 11.51 0.36

HD 104237-5 12:00:08.3 -78:11:40 2 13.7 0.03

HD 104237-6 12:00:09.3 -78:11:42 3 13.76 1.41

HD 104467 12:01:39.1 -78:59:17 5 13.32 3.07

12.3 1.4 j

15.4 1.0 g

GSC 09420- 00948 12:02:03.8 -78:53:01 4 12.66 3.23

17.1 - e

5.0 - e

HD 105923 12:11:38.1 -71:10:36 5 14.2 0.37

14.2 1.0 j

1RXS J121645.2-775339 12:16:46.0 -77:53:33 4 14.03 0.18

14.0 2 o

G92391495 12:19:43.8 -74:03:57 3 13.92 0.08

GSC 09239-01572 12:20:21.9 -74:07:39 4 12.65 3.26

CD-74712 12:39:21.3 -75:02:39 9 13.31 0.34

14.4 0.2 j

CD-691055 12:58:25.6 -70:28:49 3 12.35 0.7

12.8 1.0 j

11.1 1.5 r

CP-681894 13:22:07.5 -69:38:12 6 11.66 0.76

11.6 0.2 j

Octans members

CD-58860 04:11:55.6 -58:01:47 4 9.52 0.06

9.8 1.0 j
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ID RA DEC N. of Obs. RV (km s−1) σ1,2 Reference3

CD-431451 04:30:27.3 -42:48:47 5 13.17 0.38

HD 274576 05:28:51.4 -46:28:19 4 12.05 0.66

12.7 1.0 j

BD-201111 05:32:29.3 -20:43:33 2 19.36 0.23

CD-471999 05:43:32.1 -47:41:11 2 11.67 2.28

14.4 1.0 j

TYC 7066-1037-1 05:58:11.8 -35:00:49 4 14.52 0.25

CD-492037 06:03:35.4 -49:11:26 5 12.12 0.19

CD-303394N 06:40:04.9 -30:33:03 4 14.51 0.17

CD-303394S 06:40:05.7 -30:33:09 2 14.87 1.1

TYC 9300-529-1 18:49:45.1 -71:56:58 3 -2.26 0.47

CP-82784 19:53:56.7 -82:40:42 1 -2.15 0.89

-2.0 1.2 j

CD-87121 23:58:17.7 -86:26:24 6 -0.86 1.41

Tucana Horologium members

HD 105 00:05:52.5 -41:45:11 1 2.05 0.89

3.2 1.3 a

HD 987 00:13:52.8 -74:41:17 6 9.78 0.45

8.8 0.3 f

HD 1466 00:18:26.1 -63:28:39 4 6.23 0.18

HIP 1993 00:25:14.7 -61:30:48 1 6.06 0.89

CD-7824 00:42:20.3 -77:47:40 7 11.87 0.51

11.5 0.6 j

HD 8558 01:23:21.1 -57:28:50 8 9.56 0.36

8.3 0.4 g

HD 9054 01:28:08.6 -52:38:19 3 8.55 0.2

HD 12039 01:57:49.0 -21:54:05 2 5.83 0.38

5.8 0.4 f

HD 13183 02:07:17.9 -53:11:56 11 9.87 0.4

9.7 0.3 f

9.5 0.2 g

HD 13246 02:07:26.1 -59:40:46 6 9.79 0.48

CD-60416 02:07:32.1 -59:40:21 5 10.59 0.74

GSC 08491-01194 02:41:47.3 -52:59:31 1 12.85 0.89

12.5 1.2 j

CD-58553 02:42:33.0 -57:39:37 5 12.54 0.4

12.4 0.1 j

CD-351167 03:19:08.6 -35:07:00 3 13.57 0.11

13.5 0.2 j
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ID RA DEC N. of Obs. RV (km s−1) σ1,2 Reference3

CD-461064 03:30:49.1 -45:55:57 1 14.06 0.89

15.3 0.5 j

CD-441173 03:31:55.6 -43:59:14 6 15.65 0.36

15.5 0.3 j

HD 22705 03:36:53.4 -49:57:29 4 14.34 1.51

HD 24636 03:48:11.5 -74:41:39 3 13.69 0.56

BD-12943 04:36:47.1 -12:09:21 2 17.31 0.41

HD 29615 04:38:43.9 -27:02:02 4 18.92 0.32

HD 30051∗ 04:43:17.2 -23:37:42 3 -2.03 0.50

TYC 8083-455-1 04:48:00.7 -50:41:26 3 18.91 0.2

19.3 0.1 j

BD-191062 04:59:32.0 -19:17:42 3 20.12 0.44

BD-091108 05:15:36.5 -09:30:51 4 20.8 0.34

21.0 - t

CD-302310 05:18:29.0 -30:01:32 4 20.99 0.53

TYC 8098-414-1 05:33:25.6 -51:17:13 2 18.51 1.52

20.5 0.0 j

CD-272520 05:49:06.6 -27:33:56 2 23.0 0.43

HD 47875 06:34:41.0 -69:53:06 5 15.75 1.92

GSC 09507-02466∗ 11:40:16.5 -83:21:00 3 13.06 0.37

13.4 0.8 j

HD 202917 21:20:50.0 -53:02:03 6 -1.16 0.39

0.1 0.2 f

-1.6 0.2 g

-5.3 - i

-0.9 0.7 j

-0.9 A n

HIP 107345 21:44:30.1 -60:58:39 3 2.09 0.4

2.3 0.5 j

HD 207575 21:52:09.7 -62:03:09 3 1.57 0.17

HD 222259N 23:39:39.1 -69:11:39 6 6.21 0.32

7.4 0.2 g

6.1 0.1 j

8.3 A n

HD 222259S 23:39:39.3 -69:11:44 8 7.9 0.17

TW Hydrae members

TWA 7 10:42:30.1 -33:40:17 2 11.89 0.37

TW Hya 11:01:51.9 -34:42:17 2 12.45 0.52

13.4 0.8 j
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ID RA DEC N. of Obs. RV (km s−1) σ1,2 Reference3

CD-298887 11:09:13.8 -30:01:40 2 10.98 0.03

12.1 1.0 j

TWA 12 11:21:05.5 -38:45:16 2 10.85 0.33

CD-347390A∗ 11:21:17.2 -34:46:46 4 10.8 0.43

11.3 1.0 j

CD-347390B∗ 11:21:17.4 -34:46:50 4 11.48 0.4

11.6 1.0 j

CD-268632A 11:32:41.2 -26:51:56 2 8.06 0.43

8.0 1.0 j

TWA 9B 11:48:23.7 -37:28:49 1 11.51 0.89

9.5 B n

TWA 9A 11:48:24.2 -37:28:49 3 10.39 0.62

TWA 23 12:07:27.4 -32:47:00 2 10.93 0.1

CD-397538 12:15:30.7 -39:48:43 3 7.03 0.58

TWA 16 12:34:56.4 -45:38:07 3 8.74 0.36

9.0 - t

TWA 10 12:35:04.2 -41:36:39 3 6.31 0.23

6.6 1.0 j

(∗) No longer classified as a member of association with new RV values.

(a) RV values from a single-component Gaussian fit; see Section 2.8 for details on target.

(1) Uncertainties for UVES and FEROS data: If more than one observation was available uncertainties

were taken to be the standard deviation from the mean value for each target. If there was only one

observation the uncertainty has a value of 0.89 km s−1, one standard deviation of the entire sample.

(2) Uncertainties from de Bruijne and Eilers (2012) have values (A): the standard errors are generally

reliable or (B): potential, small, uncorrected, systematic errors.

(3) References: a: I/196 (Turon et al., 1993), b: I/306A/ (Ivanov, 2008), c:III/105/ (Andersen et al., 1985),

d: III/198/ (Reid et al., 1995), e: III/249/ (Malaroda et al., 2006), f: III/252 (Gontcharov, 2006), g: III/254/

(Kharchenko et al., 2007), h: III/265/ (Siebert et al., 2011), i :J/A+A/423/517/ (Rocha-Pinto et al., 2004),

j: J/A+A/460/695/ (Torres et al., 2006), k: J/A+A/521/A12/ (Maldonado et al., 2010), l: J/A+A/530/A138/

(Casagrande et al., 2011), m: J/A+A/531/A8/ (Jenkins et al., 2011), n: J/A+A/546/A61/ (de Bruijne and

Eilers, 2012), o: J/A+A/551/A46/ (Lopez Martı́ et al., 2013), p: J/A+AS/142/275/ (Strassmeier et al.,
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2000), q: J/AJ/133/2524/ (White et al., 2007), r: J/AJ/144/8/ (Song et al., 2012), s: J/AZh/83/821/

(Bobylev et al., 2006), t: J/AcA/62/67/ (Kiraga, 2012), u: V/137D/XHIP (Anderson and Francis, 2012), v:

III/272/ (Kordopatis et al., 2013).
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TABLE 2.5: Summary table of UVES radial velocity values for SB2 and SB3 systems.

ID RA DEC MJD Ass. Flux Ratio RV1 σ1 RV2 σ2 RV3 σ3

BD-20951 04:52:49.5 -19:55:02 56125.4 CAR 0.25 -27.1 0.1 80.2 0.2
56139.4 -27.5 0.9 81.9 0.9

HD 33999 05:12:35.8 -34:28:48 55410.4 ABD 0.70, 0.20 28.7 0.5 -15.7 0.2 59.0 1.0
HD 309751 09:31:44.7 -65:14:53 55885.3 CAR 0.48 -7.4 0.3 53.0 0.6
TWA 20∗ 12:31:38.1 -45:58:59 56054.2 TWA 0.79 -50.5 1.8 76.1 2.3

56069.2 -47.5 1.5 72.5 1.4
56111.1 -47.8 1.2 71.7 1.6

HD 155177 17:42:09.0 -86:08:05 54209.4 OCT 0.86 12.2 0.3 -21.9 0.6
54765.0 7.4 0.9 -7.0 0.7
56056.4 -17.2 0.1 31.3 0.3
56092.3 15.4 0.5 -7.6 0.5

V4046-Sgr 18:14:10.5 -32:47:33 53600.0 BPC 0.77 -21.0 0.5 9.3 0.7
54237.4 -59.9 0.2 44.1 0.1
54238.1 -12.3 1.3 -1.8 1.0
54238.3 -31.8 0.2 20.6 0.3
54235.3 -53.8 0.3 38.8 0.1
54238.4 -43.4 0.1 34.4 0.0
54239.4 -17.6 0.4 2.2 0.2
54237.1 -37.7 0.3 23.1 0.1
54239.2 -22.2 0.1 9.5 0.3
53597.1 -58.4 0.2 47.7 0.2
54239.1 -32.9 0.3 20.3 0.3
54235.4 -43.4 2.9 29.2 2.8
54237.2 -49.3 0.1 34.0 0.1
54235.2 -59.8 0.1 43.3 0.1
54238.2 -20.0 0.1 10.1 0.1
53597.0 -58.0 0.3 47.2 0.2
53598.0 -51.0 0.2 35.4 0.8
53599.0 -20.0 0.1 10.2 0.3

1RXS J195602.8-320720 19:56:02.9 -32:07:19 55843.1 BPC 0.67 30.0 0.4 -46.2 0.4
HD 217379 23:00:28.0 -26:18:43 55341.4 ABD 0.62, 0.30 50.0 0.4 -49.7 0.1 5.5 0.4
CD-423328 07:33:21.2 -42:55:42 56175.4 CAR 1.00a 36.0 0.6 11.2 0.5

56179.4 33.5 0.4 12.5 0.5

(∗) No longer classified as a member of association with new RV values.
(a) From CCF profiles in both epochs, it is difficult to accurately compute the flux ratio; however, the two components are very similar, and thus, we assign

a value of 1.00.
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TABLE 2.6: RV values from each UVES observation available.

ID RA DEC MJD RV (km s−1) ±σmeas.

AB Doradus members

HD 6569 01:06:26.2 -14:17:47 54749.10 7.6 .004

55391.42 7.5 .003

BD-12243 01:20:32.3 -11:28:04 54281.37 9.9 .003

55391.41 10.6 .003

HD 16760B 02:42:21.0 +38:37:21 55415.40 -3.5 .004

HD 16760 02:42:21.3 +38:37:07 55415.40 -3.2 .004

HD 17332B 02:47:27.2 +19:22:21 55415.41 5.1 .003

HD 17332A 02:47:27.4 +19:22:19 55415.41 3.9 .009

IS Eri 03:09:42.3 -09:34:47 54749.14 14.3 .006

55391.43 14.6 .004

HD 24681 03:55:20.4 -01:43:45 54795.03 18.0 .022

HD 25457 04:02:36.7 -00:16:08 54795.03 18.0 .028

55391.42 17.3 .020

HD 31652 04:57:22.3 -09:08:00 54784.13 22.6 .004

CD-401701 05:02:30.4 -39:59:13 54309.40 28.6 .003

55410.38 28.6 .004

HD 32981 05:06:27.7 -15:49:30 55458.30 25.6 .005

HD 293857 05:11:09.7 -04:10:54 54808.11 20.3 .006

HD 35650 05:24:30.2 -38:58:11 54784.25 31.4 .004

55410.40 32.7 .005

CD-342331 05:35:04.1 -34:17:52 54805.24 30.7 .015

55410.41 30.4 .015

CD-481893 05:36:55.1 -47:57:48 54805.17 31.7 .016

55459.25 32.0 .017

UY Pic 05:36:56.9 -47:57:53 54309.41 32.2 .006

54327.41 32.1 .004

55459.25 32.6 .006

WX Col 05:37:12.9 -42:42:56 54312.40 31.3 .004

55398.42 31.2 .019

55459.25 31.3 .005

TYC 7604-1675-1 05:37:13.2 -42:42:57 54309.42 30.3 .003

TYC 4779-394-1 05:38:56.6 -06:24:41 54814.09 22.9 .005

CP-19878 05:39:23.2 -19:33:29 55416.42 28.7 .025

TYC 7605-1429-1 05:41:14.3 -41:17:59 55461.36 30.7 .145

TZ Col 05:52:16.0 -28:39:25 54814.11 29.0 .024

55463.25 28.5 .020

BD-131328 06:02:21.9 -13:55:33 54878.03 25.4 .004



Chapter 2. Spectroscopic binaries in the young moving groups 88

ID RA DEC MJD RV (km s−1) ±σmeas.

CD-342676 06:08:33.9 -34:02:55 54226.97 29.8 .006

55464.25 30.6 .009

CD-352722 06:09:19.2 -35:49:31 54805.34 31.9 .015

HD 45270 06:22:30.9 -60:13:07 54228.98 31.8 .018

54805.21 31.5 .015

55465.36 31.2 .011

AK Pic 06:38:00.4 -61:32:00 55466.36 36.8 .021

CD-611439 06:39:50.0 -61:28:42 54805.18 31.4 .005

TYC 7627-2190-1 06:41:18.5 -38:20:36 54896.09 25.6 .049

55416.40 27.2 .063

GSC 08544-01037∗ 06:47:53.4 -57:13:32 54773.34 29.6 .005

55468.33 29.8 .003

CD-571654 07:10:50.6 -57:36:46 54876.22 29.3 .032

55464.38 29.0 .050

V429 Gem 07:23:43.6 +20:24:59 54893.08 7.0 .006

55468.38 7.8 .006

HD 59169 07:26:17.7 -49:40:51 55468.39 39.7 .008

CD-8480 07:30:59.5 -84:19:28 54236.98 23.2 .003

HD 64982 07:45:35.6 -79:40:08 54239.99 25.6 .012

55464.38 25.7 .011

BD+012447 10:28:55.5 +00:50:28 54850.37 7.7 .008

PX Vir 13:03:49.7 -05:09:43 54888.38 -13.3 .004

HD 139751 15:40:28.4 -18:41:46 55340.14 -7.6 .006

HIP 81084 16:33:41.6 -09:33:12 54923.41 -14.7 .005

HD 152555 16:54:08.1 -04:20:25 54906.34 -16.4 .015

55341.29 -16.5 .018

HD 178085 19:10:57.9 -60:16:20 55341.31 8.4 .030

TYC 486-4943-1 19:33:03.8 +03:45:40 55339.41 -20.7 .004

BD-034778 20:04:49.4 -02:39:20 54783.00 -16.5 .006

55340.40 -16.5 .006

HD 199058 20:54:21.1 +09:02:24 54783.00 -19.4 .006

55340.40 -19.7 .011

TYC 1090-543-1 20:54:28.0 +09:06:07 54783.01 -19.0 .012

55339.41 -19.3 .013

HD 201919 21:13:05.3 -17:29:13 54783.02 -7.5 .005

55340.40 -7.6 .005

HD 218860 23:11:52.0 -45:08:10 54227.41 9.6 .004

54760.26 12.7 .004

HD 224228 23:56:10.7 -39:03:08 55341.41 13.1 .004

Argus members
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ID RA DEC MJD RV (km s−1) ±σmeas.

CD-292360 05:34:59.2 -29:54:04 54309.41 25.7 .006

56139.39 26.1 .020

56140.41 25.3 .011

CD-283434 06:49:45.4 -28:59:17 54234.97 26.7 .004

CD-422906 07:01:53.4 -42:27:56 54234.99 23.4 .004

56159.40 23.7 .014

56163.38 23.8 .015

HD 61005 07:35:47.5 -32:12:14 56175.40 22.2 .010

56179.38 22.6 .013

CD-483199 07:47:26.0 -49:02:51 54876.23 17.8 .037

54878.04 17.6 .025

56175.39 17.1 .052

56179.39 17.9 .025

CD-433604 07:48:49.8 -43:27:06 54876.23 20.4 .056

56175.38 24.1 .142

56179.37 11.0 .010

TYC 8561-970-1 07:53:55.5 -57:10:07 54232.01 15.7 .003

56082.01 15.9 .010

56162.39 15.7 .008

PMM 7956 08:29:51.9 -51:40:40 54876.26 16.1 .007

PMM 6974 08:34:18.1 -52:15:58 54864.29 15.1 .004

PMM 4280 08:34:20.5 -52:50:05 54876.27 16.9 .022

PMM 6978 08:35:01.2 -52:14:01 54876.28 15.4 .006

PMM 3359 08:36:55.0 -53:08:34 54876.29 14.7 .010

PMM 665 08:37:51.6 -53:45:46 54876.31 14.6 .010

PMM 4362 08:38:22.9 -52:56:48 54876.35 15.1 .017

PMM 686 08:39:22.6 -53:55:06 54880.12 15.2 .007

V364 Vel 08:39:53.0 -52:57:57 54880.14 15.3 .013

PMM 8415 08:40:16.3 -52:56:29 54880.16 14.8 .017

PMM 1142 08:40:49.1 -53:37:45 54878.04 14.1 .006

PMM 756 08:43:00.4 -53:54:08 54878.05 16.1 .012

V376 Vel 08:44:05.2 -52:53:17 54878.06 13.6 .015

V379 Vel 08:45:26.9 -52:52:02 54864.27 14.7 .005

CD-572315 08:50:08.1 -57:45:59 54893.10 13.4 .017

TYC 8594-58-1 09:02:03.9 -58:08:50 54880.18 10.8 .036

56082.02 8.2 .088

56108.00 10.9 .068

CD-542644 09:13:16.9 -55:29:03 54898.17 20.8 .037

55885.32 21.5 .095
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ID RA DEC MJD RV (km s−1) ±σmeas.

BD-202977 09:39:51.4 -21:34:17 54240.09 17.9 .005

TYC 9217-641-1 09:42:47.4 -72:39:50 54880.20 5.4 .014

CD-395833 09:47:19.9 -40:03:10 54240.01 14.8 .004

56097.96 14.5 .011

HD 309851 09:55:58.3 -67:21:22 54227.14 7.3 .012

54895.22 7.1 .020

56097.98 8.0 .032

CD-74673 12:20:34.4 -75:39:29 54874.28 4.7 .004

CD-75652 13:49:12.9 -75:49:48 54226.13 -1.0 .063

54883.33 -1.2 .016

56134.09 -0.9 .014

56137.13 -1.4 .031

NY Aps 15:12:23.4 -75:15:16 54905.22 -3.1 .009

56033.40 -3.5 .017

β-Pic members

HIP 10679 02:17:24.7 +28:44:30 54805.16 5.3 .007

BD+05378∗ 02:41:25.9 +05:59:18 54788.24 7.3 .005

GJ3305∗ 04:37:37.5 -02:29:28 55846.23 24.4 .038

55925.24 23.3 .014

55935.13 23.8 .017

V1005Ori 04:59:34.8 +01:47:01 54808.10 18.8 .013

55846.30 19.4 .008

55925.24 18.6 .019

CD-571054 05:00:47.1 -57:15:25 54773.29 19.0 .007

BD-211074B 05:06:49.5 -21:35:04 55846.25 21.8 .034

55847.27 22.0 .025

55904.19 20.8 .017

BD-211074A 05:06:49.9 -21:35:09 55846.26 21.5 .013

55855.36 20.9 .017

TYC 112-917-1 05:20:00.3 +06:13:04 55846.26 19.0 .009

55925.24 18.7 .010

55935.15 18.7 .011

TYC 112-1486-1 05:20:31.8 +06:16:11 55846.27 18.4 .020

55925.25 18.8 .024

55936.21 18.3 .017

V1311 Ori∗ 05:32:04.5 -03:05:29 54784.35 23.9 .020

55846.28 24.5 .020

55904.18 23.2 .021

AO Men 06:18:28.2 -72:02:41 54805.18 16.1 .009



Chapter 2. Spectroscopic binaries in the young moving groups 91

ID RA DEC MJD RV (km s−1) ±σmeas.

55846.30 16.5 .026

55855.35 16.0 .018

54226.99 16.0 .007

TWA 22 10:17:26.9 -53:54:27 55904.30 13.4 .057

55968.36 13.6 .051

HD 139084B 15:38:56.8 -57:42:19 55978.37 3.0 .187

V343 Nor 15:38:57.5 -57:42:27 54226.24 5.0 .007

54906.32 0.2 .010

CD-2711535 17:15:03.6 -27:49:40 55845.05 -8.3 .013

CD-547336 17:29:55.1 -54:15:49 54905.23 1.5 .043

HD 164249 18:03:03.4 -51:38:56 54209.40 -0.7 .017

GSC 07396-00759 18:14:22.1 -32:46:10 55843.05 -6.0 .021

TYC 9073-762-1 18:46:52.6 -62:10:36 55843.06 1.6 .024

CD-2613904 19:11:44.7 -26:04:09 55843.07 -9.7 .011

HD 181327 19:22:58.9 -54:32:17 54226.33 -1.0 .016

55843.08 -0.8 .034

55850.07 -0.3 .051

TYC 7443-1102-1 19:56:04.4 -32:07:38 55843.09 -6.4 .010

55850.07 -6.3 .018

1RXS J200136.9-331307 20:01:37.2 -33:13:14 55843.10 -4.6 .017

55850.08 -4.4 .010

56009.36 -5.0 .015

AU Mic 20:45:09.5 -31:20:27 54765.05 -5.1 .018

55844.10 -5.2 .010

53608.97 -4.9 .121

AZ Cap 20:56:02.7 -17:10:54 55843.11 -8.2 .017

55889.03 -8.5 .020

CP-722713 22:42:48.9 -71:42:21 54765.07 7.8 .006

WW PsA 22:44:58.0 -33:15:02 55843.11 1.1 .046

55850.09 1.6 .074

TX PsA 22:45:00.0 -33:15:26 55850.10 2.7 .277

BD-136424 23:32:30.9 -12:15:52 54760.25 0.7 .009

55889.06 0.2 .018

Carina members

HD 269620 05:29:27.1 -68:52:05 54228.97 19.1 .013

HD 42270 05:53:29.3 -81:56:53 54805.20 16.9 .033

HD 49855∗ 06:43:46.2 -71:58:35 54805.19 20.8 .011

CD-571709 07:21:23.7 -57:20:37 54215.00 23.2 .005

55849.31 22.9 .019
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ID RA DEC MJD RV (km s−1) ±σmeas.

CD-423328a 07:33:21.2 -42:55:42 56175.40 15.1 .130

56179.38 15.3 .110

TYC 8557-1251-1 07:55:31.6 -54:36:51 55856.32 21.1 .039

TYC 8570-1980-1 08:11:09.3 -55:55:56 55856.32 21.3 .052

CP-541712 08:37:10.9 -55:18:10 54233.02 20.7 .013

55849.33 20.7 .038

CD-612010 08:42:00.5 -62:18:26 54897.17 21.0 .041

55856.33 22.1 .158

TYC 8590-1193-1 08:56:31.5 -57:00:41 55885.29 21.0 .012

55910.18 20.8 .010

TYC 8582-3040-1 08:57:45.6 -54:08:37 54897.18 21.7 .033

55885.29 21.8 .015

CD-494008 08:57:52.2 -49:41:51 54898.15 22.1 .065

55885.30 21.8 .032

CP-551885 09:00:03.4 -55:38:24 54898.16 27.6 .078

55885.31 24.0 .185

CD-552543 09:09:29.4 -55:38:27 54233.03 20.6 .015

55885.31 22.6 .014

55910.20 22.4 .008

TYC 8174-1586-1 09:11:15.8 -50:14:15 55885.31 22.2 .023

55909.30 22.4 .021

CP-621293 09:43:08.8 -63:13:04 54898.19 20.6 .073

55885.34 20.4 .036

TYC 8946-872-1∗ 09:55:15.1 -62:03:32 55909.30 22.1 .022

55933.28 21.5 .019

TYC 9217-417-1 09:59:57.7 -72:21:47 55933.29 16.6 .034

TYC 8962-1747-1 11:08:07.9 -63:41:47 55935.30 16.3 .011

55981.23 16.8 .010

HD 107722 12:23:29.0 -77:40:51 54906.29 12.8 .056

55978.35 12.5 .100

55981.25 12.2 .231

TYC 460-624-1∗ 18:45:10.3 +06:20:16 55843.06 -25.0 .020

56009.35 -25.4 .018

HD 189285∗ 19:59:24.1 -04:32:06 55340.39 -19.4 .007

HD 221451∗ 23:32:19.2 -13:37:18 55889.06 -7.3 .010

Columba members

CD-52381 01:52:14.6 -52:19:33 54254.36 13.7 .011

54258.42 13.5 .023

54750.14 13.4 .010

BD-16351 02:01:35.6 -16:10:01 54749.11 10.5 .009
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ID RA DEC MJD RV (km s−1) ±σmeas.

56107.42 9.7 .008

56116.38 9.9 .009

CD-44753 02:30:32.4 -43:42:23 54749.12 13.1 .007

TYC 8862-19-1 02:58:04.0 -62:41:14 54281.38 16.2 .004

BD-11648 03:21:49.7 -10:52:18 56125.36 14.6 .040

56141.35 15.7 .045

BD-04700 03:57:37.2 -04:16:16 54755.16 18.4 .014

56125.37 18.8 .010

56128.42 17.7 .024

BD-15705∗ 04:02:16.5 -15:21:30 54765.11 15.0 .008

56108.42 15.2 .011

56119.42 15.3 .007

56125.37 15.0 .006

HD 26980 04:14:22.6 -38:19:02 54288.42 21.3 .016

54308.42 21.4 .007

HD 27679 04:21:10.3 -24:32:21 54288.41 21.3 .008

54784.11 21.7 .009

CD-431395 04:21:48.7 -43:17:33 54784.12 22.2 .046

56125.38 21.8 .019

56138.33 21.2 .042

CD-361785 04:34:50.8 -35:47:21 56125.38 21.7 .012

56138.34 22.5 .010

54308.40 22.1 .003

GSC 08077-01788 04:51:53.0 -46:47:31 54772.23 18.4 .023

54773.30 16.8 .011

HD 31242N 04:51:53.5 -46:47:13 54309.39 22.2 .010

54772.21 21.8 .021

HD 272836 04:53:05.2 -48:44:39 54772.22 22.8 .010

TYC 5900-1180-1∗ 04:58:35.8 -15:37:31 54784.14 23.6 .024

BD-08995 04:58:48.6 -08:43:40 54795.04 24.7 .010

56144.41 23.5 .007

56147.39 24.0 .010

HD 32372 05:00:51.9 -41:01:07 54309.39 22.9 .005

HD 274561 05:28:55.1 -45:34:58 54307.41 24.4 .003

BD-191194 05:30:19.1 -19:16:32 54784.25 26.2 .019

CD-392075∗ 05:37:05.3 -39:32:26 54312.40 23.2 .010

BD-081195 05:38:35.0 -08:56:40 54814.08 24.1 .060

56144.41 23.2 .029

56147.40 24.6 .077

56159.41 24.7 .059

CD-382198 05:45:16.3 -38:36:49 54814.10 25.7 .017

56139.39 27.4 .045

56140.42 27.4 .041
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ID RA DEC MJD RV (km s−1) ±σmeas.

CD-292531 05:50:21.4 -29:15:21 54805.33 26.5 .008

56138.42 27.0 .018

56140.41 26.1 .013

HD 40216 05:55:43.2 -38:06:16 54814.12 24.5 .054

AB Pic 06:19:12.9 -58:03:16 54226.99 22.8 .004

CD-402458 06:26:06.9 -41:02:54 54327.40 25.7 .019

56144.42 25.1 .006

56147.40 25.3 .018

HD 48370 06:43:01.0 -02:53:19 54807.35 23.4 .006

TYC 9178-284-1 06:55:25.2 -68:06:21 54214.98 19.9 .004

HD 51797 06:56:23.5 -46:46:55 54234.98 24.9 .011

54805.34 25.0 .006

HD 55279 07:00:30.5 -79:41:46 54214.02 17.4 .004

V479 Car 09:23:35.0 -61:11:36 54239.98 20.6 .012

55885.33 20.8 .004

54843.22 20.7 .007

CP-522481 09:32:26.1 -52:37:40 54240.00 20.9 .008

54240.00 20.8 .024

54898.18 21.0 .009

55885.33 21.5 .012

HD 298936 10:13:14.8 -52:30:54 54223.08 17.8 .009

55862.36 17.8 .003

55933.31 17.2 .010

CD-544320∗ 11:45:51.8 -55:20:46 54884.24 16.2 .003

55935.30 16.2 .006

55981.31 15.3 .005

ε Chamaeleon members

EG Cha 08:36:56.2 -78:56:46 55849.32 17.3 .029

55856.36 19.1 .026

EO Cha 08:44:31.9 -78:46:31 55910.23 17.4 .014

55932.29 17.4 .011

55933.22 17.2 .019

EQ Cha∗ 08:47:56.8 -78:54:53 55910.17 24.0 .049

55932.30 22.2 .067

55933.24 22.8 .083

1RXS J091528.1-760856 09:15:29.1 -76:08:47 55910.29 19.1 .020

55933.25 18.4 .020

55936.23 19.8 .031

1RXS J093455.3-780414 09:34:56.1 -78:04:19 55910.28 16.0 .069

55933.27 17.5 .072
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ID RA DEC MJD RV (km s−1) ±σmeas.

55981.21 16.7 .034

1RXS J100515.1-774900 10:05:20.0 -77:48:42 55910.30 16.4 .019

55933.30 16.3 .021

55981.23 16.4 .024

DZ Cha 11:49:31.9 -78:51:01 55935.31 14.0 .020

55981.30 14.5 .020

55993.17 13.5 .018

T Cha 11:57:13.5 -79:21:32 56049.17 14.7 .028

GSC 09415-02676∗ 11:58:26.9 -77:54:45 55935.32 14.8 .041

55977.27 14.4 .017

55993.19 14.2 .016

HIP 58490 11:59:42.3 -76:01:26 54901.15 14.5 .011

55340.07 13.6 .009

55981.25 13.8 .006

55993.20 13.0 .012

56009.34 13.3 .011

DX Cha 12:00:05.1 -78:11:35 52663.37 11.8 .017

54463.33 11.9 .013

HD 104237-5 12:00:08.3 -78:11:40 55979.36 13.7 .050

55982.34 13.7 .059

HD 104237-6 12:00:09.3 -78:11:42 55993.21 13.4 .053

56012.32 15.6 .029

55340.09 12.2 .055

HD 104467 12:01:39.1 -78:59:17 54906.28 11.0 .027

55342.12 15.9 .041

55981.26 10.1 .022

55993.22 11.5 .051

53453.23 18.0 .016

GSC 09420- 00948 12:02:03.8 -78:53:01 54901.16 18.2 .031

55977.29 10.4 .024

55981.27 11.3 .017

55982.33 10.7 .024

HD 105923 12:11:38.1 -71:10:36 54223.12 13.9 .019

55342.12 14.0 .014

55981.25 13.9 .005

55982.32 14.2 .007

1RXS J121645.2-775339 12:16:46.0 -77:53:33 55947.36 13.9 .027

55977.29 14.1 .027

55979.33 13.8 .020

55981.28 14.3 .029

GSC 09239-01495 12:19:43.8 -74:03:57 55947.34 14.0 .015

55979.32 13.9 .009

55981.32 13.9 .023
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ID RA DEC MJD RV (km s−1) ±σmeas.

GSC 09239-01572 12:20:21.9 -74:07:39 55340.11 16.4 .097

55947.35 12.0 .180

55978.34 8.6 .246

55979.30 13.6 .197

CD-74712 12:39:21.3 -75:02:39 54226.09 13.4 .012

54906.30 13.9 .021

55371.07 13.9 .037

55978.35 13.2 .017

55982.26 12.9 .041

CD-691055 12:58:25.6 -70:28:49 55978.36 12.5 .032

55981.31 11.4 .064

CP-681894 13:22:07.5 -69:38:12 54222.19 10.3 .006

54877.38 12.1 .018

55398.07 12.3 .027

55978.36 10.9 .014

Octans members

CD-58860 04:11:55.7 -58:01:47 54765.10 9.6 .035

56108.42 9.5 .026

56122.42 9.5 .023

CD-431451 04:30:27.3 -42:48:47 54309.38 12.9 .033

54765.10 12.6 .010

56108.41 13.2 .024

56122.41 13.5 .019

HD 274576 05:28:51.4 -46:28:19 54805.17 12.2 .017

56125.41 10.9 .043

56138.37 12.4 .039

BD-201111 05:32:29.3 -20:43:33 56140.39 19.1 .057

56144.39 19.6 .048

CD-471999 05:43:32.1 -47:41:11 56140.38 14.0 .071

TYC 7066-1037-1 05:58:11.8 -35:00:49 54903.11 14.7 .038

56139.40 14.8 .032

56140.40 14.3 .018

CD-492037 06:03:35.4 -49:11:26 54214.00 12.3 .004

54214.00 12.3 .013

56139.39 12.0 .012

56140.39 11.8 .003

CD-303394N 06:40:04.9 -30:33:03 54896.08 14.4 .072

56159.39 14.4 .185

56161.40 14.8 .124

CD-303394S 06:40:05.7 -30:33:09 56161.40 16.0 .115
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ID RA DEC MJD RV (km s−1) ±σmeas.

TYC 9300-529-1 18:49:45.1 -71:56:58 56056.39 -1.6 .054

56087.39 -2.5 .033

CD-87121 23:58:17.7 -86:26:24 54242.26 0.9 .041

54765.09 1.2 .053

Tucana-Horologium members

HD 105 00:05:52.5 -41:45:11 54249.41 2.1 .010

HD 987 00:13:53.0 -74:41:18 54245.42 9.0 .005

HD 1466 00:18:26.1 -63:28:39 54246.42 6.4 .065

54755.10 5.9 .029

56087.40 6.3 .041

56108.39 6.2 .025

HIP 1993 00:25:14.7 -61:30:48 54749.09 6.1 .011

CD-7824 00:42:20.3 -77:47:40 54251.41 11.8 .013

54755.11 11.0 .011

HD 8558 01:23:21.3 -57:28:51 54251.40 9.6 .010

HD 9054 01:28:08.7 -52:38:19 54252.42 8.3 .005

HD 12039 01:57:49.0 -21:54:05 54281.37 5.4 .014

56108.40 6.2 .009

HD 13183 02:07:18.1 -53:11:56 54755.16 10.4 .023

HD 13246 02:07:26.1 -59:40:46 54755.15 9.3 .060

CD-60416 02:07:32.2 -59:40:21 54750.15 9.9 .004

GSC 08491-01194 02:41:47.3 -52:59:31 54755.12 12.8 .011

CD-58553 02:42:33.0 -57:39:37 54749.11 11.8 .006

CD-351167 03:19:08.7 -35:07:00 54755.13 13.5 .005

56107.40 13.5 .009

CD-461064 03:30:49.1 -45:55:57 56107.42 14.1 .011

CD-441173 03:31:55.7 -43:59:14 54749.13 15.0 .010

HD 22705 03:36:53.4 -49:57:29 54281.42 14.1 .033

56107.40 16.6 .036

56116.37 14.4 .016

56125.34 12.4 .054

HD 24636 03:48:11.5 -74:41:39 56108.41 14.5 .115

56116.38 13.1 .078

56122.42 13.5 .096

BD-12943 04:36:47.1 -12:09:21 56144.38 16.9 .023

BD-12943 04:36:47.1 -12:09:21 56147.38 17.7 .023

HD 29615 04:38:43.9 -27:02:02 54308.41 19.1 .050

54765.12 18.5 .037

56125.39 18.7 .011

56138.34 19.4 .029
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ID RA DEC MJD RV (km s−1) ±σmeas.

HD 30051∗ 04:43:17.2 -23:37:42 56138.35 -1.5 .138

56139.36 -2.1 .190

56140.36 -2.5 .198

TYC 8083-455-1 04:48:00.7 -50:41:26 54772.20 18.8 .013

56125.40 18.8 .018

BD-191062 04:59:32.0 -19:17:42 54795.05 20.6 .021

56139.37 20.2 .006

56140.38 19.5 .014

BD-091108 05:15:36.5 -09:30:51 54892.03 20.3 .025

56144.40 20.7 .028

56147.39 21.2 .011

56159.40 21.0 .026

CD-302310 05:18:29.0 -30:01:32 54805.22 20.6 .004

56138.36 20.4 .011

56139.37 21.6 .012

TYC 8098-414-1 05:33:25.6 -51:17:13 56138.36 20.0 .021

CD-272520 05:49:06.6 -27:33:56 56139.41 23.4 .020

56140.40 22.6 .012

HD 47875 06:34:41.0 -69:53:06 54236.97 16.7 .006

GSC 09507-02466∗ 11:40:16.6 -83:21:00 53453.19 12.6 .005

56139.03 13.5 .011

HD 202917 21:20:50.0 -53:02:03 54226.35 -1.6 .007

HIP 107345 21:44:30.1 -60:58:39 54765.06 1.5 .007

HD 207575 21:52:09.7 -62:03:09 54765.07 1.3 .124

56087.40 1.7 .110

56092.42 1.6 .065

HD 222259N 23:39:39.3 -69:11:40 54243.35 5.6 .012

HD 222259S 23:39:39.5 -69:11:45 54243.35 7.8 .017

TW-Hydrae members

TWA 7 10:42:30.1 -33:40:17 54850.35 11.5 .008

TW Hya 11:01:51.9 -34:42:17 54895.23 11.9 .009

CD-298887 11:09:13.8 -30:01:40 56138.99 10.9 .035

TWA 12 11:21:05.5 -38:45:16 56069.16 11.2 .027

56097.97 10.5 .034

CD-347390A∗ 11:21:17.2 -34:46:46 54876.36 11.0 .020

56082.05 10.2 .026

56137.98 10.6 .028

CD-347390B∗ 11:21:17.4 -34:46:50 54864.36 12.0 .009

56108.05 10.9 .022

56137.98 11.3 .016
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ID RA DEC MJD RV (km s−1) ±σmeas.

CD-268632A 11:32:41.2 -26:51:56 56097.98 7.6 .018

TWA 9B 11:48:23.7 -37:28:49 56138.02 11.5 .019

TWA 9A 11:48:24.2 -37:28:49 54895.24 9.6 .005

56138.01 10.5 .012

56139.03 11.1 .013

TWA 23 12:07:27.4 -32:47:00 56138.00 10.8 .077

56139.01 11.0 .055

CD-397538 12:15:30.7 -39:48:43 54853.37 6.2 .008

56138.01 7.4 .018

TWA 16 12:34:56.4 -45:38:07 54877.35 9.0 .020

56111.13 8.2 .022

56137.99 9.0 .013

TWA 10 12:35:04.2 -41:36:39 54903.14 6.6 .029

56069.12 6.2 .019

56109.14 6.1 .034

(∗) No longer classified as a member of association with new RV values.
(a) RV values from a single-component Gaussian fit; see Section 2.8 for details on tar-

get.
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TABLE 2.7: Full member list for the SACY associations.

ID RA DEC V Mag. X Y Z D SpT

AB Doradus members

HD 36705 05 28 44.4 -65 26 47 13.2 1.2 -12.7 -8.3 15.2 M4

AB Dor 05 28 44.8 -65 26 55 6.88 1.2 -12.7 -8.3 15.2 K0

AK Pic 06 38 00.4 -61 32 00 6.27 0.4 -19.2 -9.1 21.3 G2

BD+012447 10 28 55.5 +00 50 28 9.65 -2.0 -4.1 4.9 6.7 M1

V429 Gem 07 23 43.6 +20 24 59 10.00 23.8 -7.7 7.2 26.0 K5

BD-034778 20 04 49.4 -02 39 20 10.24 52.1 42.3 -21.2 70.4 K1

BD-12243 01 20 32.3 -11 28 04 8.43 -8.6 5.4 -32.8 34.3 G9

BD-131328 06 02 21.9 -13 55 33 10.55 29.1 -24.6 -11.7 39.9 K4

CD-262425 05 44 13.4 -26 06 15 10.88 42.4 -51.5 -31.9 73.9 K2

CD-342331 05 35 04.1 -34 17 52 11.76 37.1 -61.2 -41.1 82.5 K4

CD-342676 06 08 33.9 -34 02 55 10.28 35.9 -63.8 -31.2 79.6 G9

CD-352722 06 09 19.2 -35 49 31 11.08 10.1 -19.4 -9.5 23.8 M1

CD-401701 05 02 30.4 -39 59 13 10.64 14.4 -29.6 -25.0 41.3 K4

CD-46644 02 10 55.4 -46 03 59 11.24 -0.8 -30.1 -65.8 72.4 K3

CD-481893 05 36 55.1 -47 57 48 9.81 -5.7 -20.6 -13.3 25.2 K6

CD-571654 07 10 50.6 -57 36 46 10.50 -3.5 -116.0 -42.6 123.6 G2

CD-611439 06 39 50.0 -61 28 42 9.75 0.4 -20.3 -9.4 22.4 K7

CD-8480 07 30 59.5 -84 19 28 9.98 27.9 -55.4 -30.3 69.0 G9

CP-19878 05 39 23.2 -19 33 29 10.51 46.9 -44.3 -29.1 70.8 K1

GSC 08544-01037∗ 06 47 53.4 -57 13 32 11.50 -6.8 -125.6 -53.4 136.6 K4

HD 139751 15 40 28.4 -18 41 46 10.44 31.4 -5.9 17.4 36.4 K4

HD 152555 16 54 08.1 -04 20 25 7.82 41.5 10.7 18.7 46.8 G0

HD 159911 17 37 46.5 -13 14 47 10.03 44.2 9.8 7.8 45.9 K4

HD 16760 02 42 21.3 +38 37 07 8.70 37.9 26.0 -16.1 48.7 G2

HD 17332A 02 47 27.4 +19 22 19 7.32 25.1 10.6 -19.6 33.6 G1

HD 17332B 02 47 27.2 +19 22 21 8.11 25.1 10.6 -19.6 33.6 G6

HD 178085 19 10 57.9 -60 16 20 8.34 50.6 -22.3 -26.6 61.4 G1

HD 199058 20 54 21.1 +09 02 24 8.62 38.7 58.4 -28.6 75.7 G5

HD 201919 21 13 05.3 -17 29 13 10.64 25.9 16.1 -24.7 39.2 K6

HD 217379 23 00 28.0 -26 18 43 10.45 12.3 6.7 -30.5 33.6 K7

HD 222575 23 41 54.3 -35 58 40 9.39 18.8 -0.8 -60.8 63.6 G8

HD 224228 23 56 10.7 -39 03 08 8.22 6.0 -1.8 -21.1 22.0 K2

HD 24681 03 55 20.4 -01 43 45 9.05 40.6 -7.9 -33.7 53.4 G8

HD 25457 04 02 36.7 -00 16 08 5.38 14.8 -2.8 -11.3 18.8 F6

HD 25953 04 06 41.5 +01 41 02 7.83 44.7 -7.5 -31.6 55.3 F5

HD 293857 05 11 09.7 -04 10 54 9.26 63.9 -29.6 -31.6 77.2 G8

HD 31652 04 57 22.3 -09 08 00 9.98 63.5 -33.9 -40.7 82.7 G8

HD 32981 05 06 27.7 -15 49 30 9.13 56.7 -41.5 -40.9 81.3 F9
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ID RA DEC V Mag. X Y Z D SpT

HD 33999 05 12 35.8 -34 28 48 9.37 45.7 -72.5 -58.7 103.9 F8

HD 35650 05 24 30.2 -38 58 11 9.05 -6.7 -13.6 -9.8 18.1 K6

WX Col 05 37 12.9 -42 42 56 9.55 24.0 -60.8 -39.5 76.4 G7

TYC 7604-1675-1 05 37 13.2 -42 42 57 10.65 24.0 -60.8 -39.5 76.4 K1

UY Pic 05 36 56.9 -47 57 53 7.84 -5.7 -20.6 -13.3 25.2 K0

HD 45270 06 22 30.9 -60 13 07 6.53 -0.2 -21.2 -10.7 23.7 G1

HD 59169 07 26 17.7 -49 40 51 10.22 16.0 -106.1 -28.9 111.1 G7

HD 64982 07 45 35.6 -79 40 08 8.96 27.4 -68.2 -33.2 80.6 G0

HD 6569 01 06 26.2 -14 17 47 9.50 -8.2 7.2 -46.1 47.4 K1

HD 99827 11 25 17.7 -84 57 16 7.70 42.0 -70.2 -33.8 88.5 F6

HD 16760B 02 42 21.0 +38 37 21 10.21 37.6 25.8 -16.0 48.3 K2

HIP 81084 16 33 41.6 -09 33 12 11.30 27.3 3.2 12.7 30.3 M0

IS Eri 03 09 42.3 -09 34 47 8.48 22.1 -4.4 -29.9 37.4 G0

LO Peg 21 31 01.7 +23 20 07 9.19 6.3 22.4 -8.5 24.8 K4

HD 209952 22 08 14.0 -46 57 40 1.73 18.6 -3.3 -24.6 31.0 B6

HD 17573 02 49 59.0 +27 15 38 3.61 39.7 20.2 -24.3 50.7 B8

HW Cet 03 12 34.3 +09 44 57 10.46 43.9 7.2 -37.0 57.9 K3

HD 20888 03 17 59.1 -66 55 37 6.03 9.4 -38.1 -38.4 54.9 A3

V577 Per 03 33 13.5 +46 15 27 8.26 29.4 17.1 -4.8 34.3 G5

HD 21845B 03 33 14.0 +46 15 19 11.20 29.4 17.1 -4.8 34.3 M0

HIP 17695 03 47 23.3 -01 58 20 11.54 12.2 -2.1 -10.7 16.4 M3

TYC 91-82-1 04 37 51.5 +05 03 08 11.01 77.7 -15.6 -39.7 88.6 K0

TYC 5899-26-1 04 52 24.4 -16 49 22 11.61 10.5 -7.6 -8.6 15.6 M3

CD-561032N 04 53 30.5 -55 51 32 12.10 -0.9 -8.6 -6.9 11.1 M3

CD-561032S 04 53 31.2 -55 51 37 11.16 -0.9 -8.6 -6.9 11.1 M3

HD 38497 05 45 41.3 -14 46 30 9.52 55.2 -45.0 -27.5 76.3 G3

CD-412076 05 48 30.4 -41 27 30 11.56 19.7 -47.6 -28.4 58.8 K6

CD-352749 06 11 55.7 -35 29 13 10.61 23.4 -44.7 -21.3 54.8 K1

GSC 08894-00426 06 25 56.1 -60 03 27 12.32 -0.3 -21.3 -10.6 23.8 M3

CD-472500 06 38 45.5 -47 14 18 10.14 23.3 -94.2 -38.4 104.4 G5

V372 Pup 07 28 51.4 -30 14 49 10.14 -6.9 -14.0 -1.6 15.7 M1

HD 82879 09 28 21.1 -78 15 35 8.99 45.4 -105.3 -40.4 121.6 F6

HD 160934 17 38 39.6 +61 14 16 10.45 -0.1 28.0 17.7 33.1 K7

HD 181869 19 23 53.2 -40 36 57 3.96 51.3 -2.1 -21.9 55.8 B8

GJ 4231 21 52 10.4 +05 37 36 12.11 11.2 22.1 -17.8 30.5 M3

HIP 110526A 22 23 29.1 +32 27 34 11.45 -0.0 14.0 -5.3 15.0 M3

HIP 110526B 22 23 29.1 +32 27 32 11.55 -0.0 14.0 -5.3 15.0 M3

HIP 114066 23 06 04.8 +63 55 34 10.87 -9.0 22.7 1.4 24.5 M1

HIP 115162 23 19 39.6 +42 15 10 8.94 12.7 46.2 -15.1 50.2 G4

Kap Psc 23 26 56.0 +01 15 20 4.95 2.9 26.8 -38.7 47.2 A0

HD 223352 23 48 55.5 -28 07 49 4.59 9.1 4.3 -41.0 42.2 A0

PX Vir 13 03 49.7 -05 09 43 7.69 7.3 -9.1 18.3 21.7 K1

TYC 4779-394-1 05 38 56.6 -06 24 41 10.91 12.7 -66.2 -45.1 81.1 G8
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ID RA DEC V Mag. X Y Z D SpT

TYC 486-4943-1 19 33 03.8 +03 45 40 11.15 53.0 46.2 -9.3 70.9 K3

TYC 1090-543-1 20 54 28.0 +09 06 07 11.68 38.5 58.2 -28.4 75.3 K4

TYC 7605-1429-1 05 41 14.3 -41 17 59 12.29 36.9 -86.9 -54.9 109.2 K4

TYC 7627-2190-1 06 41 18.5 -38 20 36 11.08 22.9 -54.7 -19.6 62.5 K2

TY Col 05 57 50.8 -38 04 03 9.60 20.1 -41.7 -22.9 51.6 G6

TZ Col 05 52 16.0 -28 39 25 9.08 43.5 -59.7 -34.0 81.3 G3

UX Col 05 28 56.5 -33 28 16 10.57 25.4 -39.8 -28.2 55.0 K4

Argus members

TYC 8561-970-1 07 53 55.5 -57 10 07 11.50 0.6 -138.5 -36.3 143.2 K0

BD-202977 09 39 51.4 -21 34 17 10.22 -21.9 -79.1 34.5 89.0 G9

CD-283434 06 49 45.4 -28 59 17 10.62 -50.9 -84.8 -23.0 101.5 G7

CD-292360 05 34 59.2 -29 54 04 10.53 -34.3 -47.1 -31.8 66.4 K3

CD-395833 09 47 19.9 -40 03 10 10.89 -2.1 -109.4 20.0 111.2 K0

CD-422906 07 01 53.4 -42 27 56 10.64 -26.3 -85.3 -25.8 92.9 K1

CD-433604 07 48 49.8 -43 27 06 11.13 -17.4 -78.8 -12.5 81.7 K4

CD-482972 07 28 22.0 -49 08 38 9.85 -11.9 -75.7 -19.9 79.2 G8

CD-483199 07 47 26.0 -49 02 51 10.56 -12.8 -96.3 -20.2 99.2 G7

CD-529381 20 07 23.8 -51 47 27 10.59 24.5 -5.7 -16.0 29.8 K6

CD-561438 06 11 53.0 -56 19 05 11.32 -9.1 -100.8 -53.0 114.2 K0

CD-572315 08 50 08.1 -57 45 59 10.21 9.2 -105.5 -16.1 107.1 K2

CD-582194 08 39 11.6 -58 34 28 10.18 8.3 -100.0 -18.2 102.0 G5

CD-74673 12 20 34.4 -75 39 29 10.72 25.7 -42.8 -11.4 51.2 K3

CD-75652 13 49 12.9 -75 49 48 9.67 46.9 -63.4 -18.7 81.0 G1

HD 129496 14 46 21.4 -67 46 16 8.78 61.6 -64.9 -11.4 90.2 F7

HD 309851 09 55 58.3 -67 21 22 9.90 31.7 -102.3 -18.9 108.8 G1

HD 61005 07 35 47.5 -32 12 14 8.22 -14.1 -32.2 -3.5 35.3 G8

HD 67945 08 09 38.6 -20 13 50 8.08 -34.8 -60.1 8.5 70.0 F0

AP Col 06 04 52.2 -34 33 36 12.96 -3.7 -6.7 -3.4 8.4 M4

TYC 8568-570-1 08 28 34.6 -52 37 04 10.40 -2.5 -138.2 -19.5 139.6

TYC 8568-1052-1 08 35 43.7 -53 21 20 12.20 0.5 -137.6 -18.4 138.8 K3

1RXS J083624.5-540101 08 36 24.2 -54 01 06 10.18 2.0 -145.9 -20.3 147.3 G0

PMM 5376 08 37 02.3 -52 46 59 14.30 -0.4 -157.7 -19.7 158.9

CD-522472 08 38 55.7 -52 57 52 11.04 0.4 -150.4 -18.4 151.5 G2

V365 Vel 08 40 06.2 -53 38 07 10.45 2.1 -152.0 -19.3 153.2 G0

VXR PSPC 18 08 40 18.3 -53 30 29 13.54 1.8 -138.8 -17.4 139.9 K4

HD 74374 08 41 22.7 -53 38 09 9.54 2.3 -143.8 -17.9 144.9 F3

V368 Vel 08 41 57.8 -52 52 14 13.57 0.9 -138.4 -15.9 139.3 K7

HD 74714 08 43 17.9 -52 36 11 9.16 0.7 -154.5 -16.9 155.4 F2

CD-522523 08 43 52.3 -53 14 00 9.76 2.1 -144.4 -16.6 145.4 F5
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ID RA DEC V Mag. X Y Z D SpT

V377 Vel 08 44 26.2 -52 42 32 11.46 1.4 -169.8 -18.4 170.8 G9

V380 Vel 08 45 39.1 -52 26 00 9.91 1.0 -154.8 -15.9 155.6 F8

PMM 2182 08 45 48.0 -53 25 51 10.22 3.0 -145.9 -16.5 146.9

CD-621197 09 13 30.3 -62 59 09 10.46 22.1 -114.6 -20.3 118.5 K0

HD 85151A 09 48 43.2 -44 54 08 9.61 2.5 -64.6 7.7 65.1 G7

HD 85151B 09 48 43.4 -44 54 09 10.21 2.5 -64.6 7.7 65.1 G9

CD-65817 09 49 09.0 -65 40 21 10.33 40.1 -143.8 -24.0 151.2 G5

HD 310316 10 49 56.1 -69 51 22 10.82 46.4 -110.5 -19.9 121.5 G8

CP-691432 10 53 51.5 -70 02 16 10.66 61.7 -144.2 -26.1 159.0 G2

CD-427422 12 06 32.9 -42 47 51 10.66 43.4 -96.3 37.0 111.9 K0

HD 145689∗ 16 17 05.4 -67 56 29 5.95 39.2 -32.4 -11.2 52.1 A6

NY Aps 15 12 23.4 -75 15 16 9.42 32.3 -36.3 -12.9 50.3 G9

VXR PSPC 22a 08 40 49.1 -53 37 45 11.08 2.4 -155.7 -19.6 156.9 G1

ASAS J083655-5308.5 08 36 55.0 -53 08 34 11.51 0.3 -141.2 -18.2 142.4

TYC 8568-407-1 08 34 20.5 -52 50 05 10.34 -0.9 -150.5 -19.7 151.8 G5

HD 73777 08 37 47.0 -52 52 12 9.66 -0.0 -148.4 -18.4 149.5 F5

VXR PSPC 2b 08 37 55.6 -52 57 11 11.55 0.2 -167.6 -20.9 168.9 G9

CD-52 2467 08 38 22.9 -52 56 48 10.95 0.2 -143.7 -17.8 144.8

V364 Vel 08 39 53.0 -52 57 57 11.86 0.7 -163.5 -19.7 164.7 K0

V376 Vel 08 44 05.2 -52 53 17 10.85 1.6 -162.1 -18.0 163.1 G3

V379 Vel 08 45 26.9 -52 52 02 12.76 1.6 -137.0 -14.8 137.8 K3

TYC 8568-2261-1 08 37 51.6 -53 45 46 11.35 1.9 -151.2 -20.1 152.5 G8

PMM 686 08 39 22.6 -53 55 06 12.63 2.6 -154.6 -20.4 156.0

PMM 6974 08 34 18.1 -52 15 58 12.26 -2.1 -143.1 -17.9 144.2

PMM 6978 08 35 01.2 -52 14 01 12.07 -2.0 -143.2 -17.7 144.3

TYC 8162-1020-1 08 28 45.6 -52 05 27 10.49 -3.5 -136.7 -18.5 138.0 G6

TYC 8569-3687-1 08 43 00.4 -53 54 08 11.16 3.4 -151.7 -18.8 152.9 G9

PMM 7956 08 29 51.9 -51 40 40 11.62 -4.5 -152.4 -19.7 153.7

PMM 8415 08 40 16.3 -52 56 29 11.84 0.6 -130.8 -15.6 131.7 G9

TYC 7695-335-1 09 28 54.1 -41 01 19 11.65 -7.9 -147.1 18.8 148.5 K3

TYC 8594-58-1 09 02 03.9 -58 08 50 11.30 15.1 -137.2 -18.6 139.3 G8

TYC 9217-641-1 09 42 47.4 -72 39 50 12.30 50.3 -139.2 -39.0 153.1 K1

β Pic members

AO Men 06 18 28.2 -72 02 41 9.80 7.5 -33.2 -18.3 38.6 K4

AU Mic 20 45 09.5 -31 20 27 8.73 7.7 1.7 -5.9 9.8 M1

AZ Cap 20 56 02.7 -17 10 54 10.62 34.0 19.9 -27.6 48.1 K6

BD+05378∗ 02 41 25.9 +05 59 18 10.27 -27.5 7.0 -31.0 42.0 K6

BD-136424 23 32 30.9 -12 15 52 10.54 4.3 10.5 -25.7 28.1 M0

BD-211074A 05 06 49.9 -21 35 09 10.29 -10.5 -9.6 -9.0 16.8 M1
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BD-211074B 05 06 49.5 -21 35 04 11.61 -12.8 -11.7 -10.9 20.5 M3

CD-2613904 19 11 44.7 -26 04 09 10.39 74.1 14.8 -21.3 78.5 K4

CD-2711535 17 15 03.6 -27 49 40 11.12 83.5 -4.0 9.1 84.1 K5

CD-547336 17 29 55.1 -54 15 49 9.55 60.8 -26.0 -12.7 67.3 K1

CD-571054 05 00 47.1 -57 15 25 10.00 -1.5 -21.3 -16.3 26.9 M0

CD-641208 18 45 37.0 -64 51 46 9.90 22.8 -12.8 -11.5 28.6 K5

CP-722713 22 42 48.9 -71 42 21 10.60 19.6 -18.9 -24.5 36.6 K7

GJ 3305∗ 04 37 37.5 -02 29 28 10.68 -24.0 -8.1 -15.0 29.4 M1

GSC 07396-00759 18 14 22.1 -32 46 10 12.78 98.1 -0.5 -12.5 98.9 M1

1RXS J195602.8-320720 19 56 02.9 -32 07 19 14.2 52.3 8.0 -26.8 59.3 M4

1RXS J200136.9-331307 20 01 37.2 -33 13 14 12.55 54.0 7.5 -29.4 61.9 M1

GSC 08056-00482 02 36 51.7 -52 03 04 12.11 0.5 -15.1 -24.4 28.7 M2

GSC 08350-01924 17 29 20.7 -50 14 53 13.47 61.4 -22.1 -10.0 66.0 M3

V343 Nor 15 38 57.5 -57 42 27 7.97 31.0 -22.7 -1.2 38.4 K0

HD 139084B 15 38 56.8 -57 42 19 14.80 31.0 -22.7 -1.2 38.4 M5

HD 14082 02 17 25.3 +28 44 42 6.99 -28.1 19.8 -20.2 39.9 F5

HD 164249 18 03 03.4 -51 38 56 7.01 44.3 -14.7 -11.6 48.1 F6

HD 181327 19 22 58.9 -54 32 17 7.04 44.4 -13.8 -22.9 51.8 F6

HD 191089 20 09 05.2 -26 13 26 7.22 44.5 12.8 -24.4 52.3 F6

HD 199143 20 55 47.7 -17 06 51 7.35 32.3 18.9 -26.2 45.7 F7

HD 29391 04 37 36.1 -02 28 25 5.22 -24.0 -8.1 -15.0 29.4 F0

HIP 10679 02 17 24.7 +28 44 30 7.75 -28.5 20.1 -20.5 40.5 G2

BD+30397B 02 27 28.1 +30 58 41 12.44 -31.0 20.8 -19.5 42.1 M2

AG Tri 02 27 29.3 +30 58 25 10.12 -31.0 20.8 -19.5 42.1 K6

GJ 3322 05 01 58.8 +09 58 59 11.98 -35.6 -6.6 -12.4 38.3 M3

AF Lep 05 27 04.8 -11 54 03 6.56 -20.4 -13.9 -11.0 27.0 F7

Beta Pic 05 47 17.1 -51 03 59 3.77 -3.4 -16.4 -9.9 19.5 A3

V824 Ara 17 17 25.5 -66 57 04 7.23 24.7 -17.4 -8.8 31.5 G7

HD 155555C 17 17 31.3 -66 57 06 12.82 24.7 -17.4 -8.8 31.5 M3

HD 161460 17 48 33.7 -53 06 43 9.61 63.7 -24.1 -15.4 69.8 K0

HD 164249B 18 03 04.1 -51 38 56 12.5 44.3 -14.7 -11.6 48.1 M2

HD 165189∗ 18 06 49.9 -43 25 31 5.67 40.4 -7.5 -7.9 41.8 A5

HD 168210 18 19 52.2 -29 16 33 8.89 71.8 4.2 -8.4 72.4 G5

HD 172555 18 45 26.9 -64 52 17 4.78 22.8 -12.8 -11.5 28.6 A6

CD-3116041 18 50 44.5 -31 47 47 11.20 50.7 3.5 -12.4 52.3 M0

TYC 6872-1011-1 18 58 04.2 -29 53 05 11.78 74.7 8.4 -19.4 77.6 M0

Eta Tel 19 22 51.2 -54 25 26 5.02 41.4 -12.7 -21.3 48.3 A0

GJ 799 B 20 41 51.1 -32 26 10 11.09 7.5 1.5 -5.6 9.5 M4

AT Mic 20 41 51.2 -32 26 07 10.99 7.5 1.5 -5.6 9.5 M4

TYC 2211-1309-1 22 00 41.6 +27 15 14 11.43 5.7 42.7 -17.3 46.4 M0

PZ Tel 18 53 05.9 -50 10 50 8.29 46.8 -11.5 -18.3 51.5 G9

TWA 22 10 17 26.9 -53 54 27 14.41 - 3.5 -17.2 0.7 17.2 M5

TX PsA 22 45 00.0 -33 15 26 13.36 9.2 2.0 -17.9 20.2 M5



Chapter 2. Spectroscopic binaries in the young moving groups 105

ID RA DEC V Mag. X Y Z D SpT

TYC 112-917-1 05 20 00.3 +06 13 04 11.58 -62.8 -18.5 -20.2 68.5 K4

TYC 112-1486-1 05 20 31.8 +06 16 11 11.68 -64.0 -18.8 -20.3 69.7 K4

TYC 7443-1102-1 19 56 04.4 -32 07 38 11.55 49.5 7.6 -25.4 56.2 M0

TYC 9073-762-1 18 46 52.6 -62 10 36 12.08 42.4 -21.2 -20.4 51.6 M1

V1005 Ori 04 59 34.8 +01 47 01 10.05 -21.3 -6.8 -9.9 24.5 M0

V1311 Ori∗ 05 32 04.5 -03 05 29 11.44 -34.5 -17.2 -13.3 40.8 M2

V4046 Sgr 18 14 10.5 -32 47 33 10.94 75.7 -0.4 -9.6 76.3 K6

WW PsA 22 44 58.0 -33 15 02 12.07 9.2 2.0 -17.9 20.2 M4

Carina members

BD-20951 04 52 49.5 -19 55 02 10.00 -46.2 -37.8 -41.4 72.6 K1

CD-423328 07 33 21.2 -42 55 42 11.42 -28.4 -111.9 -22.6 117.6 K1

CD-482324 06 28 06.1 -48 26 53 10.96 -27.4 -117.0 -52.6 131.2 G9

CD-494008 08 57 52.2 -49 41 51 10.51 -1.0 -108.7 -5.0 108.8 G9

CD-542499 08 59 28.7 -54 46 49 10.08 7.2 -117.9 -11.9 118.7 G5

CD-542644 09 13 16.9 -55 29 03 11.36 13.2 -141.3 -11.8 142.4 G5

CD-552543 09 09 29.4 -55 38 27 10.21 11.1 -124.0 -11.5 125.0 G8

CD-571709 07 21 23.7 -57 20 37 10.73 -2.4 -95.1 -32.3 100.5 K0

CD-612010 08 42 00.5 -62 18 26 10.95 18.9 -133.9 -29.3 138.4 K0

CD-75392 08 50 05.4 -75 54 38 10.59 33.9 -93.3 -35.3 105.4 G9

CP-541712 08 37 10.9 -55 18 10 11.04 5.8 -176.1 -26.6 178.2 G9

CP-551885∗ 09 00 03.4 -55 38 24 10.83 9.2 -124.9 -13.7 126.0 G5

CP-621293 09 43 08.8 -63 13 04 10.44 17.6 -73.5 -10.2 76.3 G7

HD 107722 12 23 29.0 -77 40 51 8.30 33.1 -54.3 -16.9 65.8 F6

HD 189285∗ 19 59 24.1 -04 32 06 9.52 42.1 31.3 -16.2 54.9 G7

HD 221451∗ 23 32 19.2 -13 37 18 8.59 7.9 17.1 -44.6 48.4 G8

HD 269620 05 29 27.1 -68 52 05 9.56 13.5 -82.5 -53.3 99.1 G6

HD 309751 09 31 44.7 -65 14 53 11.33 39.1 -157.6 -28.7 164.9 G5

HD 42270 05 53 29.3 -81 56 53 9.14 21.4 -48.1 -29.0 60.1 K0

HD 49855∗ 06 43 46.2 -71 58 35 9.06 11.5 -50.8 -25.7 58.1 G7

HD 8813 01 23 25.9 -76 36 42 8.37 18.0 -30.5 -30.1 46.5 G6

CD-65149 03 06 14.5 -65 21 32 10.30 15.4 -65.0 -69.9 96.7 K0

HD 19545 03 07 50.8 -27 49 52 6.18 -20.3 -18.5 -47.2 54.6 A3

HD 22213 03 34 16.4 -12 04 07 8.86 -33.1 -11.7 -40.4 53.5 G7

CD-441533 04 22 45.7 -44 32 52 10.47 -24.3 -66.6 -70.1 99.7 K0

HD 269921 05 38 34.5 -68 53 07 10.28 13.8 -84.8 -53.1 101.0 G7

CD-372984 06 39 46.7 -37 50 10 10.90 -29.1 -67.7 -24.5 77.7 K1

CD-521641 06 41 12.5 -52 07 39 10.83 -13.4 -87.4 -36.8 95.8 K0

HD 48097∗ 06 42 24.3 +17 38 43 5.20 -41.7 -12.1 4.6 43.7 A2

CD-412572 06 45 37.9 -41 12 41 10.74 -24.6 -69.2 -24.6 77.5 K0
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HD 51062 06 53 47.4 -43 06 51 9.23 -26.4 -85.9 -28.8 94.4 G5

HIP 38712 07 55 31.4 +08 51 47 5.85 -31.4 -19.7 12.2 39.0 F2

BD-072388 08 13 51.0 -07 38 25 9.32 -28.2 -33.1 11.2 44.9 K1

CD-532515 08 51 56.4 -53 55 57 11.06 4.9 -130.4 -13.9 131.2 G9

HD 83096∗ 09 31 24.9 -73 44 49 7.49 27.4 -75.2 -23.1 83.3 F2

HIP 46720B∗ 09 31 25.2 -73 44 51 10.02 27.4 -75.2 -23.1 83.3 G9

CD-484797 09 33 14.3 -48 48 33 11.72 2.6 -52.1 1.9 52.2 K6

CD-69783 10 41 23.0 -69 40 43 10.27 36.4 -90.0 -16.4 98.5 G8

HD 152598 16 52 58.1 +31 42 06 5.34 13.7 18.5 17.9 29.2 F0

TYC 9486-927-1 21 25 27.5 -81 38 28 11.85 21.7 -25.2 -20.9 39.3 M1

BD-035579 23 09 37.1 -02 25 55 10.99 9.4 32.6 -49.0 59.6 K4

HD 221452∗ 23 32 22.7 -13 39 07 9.20 8.1 17.4 -45.6 49.5 K0

TYC 460-624-1∗ 18 45 10.3 +06 20 16 10.76 22.0 17.1 2.1 27.9 M1

TYC 8174-1586-1 09 11 15.8 -50 14 15 11.81 2.6 -115.2 -2.8 115.3 K5

TYC 8557-1251-1 07 55 31.6 -54 36 51 11.44 -6.6 -194.1 -45.8 199.5 G9

TYC 8570-1980-1 08 11 09.3 -55 55 56 11.52 0.9 -145.0 -30.8 148.2 G9

TYC 8582-3040-1 08 57 45.6 -54 08 37 11.71 7.0 -140.9 -13.7 141.7 K2

TYC 8590-1193-1 08 56 31.5 -57 00 41 11.83 16.0 -185.8 -24.6 188.1 K0

TYC 8946-872-1∗ 09 55 15.1 -62 03 32 12.01 42.1 -171.3 -18.3 177.3 K2

TYC 8962-1747-1 11 08 07.9 -63 41 47 12.05 36.3 -90.7 -5.3 97.8 K6

TYC 9217-417-1 09 59 57.7 -72 21 47 11.70 32.2 -85.2 -22.2 93.7 K4

Columbus members

TYC 8862-19-1 02 58 04.0 -62 41 14 11.67 11.9 -58.8 -68.6 91.1 K3

TYC 9178-284-1 06 55 25.2 -68 06 21 11.91 14.1 -92.3 -42.9 102.8 K4

BD-191194 05 30 19.1 -19 16 32 9.62 -80.8 -73.3 -53.7 121.6 G6

BD-04700 03 57 37.2 -04 16 16 10.61 -76.5 -19.3 -66.5 103.2 G8

BD-081195 05 38 35.0 -08 56 40 9.84 -63.8 -41.1 -27.9 80.9 G7

BD-08995 04 58 48.6 -08 43 40 10.32 -67.7 -35.7 -42.3 87.4 K0

BD-11648 03 21 49.7 -10 52 18 11.32 -75.2 -21.0 -96.8 124.4 K0

BD-15705∗ 04 02 16.5 -15 21 30 10.17 -30.6 -16.4 -33.9 48.5 K3

BD-16351 02 01 35.6 -16 10 01 10.33 -26.9 -1.2 -75.6 80.3 K1

CD-292531 05 50 21.4 -29 15 21 11.31 -58.1 -81.0 -47.1 110.2 K0

CD-361785 04 34 50.8 -35 47 21 10.84 -31.1 -49.6 -53.1 79.0 K1

CD-363202 06 52 46.7 -36 36 17 11.22 -34.2 -78.6 -23.8 89.0 K2

CD-382198 05 45 16.3 -38 36 49 10.95 -51.5 -106.3 -65.0 134.8 G9

CD-392075∗ 05 37 05.3 -39 32 26 9.52 -18.7 -39.7 -25.9 51.0 K1

CD-393026 07 01 51.8 -39 22 04 11.05 -32.5 -88.5 -25.2 97.6 G9

CD-402458 06 26 06.9 -41 02 54 10.00 -31.9 -83.3 -35.9 96.2 K0

CD-431395 04 21 48.7 -43 17 33 10.18 -35.4 -88.4 -95.0 134.5 G7
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CD-44753 02 30 32.4 -43 42 23 10.42 -4.2 -21.7 -45.5 50.6 K5

CD-52381 01 52 14.6 -52 19 33 10.89 8.7 -38.8 -75.8 85.6 K2

CD-544320∗ 11 45 51.8 -55 20 46 10.24 20.9 -47.7 5.8 52.4 K5

CP-522481 09 32 26.1 -52 37 40 10.86 9.3 -99.2 -1.3 99.6 G8

CP-531875∗ 08 45 52.7 -53 27 28 10.42 3.2 -151.6 -17.2 152.6 G2

GSC 08077-01788 04 51 53.0 -46 47 31 13.03 -18.1 -57.8 -49.9 78.5 M0

HD 26980 04 14 22.6 -38 19 02 9.08 -26.9 -48.7 -58.4 80.7 G3

HD 272836 04 53 05.2 -48 44 39 10.78 -15.3 -57.7 -48.7 77.0 K2

HD 274561 05 28 55.1 -45 34 58 11.45 -23.2 -69.6 -47.7 87.5 K1

HD 27679 04 21 10.3 -24 32 21 9.43 -41.2 -37.3 -51.9 76.0 G2

HD 298936 10 13 14.8 -52 30 54 9.76 9.6 -54.0 3.1 54.9 K3

HD 31242N 04 51 53.5 -46 47 13 9.85 -15.9 -50.8 -43.9 69.0 G5

HD 32309 05 01 25.6 -20 03 07 4.91 -38.9 -32.9 -32.9 60.6 B9

HD 32372 05 00 51.9 -41 01 07 9.50 -25.2 -54.9 -46.6 76.3 G5

HD 40216 05 55 43.2 -38 06 16 7.46 -21.2 -43.7 -24.4 54.4 F7

AB Pic 06 19 12.9 -58 03 16 9.20 -2.2 -41.0 -20.9 46.1 K1

HD 48370 06 43 01.0 -02 53 19 7.92 -26.9 -18.5 -1.8 32.7 G8

HD 51797 06 56 23.5 -46 46 55 9.84 -16.6 -70.0 -24.2 75.9 K0

HD 55279 07 00 30.5 -79 41 46 10.08 19.3 -49.1 -26.0 58.8 K2

V479 Car 09 23 35.0 -61 11 36 10.16 15.7 -85.5 -11.9 87.7 K1

HD 984 00 14 10.2 -07 11 57 7.32 -2.2 17.4 -43.8 47.2 F5

TYC 119-497-1 05 37 46.5 +02 31 26 11.01 -60.5 -24.4 -17.6 67.6 K5

TYC 119-1242-1 05 37 45.3 +02 30 57 10.96 -61.8 -25.0 -18.0 69.1 K5

TYC 4810-181-1 06 31 55.2 -07 04 59 11.80 -74.4 -56.2 -12.3 94.0 K3

AH Lep 05 34 09.2 -15 17 03 8.41 -44.2 -35.2 -25.0 61.8 G3

BD+03480 03 28 15.0 +04 09 48 9.70 -61.8 0.6 -53.5 81.7 G6

BD+08742 04 42 32.1 +09 06 01 11.02 -96.8 -14.3 -42.2 106.6 K0

BD+443670 21 00 47.0 +45 30 10 8.70 3.4 58.1 -0.5 58.2 G2

CD-441568 04 27 20.5 -44 20 39 10.91 -21.0 -56.5 -57.9 83.6 K1

CD-521363 05 51 01.2 -52 38 13 10.61 -17.0 -99.2 -58.6 116.5 G9

CD-53386 02 01 53.7 -52 34 53 11.74 9.5 -51.8 -96.3 109.8 K2

CD-63408 08 24 06.0 -63 34 03 9.87 14.8 -106.3 -28.0 110.9 G5

GSC 08499-00304 03 24 15.0 -59 01 13 12.09 4.3 -60.2 -68.7 91.4 K6

HD 16754 02 39 48.0 -42 53 30 4.74 -5.1 -20.0 -40.5 45.5 A1

HD 21997 03 31 53.6 -25 36 51 6.38 -32.3 -27.0 -58.3 71.9 A3

HD 222439 23 40 24.5 +44 20 02 4.15 -16.7 46.5 -14.8 51.6 B9

HD 23384 03 47 10.6 +51 42 23 6.90 -48.9 30.1 -2.3 57.5 F3

HD 295290 06 40 22.3 -03 31 59 9.00 -50.0 -34.8 -4.3 61.1 K0

HD 30447 04 46 49.5 -26 18 09 7.85 -43.6 -45.7 -49.2 80.1 F3

HD 31647A 04 59 15.4 +37 53 25 4.99 -51.0 11.6 -2.6 52.4 A0

HD 31647B 04 59 15.4 +37 53 30 8.19 -51.0 11.6 -2.6 52.4 G0

HD 35114 05 20 38.0 -39 45 18 7.34 -17.4 -36.2 -26.8 48.3 F6

HD 35841 05 26 36.6 -22 29 24 8.91 -55.6 -56.1 -42.2 89.6 F3
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HD 36329 05 29 24.1 -34 30 56 9.18 -31.6 -51.9 -36.5 70.9 G3

HD 37286 05 36 10.3 -28 42 29 6.26 -28.3 -37.1 -24.9 52.9 A2

HD 37484 05 37 39.6 -28 37 35 7.26 -30.5 -40.0 -26.4 56.8 F4

HD 38206 05 43 21.7 -18 33 27 5.73 -50.8 -46.9 -29.5 75.2 A0

HD 38207 05 43 21.0 -20 11 21 8.46 -64.7 -63.4 -39.7 98.9 F2

HD 38397 05 43 35.8 -39 55 25 8.14 -18.7 -41.1 -25.5 51.9 G0

HD 43989 06 19 08.1 -03 26 20 7.91 -41.1 -26.0 -7.5 49.2 F9

HIP 17248 03 41 37.3 +55 13 07 11.34 -29.3 20.0 0.0 35.5 M0

RT Pic 06 00 41.3 -44 53 50 9.09 -14.6 -44.4 -24.2 52.6 G8

TYC 65-1471-1 03 48 58.8 +01 10 54 11.4 -84.6 -10.0 -68.5 109.3 K3

V342 Peg 23 07 28.7 +21 08 03 5.97 -1.5 32.0 -22.9 39.4 A5

TYC 5900-1180-1∗ 04 58 35.8 -15 37 31 11.15 -97.2 -68.3 -73.8 139.9 G9

ε-Chamaeleon members

CD-691055 12 58 25.6 -70 28 49 9.97 57.7 -87.1 -14.0 105.4 K0

CD-74712 12 39 21.3 -75 02 39 10.30 55.0 -87.5 -22.3 105.7 K3

CP-681894 13 22 07.5 -69 38 12 10.35 60.9 -85.0 -12.7 105.3 K1

DZ Cha 11 49 31.9 -78 51 01 12.9 46.9 -81.8 -27.7 98.3 M0

EG Cha 08 36 56.2 -78 56 46 11.36 36.7 -89.7 -38.8 104.4 K4

EO Cha 08 44 31.9 -78 46 31 12.53 33.9 -82.5 -35.0 95.8 M0

EQ Cha∗ 08 47 56.8 -78 54 53 13.92 33.2 -80.1 -33.9 93.1 M2

1RXS J091528.1-760856 09 15 29.1 -76 08 47 12.08 37.9 -98.1 -35.2 110.9 K6

GSC 09239-01495 12 19 43.8 -74 03 57 13.08 52.2 -87.8 -20.5 104.2 M0

GSC 09239-01572 12 20 21.9 -74 07 39 12.85 54.6 -91.7 -21.5 108.9 K7

1RXS J093455.3-780414 09 34 56.1 -78 04 19 14.53 43.3 -100.0 -37.6 115.3 M2

G94010229a 10 05 20.0 -77 48 42 12.75 34.2 -75.0 -26.4 86.6 M1

GSC 09415-02676∗ 11 58 26.9 -77 54 45 14.29 54.0 -93.2 -29.5 111.7 M3

1RXS J121645.2-775339 12 16 46.0 -77 53 33 13.88 57.7 -95.7 -30.3 115.8 M4

GSC 09420-00948 12 02 03.8 -78 53 01 12.48 51.9 -88.2 -29.8 106.6 M0

DX Cha 12 00 05.1 -78 11 35 6.73 55.7 -95.7 -30.9 115.0 A8

HD 104237-5 12 00 08.3 -78 11 40 14.28 55.7 -95.7 -30.9 115.0 M3

HD 104237-6 12 00 09.3 -78 11 42 12.08 55.7 -95.7 -30.9 115.0 K4

HD 104467 12 01 39.1 -78 59 17 8.56 51.4 -87.3 -29.7 105.6 G3

HD 105923 12 11 38.1 -71 10 36 9.16 56.6 -99.2 -17.2 115.5 G8

HIP 58490 11 59 42.3 -76 01 26 11.31 48.7 -85.3 -23.5 101.0 K4

TYC 9245-535-1 12 56 08.4 -69 26 54 12.06 62.3 -94.7 -13.1 114.1 K7

Eps Cha 11 59 37.6 -78 13 19 5.34 53.8 -92.5 -29.9 111.1 B9

GSC 09416-01029 12 04 36.2 -77 31 35 13.81 55.1 -94.2 -29.0 112.9 M2

HIP 42794 08 43 12.2 -79 04 12 6.80 33.0 -79.5 -34.1 92.6 A7
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HIP 58410 11 58 35.2 -77 49 31 6.73 52.5 -90.8 -28.6 108.7 A7

Eta Cha 08 41 19.5 -78 57 48 5.46 33.7 -81.8 -35.1 95.2 B8

T Cha 11 57 13.5 -79 21 32 9.85 50.8 -86.8 -30.3 105.0 K0

Octans members

BD-201111 05 32 29.3 -20 43 33 10.4 -82.4 -79.4 -56.4 127.6 G7

CD-303394N 06 40 04.9 -30 33 03 9.84 -72.4 -123.7 -40.1 148.8 F6

CD-303394S 06 40 05.7 -30 33 09 10.24 -80.9 -138.2 -44.8 166.3 F9

CD-431451 04 30 27.3 -42 48 47 10.75 -35.7 -85.8 -87.8 127.8 G9

CD-471999 05 43 32.1 -47 41 11 10.19 -38.8 -138.7 -85.9 167.7 G0

CD-492037 06 03 35.4 -49 11 26 11.18 -33.0 -139.5 -75.4 162.0 K0

CD-58860 04 11 55.7 -58 01 47 10.01 -1.5 -74.2 -70.5 102.4 G6

CD-66395 06 25 12.4 -66 29 10 10.92 14.2 -125.8 -65.3 142.4 K0

CD-72248 05 06 50.6 -72 21 12 10.91 32.3 -130.8 -89.5 161.7 K0

CD-87121 23 58 17.7 -86 26 24 9.98 56.3 -83.8 -59.7 117.3 G8

CP-82784 19 53 56.8 -82 40 42 10.87 80.9 -93.2 -68.0 140.9 K1

HD 155177 17 42 09.0 -86 08 05 8.88 76.1 -100.8 -61.4 140.4 F5

HD 274576 05 28 51.4 -46 28 19 10.57 -33.0 -105.3 -72.1 131.8 G6

CP-791037 19 47 03.9 -78 57 43 11.16 107.4 -106.6 -84.7 173.4 G8

TYC 9300-891-1 18 49 48.7 -71 57 10 11.43 125.1 -94.2 -75.0 173.6 K0

TYC 7066-1037-1 05 58 11.8 -35 00 49 11.24 -57.2 -103.1 -56.0 130.5 G9

TYC 9300-529-1 18 49 45.1 -71 56 58 11.59 138.0 -104.0 -82.7 191.6 K0

Tucana Horologium members

AF Hor 02 41 47.3 -52 59 31 12.21 0.8 -22.4 -34.6 41.2 M2

BD-091108 05 15 36.5 -09 30 51 9.79 -60.1 -35.6 -33.4 77.4 G5

BD-12943 04 36 47.1 -12 09 21 9.86 -49.0 -26.9 -39.6 68.5 K0

BD-191062 04 59 32.0 -19 17 42 10.65 -41.9 -34.2 -35.1 64.5 K3

CD-272520 05 49 06.6 -27 33 56 10.22 -40.4 -52.6 -30.9 73.2 G9

CD-302310 05 18 29.0 -30 01 32 11.66 -34.3 -45.4 -35.7 67.2 K4

CD-351167 03 19 08.7 -35 07 00 11.12 -13.0 -19.5 -36.9 43.7 K7

CD-441173 03 31 55.7 -43 59 14 10.90 -8.4 -24.9 -35.9 44.5 K6

CD-461064 03 30 49.1 -45 55 57 9.55 -6.8 -24.5 -34.2 42.6 K3

CD-58553 02 42 33.0 -57 39 37 10.98 3.9 -28.2 -38.8 48.1 K5

CD-60416 02 07 32.2 -59 40 21 10.68 7.1 -24.4 -36.2 44.2 K5

CD-7824 00 42 20.3 -77 47 40 10.21 21.2 -32.0 -31.4 49.6 K3

HIP 1993 00 25 14.7 -61 30 48 11.47 15.6 -19.7 -36.4 44.2 M0
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ID RA DEC V Mag. X Y Z D SpT

HD 16978 02 39 35.4 -68 16 01 4.12 10.5 -30.7 -33.4 46.6 B9

HD 105 00 05 52.5 -41 45 11 7.53 10.4 -5.4 -37.6 39.4 G0

HD 12039 01 57 49.0 -21 54 05 8.66 -10.7 -3.4 -39.2 40.8 G4

HD 12894 02 04 35.1 -54 52 54 6.46 5.2 -23.9 -41.1 47.8 F4

HD 13183 02 07 18.1 -53 11 56 8.63 4.3 -24.9 -44.4 51.1 G7

HD 13246 02 07 26.1 -59 40 46 7.50 7.1 -24.4 -36.2 44.2 F7

HD 1466 00 18 26.1 -63 28 39 7.45 15.6 -19.3 -33.3 41.5 F8

HD 17250 02 46 14.6 +05 35 33 7.88 -36.1 8.0 -39.8 54.3 F8

HD 20121AB 03 12 25.8 -44 25 11 6.40 -6.5 -22.3 -35.7 42.6 F5

HD 202917 21 20 50.0 -53 02 03 8.69 29.9 -8.5 -29.6 42.9 G7

HD 20385 03 16 40.7 -03 31 49 7.48 -32.8 -2.9 -36.6 49.2 F5

HD 207575 21 52 09.7 -62 03 09 7.22 28.2 -16.0 -31.6 45.3 F5

HD 207964 21 55 11.4 -61 53 12 6.56 28.7 -16.3 -32.7 46.5 F4

HD 222259S 23 39 39.5 -69 11 45 8.49 21.0 -23.3 -33.2 45.7 G6

HD 222259N 23 39 39.3 -69 11 40 9.84 21.0 -23.3 -33.2 45.7 K3

HD 22705 03 36 53.4 -49 57 29 7.65 -4.6 -26.8 -33.7 43.3 G2

HD 24636 03 48 11.5 -74 41 39 7.13 14.3 -40.4 -32.9 54.0 F3

HD 29615 04 38 43.9 -27 02 02 8.47 -29.6 -31.4 -36.0 56.2 G3

HD 30051∗ 04 43 17.2 -23 37 42 7.12 -36.8 -34.1 -39.2 63.7 F2

HD 32195 04 48 05.2 -80 46 45 8.14 20.8 -47.6 -31.9 61.0 F7

HD 47875 06 34 41.0 -69 53 06 9.17 11.1 -60.9 -31.2 69.3 G4

HD 8558 01 23 21.3 -57 28 51 8.51 10.6 -23.1 -42.5 49.5 G7

HD 9054 01 28 08.7 -52 38 19 9.07 5.6 -15.0 -32.2 36.0 K1

HD 987 00 13 53.0 -74 41 18 8.78 19.5 -26.5 -29.9 44.5 G8

HIP 107345 21 44 30.1 -60 58 39 11.61 29.0 -15.2 -31.6 45.5 M0

TYC 9344-293-1 23 26 10.7 -73 23 50 11.83 21.8 -25.0 -30.3 44.9 M0

CD-53544 02 41 46.8 -52 59 52 10.22 0.8 -22.4 -34.6 41.2 K6

CD-86147 23 27 49.4 -86 13 19 9.29 28.8 -41.9 -30.1 59.1 G8

ASAS J015220-5950.4 01 52 18.3 -59 50 17 12.57 7.2 -20.5 -31.8 38.5 M2

1RXS J100104.1-791314 10 01 08.8 -79 13 08 13.30 30.5 -64.7 -24.6 75.6 M0

HD 24071 03 48 35.9 -37 37 12 4.79 -15.7 -27.4 -39.7 50.7 A1

HD 25042 04 00 32.0 -41 44 54 8.36 -12.8 -29.2 -36.6 48.5 G3

HD 2884 00 31 32.7 -62 57 30 4.36 14.6 -19.5 -33.6 41.5 B9

HD 2885 00 31 33.5 -62 57 56 4.77 15.0 -20.1 -34.6 42.7 A2

HD 3003 00 32 43.9 -63 01 53 5.07 15.9 -21.5 -36.8 45.5 A0

HD 3221 00 34 51.2 -61 54 58 9.61 14.9 -20.2 -36.0 43.9 K4

HD 53842 06 46 13.5 -83 59 30 7.46 21.9 -44.6 -25.5 55.8 F5

HIP 1910 00 24 09.0 -62 11 04 11.49 16.6 -20.9 -37.6 46.1 M0

HD 86356 09 51 50.7 -79 01 38 10.20 29.5 -64.0 -24.4 74.6 K0

TYC 9507-2466-1∗ 11 40 16.6 -83 21 00 11.56 35.5 -59.7 -26.4 74.3 K4

TYC 8083-455-1 04 48 00.7 -50 41 26 11.53 -8.9 -40.8 -34.9 54.4 K7

TYC 8098-414-1 05 33 25.6 -51 17 13 11.74 -8.8 -43.0 -28.3 52.2 K7
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ID RA DEC V Mag. X Y Z D SpT

HD 193924 20 25 38.9 -56 44 06 1.91 42.4 -14.7 -31.7 54.9 B2

TW-Hydrae members

HD 14228 02 16 30.6 -51 30 43 3.56 2.1 -22.9 -41.2 47.2 B8

TWA 27 12 07 33.4 -39 32 54 19.95 20.1 -45.7 20.7 54.0 M8

CD-337795 11 31 55.3 -34 36 27 12.12 11.6 -43.6 21.5 50.0 M2

TWA 3A 11 10 27.9 -37 31 52 12.57 7.0 -33.7 13.3 36.9 M4

TWA 3B 11 10 27.8 -37 31 53 13.07 7.0 -33.7 13.3 36.9 M4

HD 96819 11 08 44.0 -28 04 50 5.43 5.8 -48.0 27.4 55.6 A1

HD 98800 11 22 05.3 -24 46 40 9.42 5.5 -37.3 25.2 45.3 K5

TWA 11A 12 36 01.0 -39 52 10 5.78 33.3 -58.4 28.4 73.0 A0

TWA 11B 12 36 00.6 -39 52 16 12.8 31.5 -55.2 26.8 69.0 M2

TWA 26 11 39 51.1 -31 59 21 20.5 10.0 -35.6 20.0 42.0 M8

TWA 5B 11 31 55.4 -34 36 29 20.4 11.6 -43.6 21.5 50.0 M8

TW Hya 11 01 51.9 -34 42 17 11.07 7.7 -50.4 21.6 55.4 K6

TWA 10 12 35 04.2 -41 36 39 12.96 26.7 -46.9 20.9 57.9 M2

TWA 12 11 21 05.5 -38 45 16 12.85 14.7 -58.1 22.8 64.1 M1

CD-347390A∗ 11 21 17.2 -34 46 46 11.46 11.5 -51.0 23.9 57.5 M1

CD-347390B∗ 11 21 17.4 -34 46 50 11.96 11.5 -51.0 23.9 57.5 M1

TWA 14 11 13 26.5 -45 23 43 12.8 24.9 -89.9 23.5 96.2 M0

TWA 16 12 34 56.4 -45 38 07 12.8 37.2 -64.7 23.0 78.1 M1

CD-298887 11 09 13.8 -30 01 40 11.43 5.7 -40.7 21.7 46.5 M2

TWA 23 12 07 27.4 -32 47 00 12.67 17.9 -43.4 26.2 53.8 M3

CD-397538 12 15 30.7 -39 48 43 11.44 21.5 -45.1 20.7 54.1 M1

TWA 7 10 42 30.1 -33 40 17 11.65 2.3 -29.9 12.1 32.3 M2

CD-268632A 11 32 41.2 -26 51 56 12.23 7.9 -37.1 24.4 45.1 M3

TWA 8B 11 32 41.2 -26 52 09 15.3 7.7 -36.3 23.9 44.1 M5

TWA 9A 11 48 24.2 -37 28 49 11.26 22.2 -63.3 29.5 73.3 M1

TWA 9B 11 48 23.7 -37 28 49 14.0 22.2 -63.3 29.5 73.3 M1

Notes. (∗) No longer classified as a member of association with new RV values. (a) No SIMBAD

entry within 5 arcseconds.



Chapter 3

Visual binaries in the young moving

groups

Parts of this chapter have been previously published as ‘Search for associations con-

taining young stars (SACY). VI. Is multiplicity universal? Stellar multiplicity in the range

3-1000 au from adaptive-optics observations’, Elliott, P.; Huélamo, N.; Bouy, H.; Bayo,

A.; Melo, C. H. F.; Torres, C. A. O.; Sterzik, M. F.; Quast, G. R.; Chauvin, G.; Barrado,

D., 2015, A&A, 580, A88. The work is presented here in expanded and updated form.

In this chapter we use adaptive-optics (AO)-imaging data for 113 targets in the young

moving groups to derive multiplicity frequencies, mass-ratio, and physical separation

distributions in a consistent parameter space, and compare our results to other PMS

populations and the field. We identified multiple systems using co-moving proper-

motion analysis for targets with multi-epoch data, and using contamination estimates

in terms of mass-ratio and physical separation for targets with single-epoch data. We

have explored a wide range of projected separations (a ≈3–1000 au) and mass-ratios

(q≈0.1–1). We identified 31 multiple systems (28 binaries and 3 triples). Analysis

from Chapter 2 indicated that the underlying multiple system distribution of the young

associations and the young star-forming region (SFR) Taurus are statistically similar,

supporting the idea that these two populations formed in a similar way. In this work,

we show further similarities between the two populations: flat mass-ratio distributions
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and statistically similar MF and TF values. We also compared the SACY sample to

the field (in the separation range of 19-100 au), finding that the two distributions are

indistinguishable, suggesting a similar formation mechanism.

This chapter is organised as follows: Section 3.1 describes the target selection. Sec-

tion 3.2 details the observations, data reduction, and the sensitivity limits, as well as

the literature analysis. Section 3.3 outlines the methods used to identify bound multiple

systems and the uncertainty estimations. Section 3.4 describes how we derived the

multiplicity properties of our sample. Section 3.5 presents the statistical analysis of the

built distributions and comparisons to other populations. Section 3.6 states the main

conclusions of this chapter and prospects. Section 3.7 provides tables summarising

all the targets studied in this chapter and the multiple systems identified in populations

other than the 9 young moving groups.

3.1 Sample definition

The starting point for our sample selection was based on the census by Torres et al.

(2006). For the southern targets two additional criteria were followed: (i) we only con-

sider stars with spectral types later than G5, in order to increase the contrast between

the primary and the possible companion candidate, and (ii) the right ascension (RA)

should be obtainable from Paranal observatory when our service observations were

conducted (periods 77, 81, 88, and 89). The northern targets also followed criterion

(i) and were also observed according to their visibility during the two runs at the Lick

observatory in 2008 and 2009.

Later on, the membership of several targets was revised based on new data (e.g. new

RV values derived from high-resolution spectra, Chapter 2). This revision allowed us

to eliminate contamination within the sample from interlopers. From the 201 SACY

targets observed originally with AO, 113 are now confirmed SACY members, while 88

have been rejected.
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The bulk of this work is focused on the 113 confirmed SACY members, and the specific

details of the sample are provided below (summarised in Table 3.1). However, for

completeness with our original observations, we also provide details on the 88 non-

SACY targets, including their observational parameters and a summary of the identified

multiple systems, in Tables J11 and 3.7, respectively.

3.1.1 Filtered coherent sample for this work

Table 3.1 provides the census of the 113 confirmed SACY members (once the addi-

tional data from Chapter 2 have been included to identify interlopers) studied in this

work. We have included two K magnitude values: the original value from the 2MASS

survey, K (2M), and our estimated K (M1). From our observations (with a narrow field

of view that does not allow for a robust flux calibration), we can only obtain relative

photometry and therefore we use 2MASS magnitudes for calibration. We denoted our

estimated magnitude, K (M1), and it only differs from the original 2MASS value in the

case of a detection of a new companion (previously unresolved) within the 2MASS PSF.

The typical PSF width for 2MASS is ≈2 ′′and, in some cases, multiple components can

be found within this angular distance. To estimate the photometry of the primary and

components we weighted the 2MASS value according to the observed flux ratio. In the

next sections, the primary masses have been calculated using this value, and the age

value included in Table 3.2 with the evolutionary tracks of Baraffe et al. (1998).

Finally, we note that all the targets in this sample have PM values from the UCAC4 cat-

alogue (Zacharias et al., 2012). Precise PMs allow us to determine whether identified

companions are co-moving with the primary source.

1Due to the number of columns (34) in this Table we have not included it in this manuscript. The table
can be located using the online VizieR query service and Table ID: J/A+A/580/A88/tableb1
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TABLE 3.1: All SACY targets observed and analysed in this chapter. The distance values are
kinematic, derived from the convergence method (Torres et al., 2006).

ID RA DEC K (2M) K (M1) Ass. Dist. M1

hh:mm:ss.s dd:mm:ss (mag.) (mag.) (pc) (M�)

CD-45 14955B 23:11:53.6 -45:08:00 8.85 8.85 ABD 49.3 0.56

GJ 9809 23:06:04.8 +63:55:34 6.98 6.98 ABD 24.5 0.61

HD 1405 00:18:20.9 +30:57:22 6.51 6.51 ABD 27.3 0.78

HD 160934 17:38:39.6 +61:14:16 6.81 6.81 ABD 33.1 0.8

HD 201919 21:13:05.2 -17:29:12 7.58 7.58 ABD 39.5 0.72

HD 222575 23:41:54.2 -35:58:39 7.62 7.62 ABD 63.6 0.96

HD 24681 03:55:20.4 -01:43:45 7.25 7.25 ABD 53.3 0.96

LP 745-70 16:33:41.6 -09:33:11 7.55 7.55 ABD 30.3 0.59

TYC 486-4943-1 19:33:03.7 +03:45:39 8.66 8.66 ABD 72.0 0.77

V* PX Vir 13:03:49.6 -05:09:42 5.51 5.51 ABD 21.7 0.9

HD 152555 16:54:08.1 -04:20:24 6.36 6.36 ABD 46.8 1.13

GJ 885 A 23:00:27.9 -26:18:42 6.27 6.75 ABD 32.7 0.81

Wolf 1225 22:23:29.1 +32:27:34 6.05 6.77 ABD 15.1 0.48

BD-03 4778 20:04:49.3 -02:39:20 7.92 8.06 ABD 71.5 0.91

GJ 4231 21:52:10.4 +05:37:35 7.38 8.2 ABD 30.6 0.5

TYC 91-82-1 04:37:51.4 +05:03:08 8.65 8.86 ABD 87.6 0.82

CD-52 9381 20:07:23.7 -51:47:27 7.39 7.39 ARG 29.4 0.59

2MASS J05200029+0613036 05:20:00.2 +06:13:03 8.57 8.57 BPC 67.8 0.67

BD-13 6424 23:32:30.8 -12:15:51 6.57 6.57 BPC 27.9 0.7

CD-31 16041 18:50:44.4 -31:47:47 7.46 7.46 BPC 53.2 0.87

CD-54 7336 17:29:55.0 -54:15:48 7.36 7.36 BPC 68.4 1.06

CPD-72 2713 22:42:48.9 -71:42:21 6.89 6.89 BPC 37.3 0.81

GSC 07396-00759 18:14:22.0 -32:46:10 8.54 8.54 BPC 95.2 0.93

HD 161460 17:48:33.7 -53:06:43 6.78 6.78 BPC 71.0 1.2

Smethells 20 18:46:52.5 -62:10:36 7.85 7.85 BPC 52.4 0.73

TYC 6872-1011-1 18:58:04.1 -29:53:04 8.02 8.02 BPC 82.6 0.99

V* TX PsA 22:45:00.0 -33:15:25 7.79 7.79 BPC 20.1 0.19

V* V4046 Sgr 18:14:10.4 -32:47:34 7.25 7.25 BPC 76.9 1.15

V* WW PsA 22:44:57.9 -33:15:01 6.93 6.93 BPC 20.1 0.35

GJ 3322 05:01:58.7 +09:58:59 6.37 6.8 BPC 37.8 0.85

CD-26 13904 19:11:44.6 -26:04:08 7.37 7.77 BPC 78.9 1.03
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ID RA DEC K (2M) K (M1) Ass. Dist. M1

hh mm ss dd mm ss (mag.) (mag.) (pc) (M�)

CD-27 11535 17:15:03.6 -27:49:39 7.38 8.06 BPC 87.3 1.01

GSC 08350-01924 17:29:20.6 -50:14:53 7.99 8.65 BPC 66.3 0.63

2MASS J05203182+0616115 05:20:31.8 +06:16:11 8.57 8.7 BPC 71.0 0.66

2MASS J08110934-5555563 08:11:09.3 -55:55:56 9.4 9.4 CAR 129.0 0.84

2MASS J08521921-6004443 08:52:19.2 -60:04:44 9.37 9.37 CAR 163.9 1.04

2MASS J08563149-5700406(a) 08:56:31.4 -57:00:40 9.76 9.76 CAR 191.6 0.94

BD-03 5579 23:09:37.1 -02:25:55 7.82 7.82 CAR 63.0 0.85

CD-44 1533 04:22:45.6 -44:32:51 8.58 8.58 CAR 103.7 0.91

CD-49 4008 08:57:52.1 -49:41:50 8.64 8.64 CAR 102.9 0.89

CD-53 2515 08:51:56.4 -53:55:56 8.75 8.75 CAR 137.1 1.13

CD-54 2499 08:59:28.7 -54:46:49 8.4 8.4 CAR 109.5 1.08

CD-55 2543 09:09:29.3 -55:38:27 8.4 8.4 CAR 115.2 1.12

CD-61 2010 08:42:00.4 -62:18:26 8.83 8.83 CAR 121.4 0.93

CD-69 783 10:41:23.0 -69:40:43 8.38 8.38 CAR 86.5 0.87

HD 107722 12:23:29.0 -77:40:51 7.14 7.14 CAR 59.0 1.05

HD 309751 09:31:44.7 -65:14:52 8.36 8.36 CAR 141.6 1.2

HD 8813 01:23:25.8 -76:36:42 6.79 6.79 CAR 46.5 0.92

TYC 8174-1586-1 09:11:15.8 -50:14:14 9.5 9.5 CAR 117.2 0.79

TYC 8557-1251-1 07:55:31.6 -54:36:50 9.19 9.19 CAR 123.0 0.86

TYC 8582-3040-1(a) 08:57:45.6 -54:08:36 9.35 9.35 CAR 143.2 0.89

TYC 8962-1747-1 11:08:07.9 -63:41:47 8.29 8.29 CAR 88.2 0.9

TYC 9217-417-1 09:59:57.6 -72:21:47 8.69 8.69 CAR 83.6 0.8

TYC 9486-927-1 21:25:27.4 -81:38:27 7.34 7.34 CAR 36.3 0.71

HD 22213 03:34:16.3 -12:04:07 6.79 6.97 CAR 52.4 0.94

BD-07 2388 08:13:50.9 -07:38:24 6.92 7.4 CAR 42.6 0.77

2MASS J09131689-5529032 09:13:16.8 -55:29:03 8.36 8.61 CAR 131.7 1.15

CD-57 1709 07:21:23.7 -57:20:37 8.7 8.7 CAR 100.5 0.87

CPD-62 1293 09:43:08.8 -63:13:04 8.6 8.82 CAR 69.4 0.7

2MASS J08371096-5518105 08:37:10.9 -55:18:10 9.38 9.38 CAR 180.8 1.11

2MASS J03573723-0416159 03:57:37.2 -04:16:15 8.75 8.75 COL 106.5 0.89

2MASS J09322609-5237396 09:32:26.0 -52:37:39 8.84 8.84 COL 101.9 0.85

BD+08 742 04:42:32.0 +09:06:00 9.12 9.12 COL 105.6 0.81

BD-11 648(a) 03:21:49.6 -10:52:17 9.26 9.26 COL 128.1 0.86

CD-36 1785 04:34:50.7 -35:47:21 8.59 8.59 COL 80.1 0.8
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ID RA DEC K (2M) K (M1) Ass. Dist. M1

hh mm ss dd mm ss (mag.) (mag.) (pc) (M�)

HD 26980 04:14:22.5 -38:19:01 7.62 7.62 COL 80.7 1.12

HD 27679 04:21:10.3 -24:32:20 7.81 7.81 COL 78.0 0.94

HD 31242 04:51:53.5 -46:47:13 8.16 8.16 COL 68.1 0.82

TYC 9178-284-1 06:55:25.1 -68:06:21 8.94 8.94 COL 108.3 0.86

V* V479 Car 09:23:34.9 -61:11:35 7.96 7.96 COL 87.7 1.07

2MASS J02303239-4342232 02:30:32.4 -43:42:23 7.23 7.57 COL 51.3 0.81

V* V1221 Tau 03:28:14.9 +04:09:47 7.44 8.01 COL 81.5 0.92

2MASS J08240598-6334024 08:24:05.9 -63:34:02 8.13 8.18 COL 118.6 1.2

HD 272836 04:53:05.1 -48:44:38 8.24 8.34 COL 78.6 0.84

BD-16 351 02:01:35.6 -16:10:00 7.96 8.43 COL 80.9 0.83

2MASS J04272050-4420393 04:27:20.4 -44:20:39 8.56 8.7 COL 86.2 0.81

CD-43 1395 04:21:48.6 -43:17:32 8.42 9.16 COL 141.0 0.93

2MASS J11594226-7601260 11:59:42.2 -76:01:26 8.3 8.3 ECH 101.0 0.98

2MASS J12194369-7403572 12:19:43.6 -74:03:57 8.86 8.86 ECH 108.9 0.78

2MASS J12392124-7502391 12:39:21.2 -75:02:39 7.78 7.78 ECH 108.6 1.2

CD-69 1055 12:58:25.5 -70:28:49 7.55 7.55 ECH 106.7 1.2

HD 104467 12:01:39.1 -78:59:16 6.85 6.85 ECH 106.5 1.2

V* DZ Cha 11:49:31.8 -78:51:01 8.49 8.49 ECH 102.7 0.91

V* MP Mus 13:22:07.5 -69:38:12 7.29 7.29 ECH 106.1 1.2

HD 105923 12:11:38.1 -71:10:36 7.18 7.26 ECH 117.1 1.2

TYC 9245-535-1 12:56:08.3 -69:26:53 7.99 8.34 ECH 119.3 1.14

2MASS J12202177-7407393 12:20:21.7 -74:07:39 8.37 8.4 ECH 114.8 1.07

2MASS J05581182-3500496 05:58:11.8 -35:00:49 9.38 9.38 OCT 105.8 0.77

2MASS J06400573-3033089 06:40:05.7 -30:33:08 8.7 8.7 OCT 162.4 1.2

CD-58 860 04:11:55.6 -58:01:47 8.36 8.36 OCT 87.1 0.88

CD-66 395 06:25:12.3 -66:29:10 9.0 9.0 OCT 126.1 0.91

HD 271037(a) 05:06:50.5 -72:21:11 8.67 8.67 OCT 145.8 1.19

BD-18 4452A 17:13:11.6 -18:34:25 6.48 6.48 OCT 16.7 0.51

CD-30 3394A 06:40:04.9 -30:33:03 8.59 8.59 OCT 162.4 1.2

CD-47 1999 05:43:32.1 -47:41:10 8.64 8.68 OCT 166.7 1.2

BD-20 1111 05:32:29.3 -20:43:33 8.7 8.7 OCT 129.7 1.1

HD 274576 05:28:51.3 -46:28:19 8.81 8.92 OCT 117.1 0.89

2MASS J04302731-4248466 04:30:27.3 -42:48:46 8.73 9.42 OCT 122.8 0.82

2MASS J06033540-4911256 06:03:35.4 -49:11:25 9.08 9.81 OCT 173.8 0.89
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ID RA DEC K (2M) K (M1) Ass. Dist. M1

hh mm ss dd mm ss (mag.) (mag.) (pc) (M�)

2MASS J05490656-2733556 05:49:06.5 -27:33:55 8.25 8.25 THA 74.3 0.86

ASAS J051536-0930.8 05:15:36.4 -09:30:51 8.08 8.08 THA 77.5 0.91

BD-12 943 04:36:47.1 -12:09:20 7.76 7.76 THA 62.3 0.88

BD-19 1062 04:59:32.0 -19:17:41 8.07 8.07 THA 64.1 0.83

CD-35 1167 03:19:08.6 -35:07:00 7.72 7.72 THA 44.6 0.72

CD-46 1064 03:30:49.0 -45:55:57 7.1 7.1 THA 42.2 0.84

CD-53 544 02:41:46.8 -52:59:52 6.76 6.76 THA 41.4 0.9

CD-78 24 00:42:20.3 -77:47:39 7.53 7.53 THA 50.1 0.83

TYC 8098-414-1 05:33:25.5 -51:17:13 8.16 8.16 THA 51.6 0.68

TYC 9344-293-1 23:26:10.7 -73:23:49 7.94 7.94 THA 44.2 0.65

HD 22705 03:36:53.4 -49:57:28 6.14 6.18 THA 43.3 1.04

CD-44 1173 03:31:55.6 -43:59:13 7.47 7.58 THA 44.0 0.75

TYC 8083-455-1 04:48:00.6 -50:41:25 7.92 8.25 THA 54.8 0.7

2MASS J05182904-3001321 05:18:29.0 -30:01:32 8.3 8.41 THA 66.2 0.76

Notes. (a) Targets excluded from statistical analysis due to the quality of their sensitivity curves,

see Figure 3.5.

3.2 Observations and data reduction

3.2.1 Southern Targets: NACO data

We had four sets of observations in service mode dedicated to collecting data on SACY

sources with NAOS-CONICA, an adaptive optics system and near-IR camera at the

very large telescope (VLT). The first epoch of data was taken between March–August

2006 (077.C-0483), and 76 targets were observed (seeing ≈0.9′′). The 40 objects (out

of the 76) identified to have potential companions were re-observed (seeing ≈0.7′′) be-

tween March–June 2008 (081.C-0825). We had two additional programs to observe
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TABLE 3.2: Summary of the properties and frequency of visual multiple systems iden-
tified for the SACY associations studied in this chapter.

Name ID Dist. Age N. of observed(a) N. of VBs(b) MF3−1000 au
(c)

(pc) (Myr) objects (this work) (%)

AB Doradus ABD 34±26 100 16 (16) 5 31+13
−9

Argus ARG 106±51 40 1 0 -

β–Pic MG BPC 31±21 20 17 (17) 5 29+13
−8

Carina CAR 85±35 40 26 (24) 5 21+10
−5

Columba COL 82±30 40 17 (16) 6 38+13
−10

ε–Cha ECH 108±9 8 10 (10) 2 20+17
−7

Octans OCT 141±34 40 11 (10) 5 50+14
−14

Tuc–Hor THA 48±7 40 14 (14) 3 21+14
−5

Notes. (a) Effective number used to calculate MF values shown in parentheses.(b) Systems
either confirmed from PM analysis or high probability (≥95% detections) based on single-epoch
data. (c) In the separation range 3-1000 au considering observed targets with sensitivities≥95%
of our sample.

other members of the SACY associations in 2011 and 2012 (088.C-0506, and 089.C-

0207), and we observed 60 and 25 targets (seeing ≈1.0′′), respectively (see Table 3.6

for details on individual sources).

All the targets are bright enough (V < 16 mag or K < 13 mag) to be used as AO

reference stars. For the majority of the stars, we used the visible wave-front sensor (VIS

WFS). For the reddest objects we used the IR WFS with the N90C10 dichroic, which

sends 90% of the light to NAOS and 10% to the infrared detector. Since all the sources

are very bright in the near-IR, the observations with the VIS WFS were performed

with intermediate- and narrow-band filters to avoid saturation of the primary star. The

first selection of filters was IB 2.21 (λ0, ∆λ=2.21, 0.06 µm) and NB 2.17 (λ0, ∆λ=2.17,

0.023 µm). During the observations, the IB 2.21 filter showed strong optical ghosts that

prevented us from detecting companions in some particular regions of the detector.

Therefore, we replaced it with the IB 2.27 (λ0, ∆λ=2.27, 0.06 µm) filter. The observations

with the IR WFS were performed with the broad band Ks filter (λ0, ∆λ=2.18, 0.35 µm).

All the observations from 2006 and 2008 used the S27 objective, which provides a field
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of view (FoV) of 27.6′′×27.6′′. The data from 2011 and 2012 used the S13 objective,

with a FOV of 14′′×14′′.

We observed each object using a jitter sequence to remove the sky contribution and to

correct for bad pixels. The sky emission was estimated from the median image of all

offsets positions. The average total exposure time for each source was ≈12 minutes.

We reduced the data using the recommended eclipse ESO software (Devillard, 1997)

and the esorex driven interface gasgano. Dark subtraction, bad pixel correction, and

flat-field correction were applied to each frame prior to aligning and stacking.

To derive accurate astrometry of the potential companions, we derived the plate scale

and orientation on the infrared detector, using archival observations of the astrometric

field θ1 Ori C (McCaughrean and Stauffer, 1994), and the astrometric binaries IDS

2150 and IDS 22141 (van Dessel and Sinachopoulos, 1993); see Chauvin et al. (2012)

for details. The values measured in different epochs are displayed in Table 3.3. For

each target, we have adopted the plate scale and orientation closest to the date of

observation.

A summary of the NACO observations is provided in Table 3.4.

3.2.2 Northern Targets: Lick data

To observe the 40 northern targets in our sample, we used the adaptive optics facility

at the Lick Observatory Shane 3 m telescope (Gavel et al., 2002) between 14–18 July

2008 and 8–9 July 2009.

In 2008 the conditions were relatively good, although not photometric, with an average

seeing between 0.8′′ and 1.1′′ in the visible, at the zenith. The targets were all bright

enough to be used as a reference for the wave-front sensor. All of the targets were

observed using the Ks filter, which provides the best compromise between the AO

performances and the sensitivity to faint and red companions.
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TABLE 3.3: Detector plate scales (s ± σs) and true north orientations (t ± σt)

Obs. date Plate scale True northa Target
(mas / pix) (deg)

NACO

24/04/2006 27.01±0.05 -0.08±0.14 θ1 Ori C
26/08/2006 27.02±0.05 -0.12±0.20 θ1 Ori C
06/04/2008 27.01±0.05 -0.36±0.14 θ1 Ori C
10/06/2008 27.01±0.05 -0.39±0.15 IDS 2150,

θ1 Ori C
15/11/2011 13.27±0.05 -0.47±0.14 θ1 Ori C
04/07/2012 13.27±0.05 -0.78±0.20 IDS 22141

Lick

15/07/2008 75.7±0.1 +1.80±0.30 HIP 66225
09/07/2009 75.7±0.2 -0.30±0.20 HIP 66225

Notes. (a) This value is subtracted from the measured position angle (PA).

When a clear companion was detected in the images, an additional H band (and some-

times J band) image was acquired to provide colour information. All observations were

performed using a dither pattern to efficiently remove cosmic rays, bad pixels and accu-

rately compute the sky. The data were processed using Eclipse, including dark subtrac-

tion, flat-field correction, sky subtraction, frame registration, and stacking. A Hipparcos

binary (HIP 66225, Gontcharov, 2006) was observed every night to be used as an as-

trometric calibrator and derive an accurate plate scale and plate position angle on the

sky (see Table 3.3).

The 2009 observations aimed at obtaining second epoch images of the 21 targets with

companion candidates detected in the first epoch images. Conditions were poorer, with

a seeing of ≈ 1.5′′ and some cirrus. As we were most interested in deriving accurate

astrometry, the observations were performed in a single band (using the Ks filter). The

same observing strategy (five point dither pattern) and processing steps were applied.

The same astrometric reference was used to calibrate the plate scale and position

angle of the camera (see Table 3.3).

A description of the Lick data used in this chapter is included in Table 3.4.
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TABLE 3.4: A summary of all AO-imaging data used in this chapter. The number of
observations refers to the number of reduced images as opposed to separate objects,

i.e., an object can be counted twice if it was re-observed.

Instrument FOV Filter λ0 ∆λ No. of
(arcsec) (µm) (µm) Obs.

NACO 14 × 14 Ks 2.18 0.35 91
28 × 28 Ks 2.18 0.35 53
28 × 28 IB 2.27 2.27 0.06 82
28 × 28 IB 2.21 2.21 0.06 11
28 × 28 NB 2.17 2.17 0.02 12

Lick 20 × 20 Ks 2.15 0.32 70
20 × 20 H 1.66 0.30 14
20 × 20 J 1.24 0.27 2

3.2.3 Archival data and literature search

We queried the ESO archive for related NACO data for objects that were observed

only once in our service campaigns. This way, we could utilise a second epoch to

determine if the detected companion candidates are co-moving. In total 64 objects

had multi-epoch observations. In addition to this, we queried the CDS for object-type

determinations and multiplicity flags for all 201 targets studied in this chapter, (see

Table 3.6). For objects previously identified as multiple systems, we checked whether

the companions’ properties were within the parameter space of our observations, which

in turn, tests the completeness of our work. As a result, we did not find any previously

identified systems in this parameter space which we failed to detect.

3.2.4 Observational detection limits

Figure 3.1 shows the average contrast in the selected filters as a function of the angular

separation from the primary star for both the NACO (using the S13 and S27 objectives)

and Lick data. On average, we reach ∆Ks = 7 mag and ∆Ks = 4 mag at an angular

separation of 0.5′′, for the NACO and Lick data, respectively. For an age of 30 Myr

(the average age of the SACY associations) and a primary mass of 1.0 M�, these
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differences in magnitude correspond to masses of ∼15 MJup and ∼0.10 M� (dashed

lines in Figure 3.1), using the evolutionary tracks from Baraffe et al. (1998).
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FIGURE 3.1: The average sensitivity limit in all filters for both NACO and Lick data. The
limits were computed from the 3σ root-mean squared (RMS) of the PSF radial profile
for each target, and then averaged within each filter. The Ks filter for the NACO data is
displayed for the S13 and S27 objective. The dashed lines represent our mass limits at
0.′′5, according to Baraffe et al. (1998) evolutionary tracks, assuming an average age

of 30 Myr and a primary mass of 1 M�.
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3.3 Identifying multiple systems

In order to identify multiple systems in our sample, we first identified all the point

sources within the FoV of each target. Then, we determined the astrometry and pho-

tometry of these sources, and used these parameters to determine whether the iden-

tified point sources are bound companions or background objects. We provide all the

details in the next subsections.

3.3.1 Initial source detection

Combining the NACO data and Lick data, we have imaged a total of 201 targets. In

order to identify companions in our images, we first need to identify all possible point

sources in the FoV. We used the source extraction software SEXTRACTOR (Bertin and

Arnouts, 1996) to perform the source identification. Only detections of sources with 5

or more pixels with values ≥ 3σ were considered (where σ is the standard deviation of

the background signal).

We visually checked each image to (i) confirm whether the detection was from a true

point source as opposed to, for example, an optical ghost and (ii) search for potential

severely blended binaries (with component separations ∼4 pixel) that had been de-

tected as one source. With the catalogues of point sources for each observation we

then modelled the PSFs using the software PSFEX in conjunction with SEXTRACTOR.

For the majority of observations, the primary targets were used to model the PSF. In

the case that the primary target was resolved into a close binary, either further com-

ponents in the FOV (as close to the centre of the image as possible) were used, or

another bright target observed during the same night with the same instrumental setup

and as close in time as possible. Figure 3.2 shows a typical example of a blended

object originally detected as a single source. The centre and the photometric aperture

as derived by SEXTRACTOR are represented by the black circle and black ellipse, re-

spectively. Through the modelling of the PSF we were able to extract the astrometry
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and photometry for the two components, whose centres and FWHMs are shown by the

red crosses and dashed circles, respectively.

0 5 10
Pixel

0

5

10
Pi

xe
l

60 mas

FIGURE 3.2: A section of the NACO image for target CD-30 3394B, showing two par-
tially resolved components. The black solid-lined ellipse is the aperature applied by
SEXTRACTOR and the black filled circle the centre of the ellipse. The red crosses and
black dashed circles indicate the centre and FWHM of the model PSF extracted from

the primary CD-30 3394A, using PSFEX for each source.

3.3.2 Relative photometry

Our observations did not include photometric calibrator fields and, therefore, we can

only perform relative photometry in our images. However, the vast majority of our

targets were imaged in the Ks band, so we can make use of the available 2MASS Ks

values (Skrutskie et al., 2006). In the cases where we discovered multiple components

within the original PSF of 2MASS, we weighted the magnitudes according to the flux

ratios of the components. These values are provided in the fifth column of Table 3.1,
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as K(M1), and have been used to compute the mass ratio of the multiple systems using

evolutionary tracks (Baraffe et al., 1998), and the age estimation from Table 3.2.

3.3.3 Relative astrometry

For every point source detected in each observation, we calculated the angular sepa-

ration from the primary in detector coordinates and then applied the appropriate pixel

scale and true north correction value (Table 3.3). In the case of non-blended sources,

we have used the parameters from the aperture extraction, while for severely blended

sources we have used the ones coming from PSF modelling. We have performed both

types of extractions (aperture and PSF) on a small number of targets and confirmed

that, for non-blended sources, the resultant photometry and astrometry is consistent

within the uncertainties. We then employed a different method to determine whether

the detected point sources are bound companions or not, depending on the availability

of multiple epochs.

3.3.3.1 Uncertainties

The main source of uncertainty comes from the temporal and spatial variability of the

atmospheric conditions. The uncertainties for the angular separation, ρ(x , y ) ± σρ,

and position angle, θ(x , y ) ± σθ, were derived using equations 3.1 and 3.2, using the

appropriate plate-scale and true north correction values. Table J1 lists the parameters

and their uncertainties of the multiple systems identified for each observation.

σρ =

[(
∂ρ
∂x
σx

)2

+
(
∂ρ
∂y
σy

)2
] 1

2

(3.1)

where σx = x σs, σy = y σs and σs is the uncertainty in the plate scale.

σθ =

[(
∂θ
∂x
σx

)2

+
(
∂θ
∂y
σy

)2

+ σ2
t

] 1
2

(3.2)
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where σt is the uncertainty in the true north correction.

3.3.3.2 Multi-epoch data

To assess whether a pair of point sources are bound, and not a projection effect, we

computed their relative motion and compared it to the motion one would expect for a

background object. The PM values were taken from UCAC4 (Zacharias et al., 2012).

We then combined this with the parallactic motion, and produced the total relative mo-

tion one would expect to see if the point source were a background, stationary object

(see Chauvin et al., 2005). An example is shown in Figure 3.3. We would expect a

bound companion to show negligible movement with respect to the primary between

our multi-epoch observations, and this is our criterion for binary identification. In those

cases in which the PM of the source did not produce significant motion, given the time

difference between observations, we used the criterion described in Section 3.3.3.3.

3.3.3.3 Single-epoch data

For those targets with only one epoch of data (NACO data using S13 camera) we

could use their properties, to provide statistical constraints on how likely is the source

to be bound. One way to do that is to estimate the potential contamination from back-

ground sources given the target’s galactic co-ordinates, and the limiting magnitude of

the observations. However, galactic models such as Robin et al. (2003) have a limited

resolution and, given our small FOV (13′′× 13′′), this method only provides a very rough

estimate of the level of contamination. To avoid this limitation we decided to use our

available multi-epoch data to assist in the classification of our single-epoch data.

We classified our own multi-epoch detections as either bound companions or back-

ground sources from PM analysis, see Section 3.3.3.2. We then used two additional

sources of data. Firstly, Wahhaj et al. (2013), a high-contrast direct imaging survey for

giant planets. We converted the H-band photometry into mass-ratios using the evolu-

tionary tracks of Baraffe et al. (2003) and the ages quoted in the work. Secondly, we
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FIGURE 3.3: The relative movement of four point sources, in RA and DEC, for two
observations of GSC 08350-01924. The black dotted line and black markers repre-
sent the motion one would expect from a background (BKG) source with respect to the
primary, and the shaded area represents the error space. The dark blue marker repre-
sents a source showing no significant relative motion, consistent with a bound (BND)
companion at 0.3′′. The other coloured markers represent three background sources

detected at separations of 10.5, 13.2 and 14.2′′ from the primary.

used the data from Daemgen et al. (2015), a multiplicity survey in Taurus conducted in

Ks-band. From these two works, we only used sources classified by PM analysis (in

total, 246 classified sources).

We then pseudo-randomly split this classified data: 2/3 as a training set, 1/3 a test set.

Using support vector machines (SVM)2, we determined the optimum soft-boundary in

the physical separation-mass-ratio space that splits bound and background sources.

On average, we reached a completeness and contamination rate of >80% and <10%

respectively, when classifying our test set. With this classifier we then calculated the

probability that our single-epoch sources are bound (PBND) or background (PBKG). In
2see Chapter 9 of Ivezić et al. (2014) for many applications of this technique in classification of astro-

nomical objects such as differentiating variable and non-variable MS-stars using photometric colours.
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this instance, there are only two labels: either bound or background and as a result,

PBND = 1 − PBKG. We repeated this procedure 1000 times and took the median result to

account for the variations induced by different training and test datasets. The individual

probabilities (PBND) of these companion candidates with their respective properties are

shown in Table 3.5.

To test whether this technique produces realistic probabilities, we calculated the bound

probabilities for the 35 companions already confirmed by PM analysis. The median

bound probability was ≈99%.

Figure 3.4 shows the graphical result of this procedure. There is a clear trend to-

wards high mass-ratio, closely-separated sources being bound (as one would expect),

very few bound sources lie in the parameter space mainly populated by background

sources.
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FIGURE 3.4: The probability of identifying a bound system from 100–0% in intervals of
10% from blue to red in physical separation–mass-ratio parameter space. The circles
and crosses represent the training and test set, respectively. Blue markers represent

bound companions, and grey markers unbound companions.
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3.4 Results

We have identified 31 potential multiple systems (28 binaries and 3 triples) from 113

confirmed SACY targets. Of these 31 systems, 7 have been confirmed by PM analysis

and 24 have a bound-probability ≥95%3 (see Section 3.3.3.3). A summary of the

physical properties of the multiple systems is included in Table 3.5.
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FIGURE 3.5: Top panel: The physical projected separations versus mass-ratio for iden-
tified multiple systems. The filled red markers represent binary companions, the other
coloured markers are components of triple systems with matching colours for the sec-
ondary and tertiary. The size of the marker is proportional the companion’s mass. The
grey lines represent the sensitivity limits for the individual targets. The red and black
lines represent the 90% and 95% detections limits for the whole sample, respectively.
Bottom Panel: The 95% detection limits for four studies, red: this work, blue: Daemgen
et al. (2015), green: Kraus et al. (2011) and brown: Raghavan et al. (2010), used for

analysis in Section 3.5.

3Based on this statistical analysis there is a 57% probability that all 24 systems are bound from the
product sum of their respective probabilities.
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We have followed the multiple component designations described in Tokovinin (2005),

where systems are described by individual components and super components. For

example, a triple system composed of a binary system orbiting the primary (brightest)

star would have the following designations: ”A, B, *” and ”Ba, Bb, B” following increasing

hierarchy. In such cases, there are two entries in Table 3.5, one to describe ”A, Ba” and

the other ”Ba, Bb”.

The analysis presented in the following subsections considers the 31 identified multiple

systems from 8 SACY associations (outlined in Table 3.2). We note that have also

identified 28 multiple systems in the sample of non-SACY members. A summary of

these systems’ properties can be found in Table 3.7.

We have defined two ranges of physical separations in our analysis, derived from the

sample sensitivities displayed in Figure 3.5. The first, 3-1000 au, is the most extensive,

considering 109 from the 113 observed targets, and including all the 34 companion

detections (28 binaries and 3 triples). We define another as 10-1000 au, that will allow

us to compare our results with other studies. For this parameter space, we again

consider 109 observed targets but only 27 companions detections (25 binaries and 1

triple).

3.4.1 Multiplicity frequencies

In this chapter we consider the following quantities: multiplicity frequency (MF), com-

panion star frequency (CSF) and triple frequency (TF) – the number of triple systems

in the population.

We have identified 31 multiple systems from observations of 113 confirmed SACY tar-

gets. Therefore, we estimate a raw multiplicity frequency (MFraw) of 27.4+4.5
−3.8%, and a

raw companion star frequency (CSFraw) of 30.1+4.6
−3.9%. However, as mentioned previ-

ously, these frequencies include companions that would not be detected around all of

the targets due to different contrasts and distances (see Figure 3.5). When we remove
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these targets, we derive a multiplicity frequency of MF3−1000 au=28.4+4.7
−3.9% in the separa-

tion range 3-1000 au. All of our companion detections are above 95% sensitivity curve

and therefore we do not disregard any of them in our calculation.

3.4.1.1 Higher-order multiple systems

Considering the higher-order systems separately (3 triple systems) we derive a triple

frequency of TF3−1000 au=2.8+2.5
−0.8% in the separation range of 3-1000 au. It is interesting

to note that 2 of the 3 triple systems identified in this work have secondary components

at very small separations (4.8 and 5.2 au), that are only detectable due to the proximity

of the systems (31 and 17 pc).

3.4.1.2 Multiplicity frequency and primary mass

We analysed the effect of the primary mass on the multiplicity frequency within our

sample for the 109 systems in the separation range 3-1000 au. We binned our data

according to the Freedman-Diaconis rule, which is suited for non-Gaussian distributions

(bin width≈0.1 M�). The results are shown in Figure 3.6. The large uncertainties for

masses of 0.25, 0.35 and 0.45 M� are a result of the low-number fractions, 0/1, 0/1 and

1/1, respectively.

3.4.2 Mass-ratios

We calculated the mass-ratios (q) of our multiple systems in two ways, to test the effect

of using primary mass values derived with different methods. We note that, in the case

of triple systems composed of a primary component A and an outer orbiting binary (Ba,

Bb), the mass-ratio of the component Ba is derived as be MBa/MA:
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FIGURE 3.6: Primary mass versus multiplicity frequency for systems in the separation
range 3-1000 au. The data is binned according to the Freedman-Diaconis rule. The

fractions are shown by each mass bin.

(i) We derived primary mass values (M1) from absolute magnitudes using kinematic dis-

tances (D) and ages with the evolutionary tracks of Baraffe et al. (1998). We then cal-

culated the companion masses from ∆K values and computed the mass-ratios (the nor-

malised cumulative distribution function (CDF) is shown by the red line in Figure 3.7).

(ii) We used the ∆K values of our components for a range of K1 values, which is

equivalent to a range of model-based M1 values for the given age of the system (0.8-

1.2 M�, according to the evolutionary tracks of Baraffe et al., 1998). To obtain the

uncertainty, we calculated the standard deviation of the mass-ratio as a function of the

primary mass for a given system. We then computed 100 mass-ratio distributions com-

posed of pseudo-random realisations of each mass-ratio value and its uncertainty. We

binned the data in 0.01 steps and took the average and standard deviation producing a

smoothed, normalised CDF, shown by the black dots and shaded areas (dark and light:

1σ and 3σ ) of Figure 3.7, respectively.

The values and uncertainties used in further analysis (shown in Table 3.5) are obtained

using method (ii) in order provide realistic uncertainties given that, at this time, the

masses are model-based.
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FIGURE 3.7: Left panel: Normalised frequency of mass-ratios. The dashed line rep-
resents a power-law function with index γ = 0. Right panel: The cumulative frequency
distribution of mass-ratios using the two methods outlined in Section 3.4.2. Method (i)
The red line represent the derived mass ratios. Method (ii) The black dots, dark and
light blue-coloured area represent the average, 1 σ and 3 σ variation in frequency from

100 realisations of the mass ratio, respectively.

The mass distribution is usually described using a power law index, γ. We derive a

value of γ = −0.04± 0.14 using linear regression of 1000 pseudo-random realisations

of the mass-ratio distribution considering their respective uncertainties.

3.4.3 Physical separations

We calculated the physical separations of the multiple systems using the kinematic dis-

tances shown in Table 3.1, and the average angular separation from our observations.

The top panel of Figure 3.5 shows the physical separation versus mass-ratio for the

31 SACY multiple systems, considering both multiple-epoch and single-epoch obser-

vations with probabilities ≥95%). The size of the markers represents the companion’s

mass. In addition to this, the detection limits are shown for each multiple system (grey

lines) and 90% and 95% detection limits for the entire observed sample in red and

black, respectively. This calculation demonstrates the powerful nature of the SACY

dataset when observed with AO-imaging: we can probe very small physical projected

separations across our sample down to low mass-ratios.



Chapter 3. Visual binaries in the young moving groups 135

In addition to this, we generated separation distributions in two ranges. Firstly, 10-

1000 au, for SACY, Taurus (Kraus et al., 2011; Daemgen et al., 2015) and the field

(Raghavan et al., 2010), see Figure 3.8. Secondly, 19-100 au, for SACY, Taurus (only

Kraus et al., 2011) and the field (see Figure 3.9). The first separation range was cho-

sen to maximise the number of comparable systems due to different observational

techniques. The second, to make the same comparison that was made in King et al.

(2012a).

First of all, we created 90% sensitivity curves for each study in terms of mass-ratio and

physical separation (shown by the coloured lines in the bottom panel of Figure 3.5),

using the available published data. In the case of Raghavan et al. (2010), we used the

sensitivity curve from Figure 11 of that paper. Then, we defined the master sensitivity

curve as the upper boundary of all the individual curves (shown by the black solid line

in the bottom panel of Figure 3.5). We then only consider systems with parameters

above this curve.

To perform this analysis we used kernel density estimations (KDEs), see Scott (2009)

for details. This technique minimises features induced by bin phase. The results for

the two separation ranges are shown in the left panels of Figures 3.8 and 3.9. The

plots shows the KDE from SACY in red, Taurus in blue and green, and the field in gold

with 95% confidence intervals (CIs) shown by the respective-coloured shaded areas.

The CIs were calculated by considering the distribution of densities for each physical

separation from 105 bootstrap iterations of the KDE. To see the differences between

the distributions more clearly we have plotted them in the form of cumulative frequency

distributions (CDFs) in the right panels of Figures 3.8 and 3.9.

The low-density nature of Taurus makes it very interesting to compare to our associ-

ations, as they most likely formed in a low-density environment too. We use both the

work of Kraus et al. (2011) and Daemgen et al. (2015) since both samples are com-

plementary. The statistical sample defined in Daemgen et al. (2015) consists of 10

members from the extended Taurus region (∼20 Myr) and 5 from the young Taurus re-

gion (∼2 Myr), totalling 15 multiple systems. That of Kraus et al. (2011) only considers
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the young region and in our defined parameter space, this produces a sample of 50

multiple systems for comparison.

The field represents a far more processed population of stars from a range of initial

environments and, therefore, provides a mixed sample of evolved multiple systems.

The number of comparable systems in the field within our defined parameter range is

123.
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FIGURE 3.8: Left: Red, green, blue and gold shaded areas represent the 68% confi-
dence intervals for the kernel density estimation (KDE) for SACY, Taurus (Kraus et al.,
2011), Taurus (Daemgen et al., 2015) and the field (Raghavan et al., 2010) respectively.
The multiple systems considered are all above the master sensitivity curve defined in
the bottom panel of Figure 3.5 and in the separation range 10-1000 au. Right: The

cumulative distribution frequencies for the same systems.

Firstly, we tested the effect of primary mass on the separation distribution as the studies

we are considering probe slightly different primary mass ranges.

We performed a set of simulations using 10,000 synthetic binaries with primary masses

between 0.2-1.4 M�. We performed two sets of simulations which differed by their

mass-ratio distribution. In the first case, we considered the mass-ratio distribution as

uniform across all primary masses. In the second simulation we adopt the information

from Figure 5 of Kraus et al. (2011) as priors. In the range M1: 0.7-1.4 M� the mass-

ratio distribution as uniform. For the range M1: 0.2-0.7 M� there is a preference for more

equal mass-ratio systems for lower primary masses. We created a probability function
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for the secondary masses, and pseudo-randomly chose mass-ratio values from this

distribution.

The period values were drawn from the log-normal distribution defined in Raghavan

et al. (2010), µ=5.03 and σ=2.28 log (day). We then fitted the separation distributions

with log-normal distribution and evaluated their parameters. When comparing the two

sets of simulations, we see that the peaks of the separation distributions are shifted

to smaller separations for the lightest primary masses: mean values of 30 au in the

first case, and 60 au in the second case. However, this difference is not significant

given the separation range we are considering (10-1000 au) There is also no significant

difference resulting from the mass-ratio distributions.

Based on this result, we have compared separations distributions of field stars in the

mass range of 0.7-1.4 M�, and SACY objects in the mass range of 0.2-1.2 M�.
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FIGURE 3.9: Left: Red, green and gold shaded areas represent the 68% confidence
intervals for the kernel density estimation (KDE) of multiple systems for SACY, Taurus
(Kraus et al., 2011) and the field(Raghavan et al., 2010), respectively. The multiple
systems considered are all above the master sensitivity curve defined in the bottom
panel of Figure 3.5 and in the separation range 19-100 au. Right: The cumulative

distribution frequencies for the same systems.

Our comparison between the three populations is shown in Figure 3.8. The shape of

the SACY distribution differs from those of the other populations at a 1 σ level (68% CIs

are represented by the coloured filled areas in left panel of Figure 3.8). The distribution
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departs in form from the other populations at ≈50-100 au. Potentially, this departure

for wider systems is the result of a bias in the way we classify our objects as bound,

favouring close-in systems, using the method described in Section 3.3.3.3. However, to

check this, we included companions regardless of their probabilities and the resultant

distribution still differed from the other populations at a 1 σ level for the widest systems.

3.5 Discussion

The SACY sample offers a unique opportunity to study multiplicity among young stars

down to very small physical separations. Currently, it is not known whether all these

associations shared a common origin, due to limitations on the accuracy of their galac-

tic motion4. Whether these associations share a common origin or not, it is likely that

these groups resulted from sparse star formation whereby ∼100 stars were formed in

each group. Therefore, by studying these targets we are obtaining crucial information

regarding this mode of star formation. In this analysis we present the results assuming

a common formation mechanism, i.e. grouping the data together in some cases from

all associations and looking for relationships in physical parameters (i.e. primary mass,

physical separation).

3.5.1 Frequency of multiple systems

The triple frequency is TF3−1000 au=2.8+2.5
−0.8% in the separation range 3-1000 au. If we

consider the range 10-1000 au, we derive the value TF10−1000 au=0.9+2.0
−0.3%. The value

from Daemgen et al. (2015) in Taurus, TF10−1000 au=1.8+4.2
−1.5%, is comparable within the

uncertainties.

The multiplicity frequency for SACY is MF3−1000 au=28.4+4.7
−3.9% in the separation range 3-

1000 au across the primary mass range 0.2-1.2 M�. To compare to the work of Daem-

gen et al. (2015) in the Taurus SFR, we consider the separation range 10-1000 au and
4The GAIA mission (Lindegren et al., 2008) will provide extremely precise astrometry for members of

such associations, with expected accuracies of 7-25 µas.
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derive a multiplicity frequency of MF10−1000 au=25.7+4.8
−3.7%. The multiplicity frequency for

Taurus in that parameter space is MF10−1000 au=26.3+6.6
−4.9%, so the two values agree very

well within the uncertainties. However, if we limit the primary mass of our targets the

result is slightly different, as discussed below.

As shown by King et al. (2012b,a), collating studies from Taurus, ρ-Ophiuchus, Chamaeleon

I, IC 348 and the ONC, and additionally the work of Kraus et al. (2011); Daemgen et al.

(2015) studying Taurus, the multiplicity frequency of Taurus is marginally higher (≈1 σ )

than that of other SFRs. In order to make a comparison between Taurus (Daemgen

et al., 2015), SACY and the field (Raghavan et al., 2010) we have selected targets in

the separation range 10-1000 au and the primary mass range ≥0.7 M�. In the case of

SACY the primary mass range is 0.7-1.2 M� for Taurus and for the field it is 0.7-1.4 M�.

The resultant multiplicity frequencies (MF10−1000 au, M1≥0.7) are shown in the bottom panel

of Figure 3.10. The result of SACY (23.2+4.8
−3.7%) agrees with the field (28.9+3.0

−2.9%) and

marginally disagrees with Taurus (37.9+9.5
−7.9%) at ≈1 σ level. Based on these results,

within this range, there is marginal evidence that the Taurus region has a higher fre-

quency of multiple systems than SACY and the field. However, when considering sys-

tems across a much wider separation range it appears that, at least in the case of the

β-Pic moving group, that the young associations have a higher frequency of multiple

systems, see Chapter 5.

Kroupa and Bouvier (2003) showed how environments such as Taurus are insufficient

at binary disruption and, therefore, their high MF values are due to their binary pop-

ulations being more pristine than that of heavily processed populations. We would

therefore expect, assuming similar primordial multiple system distributions, to see the

same effect in the young associations. The analysis presented in Chapter 5 supports

this idea. As there is no disagreement between SACY and the field for the systems dis-

cussed in this chapter, assuming common primordial multiple distributions, it suggests

that few multiple systems have been destroyed by dynamical processing in this range.

In contrast to the general trend of high multiplicity in low-density SFRs and associa-

tions, Brandeker et al. (2006) found an absence of multiple systems with separations
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FIGURE 3.10: Age versus multiplicity frequency. Top panel: In the separation and
primary mass range 3-1000 au and 0.2-1.2 M�, respectively. Bottom panel: In the
separation and primary mass range range 10-1000 au and 0.7-1.4 M�, respectively.
Data from (Daemgen et al., 2015, Taurus) and (Raghavan et al., 2010, the field) are
shown by the star and diamond marker, respectively. Argus (ARG) has been omitted

as only 1 object was observed.

>20 au in the young (6-8 Myr, Jilinski et al., 2005) cluster η Chamaeleontis. This sur-

vey of 17 targets used NACO observations similar to those presented in this chapter,

probing similar targets and mass-ratio systems. They found a probability <10−4 that

η Chamaeleontis and TW-Hydrae share the same parent multiple system distribution.

Although η Chamaeleontis is denser than the associations presented in this thesis, the

authors conducted analysis to disregard dynamical processing as the cause of such a

result, finding a collision time-scale 3000 times that of the cluster age. The frequency

of spectroscopic systems (SBs) in η Chamaeleontis is statistically similar to that of

the young associations (Riviere-Marichalar et al., 2015a), ≈10%. The physical sep-

arations of these SBs are so tight that they should be free of dynamical processing
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and therefore similarities between regions support the idea of statistically similar bi-

nary populations. However, the discs in η Chamaeleontis are long-lived (Sicilia-Aguilar

et al., 2009), considering its age, with respect to other young regions. Therefore, at

this time, it is still not clear whether the differences in multiplicity frequency between

this cluster and other low-density SFRs and associations, are the result of dynamical

processing or stem from environment-dependent star formation.

However, since there is a general trend of high multiplicity frequency with low-density

environments, it is likely that, at least in some part, it stems from the lack of dynamical

processing compared to stars in populations such as the field (Lada and Lada, 2003).

3.5.1.1 What is the effect of the primary mass on the frequency?

It is common in many populations to observe an increase in multiplicity frequency with

primary mass (see Figure 12 of Raghavan et al., 2010). We also noted the same

relationship among the tightest multiple systems, i.e. spectroscopic binaries (Chap-

ter 2). However, this is considering a very large mass range, from spectral types O-M.

We have investigated whether this relationship is also observable within our sample of

stars (primary mass range 0.2-1.2 M�.)

Figure 3.6 shows the result of binning our data in terms of primary mass for the 109

targets with≥95% sensitivity from Figure 3.5). There is no observed trend of increasing

multiplicity frequency with primary mass. There is a slight disagreement between some

mass bins (≈1 σ ) but only in the case of very low numbers (≤ 3). The most reliable

mass bins (with more than 10 objects) show no tendency of higher frequency with

primary mass. This is in agreement with the results of Kraus et al. (2011) and Daemgen

et al. (2015) within the same primary mass range.

3.5.2 The impact of a flat mass-ratio distribution

Duchêne and Kraus (2013) compiled observations and discussed how random pairing
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from the IMF (Chabrier, 2003) does not agree with the derived observational mass-

ratio distributions for primary masses of ∼1-10 M�. The mass-ratio power-law index is

a much steeper function of the mass for lower-mass primaries (≤ 0.5 M�).

The mass-ratio distribution derived for the SACY sub-sample in this chapter (power-law

index γ=−0.04±0.14), agrees with the compilation of observational results in Duchêne

and Kraus (2013), in the primary mass range of ≈0.2-1.2 M� (see left panel of Fig-

ure 3.7). The derived γ values in this range are very close to 0, i.e. flat distributions.

With these observations we are not sensitive to more extreme mass-ratio systems

(smaller than 0.2) at close-separations. To investigate whether the power-law index

continues to be flat in this primary mass range, we need to observe our sample with

more sensitive techniques, such as extreme high-contrast imaging or sparse-aperture

masking (Evans et al., 2012). Finding sub-stellar objects around newly identified mem-

bers of the young moving groups is the subject of a proposal submitted to SPHERE/VLT

in March 2016.

3.5.3 Is there dynamical evolution within the SACY sample?

Another great advantage of the SACY sample is the range of PMS ages that we can

probe (∼10-100 Myr). This allows us to search for any potential dynamical evolution

within the sample on these time scales.

Figure 3.10 shows the multiplicity frequency for systems in the separation range 3-

1000 au. If we consider the youngest and oldest associations, ε-Cha (ECH) and AB

Dor (ABD), we do not see significant differences in the multiplicity frequency. Given the

number of observations we have at this time, we are limited by low-number statistics.

To investigate this further, we need to observe more systems in each association to

build up larger samples. Given that there is only one association (Octans) that does

not agree with the other seven, we assume a statistically similar primordial multiple

system distribution for all associations. See Appendix B.4 for details on a proposal

that was awarded time to double the number of objects in the Octans association with
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NACO/VLT data. Observations are scheduled for execution between April and October

2016.

Although the parameters of such systems may evolve on a time-scale of 10-100 Myr

(see below) it is very unlikely that the systems will be entirely destroyed. Most of the

destruction of multiple systems occurs very early on, within a few crossing times of the

clusters (<1 Myr, Parker et al., 2009) and, therefore, at the age of the associations

studied here this process has long ended.

As mentioned above, we can also investigate the relationship between the projected

physical separation and the age of the systems. Although the frequency of systems

has not significantly evolved, it is possible that we can observe significant differences

in the system parameters. To check this, we performed a KS test for three sets of

ages: a) <30, b) 30-50, c) >50 Myr. The age groups were comprised of 7, 23, 6

companions, respectively. The KS test produced one significant result; the distributions

of b) and c) are very unlikely to be resultant from two different parental distributions (KS

statistic: 0.18, p-value: 0.99). This statistical similarity implies there is no significant

dynamical evolution of the physical separations on this time-scale (30-100 Myr). Due

to the insignificant results from the other KS tests we cannot discern whether or not the

other age-grouped samples agree or not.

3.5.4 Comparing physical separation distributions

As discussed previously our current understanding of multiple system formation in-

vokes two formation channels; (i) fragmentation of the collapsing proto-stellar core,

systems ≥1000 au (Bodenheimer and Burkert, 2001) (ii) via gravitational instability and

fragmentation of the proto-stellar accretion disc of the primary star, systems ≤100 au

(Toomre, 1964). If one of these two formation channels is dominant, one would expect

to see a relative over- or under-abundance of systems between the two separation

ranges, assuming that within our age range there is no significant evolution of the

physical separations (see Section 3.5.3).
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Therefore, one interpretation of the over-abundance of multiple systems with separa-

tions <100 au, a total of 21 systems, compared to wider systems, a total of 8, is that

formation channel (ii) is dominant for multiple systems in our sample. Although as men-

tioned previously the additional physical mechanisms such as dissipative interactions

during the accretion phase may blur the scales of two modes of fragmentation by the

T-Tauri phase.

Another interpretation is that the original density of the SACY associations was much

higher than the present day density. This high-density environment would have dynam-

ically processed many of the wider systems >100 au early-on and, therefore, would

lead to an observed relative under-abundance in this separation range. However, this

original density would have to be extremely high to account for such extreme process-

ing. In addition to this, the MF value of SACY is large and similar to that of Taurus

which is an indication that the binary population has not been heavily processed.



C
hapter3.

V
isualbinaries

in
the

young
m

oving
groups

145

TABLE 3.5: A summary of the properties of multiple systems identified in this chapter.

ID Sep. PA Dist. Phys. sep ∆K Comp. Prob.(a) Pop. M1 M2 q σq
(′′) (deg) (pc) (au) (mag.) (M�) (M�)

GJ 4231 0.16 298.4 30.6 4.8 0.58 A, B .99 ABD 0.5 0.39 0.78 0.2
GJ 4231 0.54 0.4 30.6 16.6 0.70 A, C .99 ABD 0.5 0.36 0.73 0.2
TYC 91-82-1 0.74 110.4 87.6 64.8 1.67 A, B .99 ABD 0.82 0.49 0.6 0.13
BD-03 4778 2.53 208.5 71.5 180.9 2.19 A, B - ABD 0.91 0.46 0.51 0.12
Wolf 1225 1.44 232.7 15.1 21.7 0.07 A, B - ABD 0.48 0.47 0.99 0.2
HD 217379 2.24 239.0 32.7 73.2 0.63 A, B .99 ABD 0.81 0.67 0.82 0.18
HD 152555 3.79 58.0 46.8 177.4 3.89 A, B .77 ABD 1.13 0.28 0.25 0.07
GJ 3322 1.36 149.5 37.8 51.4 0.78 A, B .99 BPC 0.85 0.57 0.67 0.18
GSC 08350-01924 0.73 19.9 66.3 48.4 0.17 A, B - BPC 0.63 0.56 0.9 0.19
2MASS J05203182+0616115 0.42 235.0 71.0 29.8 2.19 A, B .96 BPC 0.66 0.15 0.23 0.05
CD-27 11535 0.08 278.8 87.3 7.0 0.17 A, B - BPC 1.01 0.97 0.95 0.2
CD-26 13904 0.27 81.8 78.9 21.3 0.93 A, B - BPC 1.03 0.74 0.72 0.21
2MASS J09131689-5529032 0.14 128.7 131.7 18.4 1.48 A, B .99 CAR 1.15 0.72 0.63 0.09
CD-57 1709 5.84 220.5 100.5 586.9 2.28 A, B .96 CAR 0.87 0.34 0.39 0.15
2MASS J08371096-5518105 5.72 23.5 180.8 1034.2 3.79 A, B .38 CAR 1.11 0.18 0.16 0.04
HD 22213 1.67 281.1 52.4 87.5 1.87 A, B .99 CAR 0.94 0.54 0.58 0.14
BD-07 2388 0.11 328.6 42.6 4.7 0.62 A, B .99 CAR 0.77 0.64 0.83 0.21
CPD-62 1293 0.13 344.9 69.4 9.0 1.62 A, B .98 CAR 0.7 0.28 0.41 0.14
V* V1221 Tau 0.92 134.3 81.5 74.6 0.57 A, B .99 COL 0.92 0.81 0.88 0.15
V* V1221 Tau 2.17 320.7 81.5 176.6 2.5 A, C .96 COL 0.92 0.34 0.37 0.11
2MASS J08240598-6334024 0.17 288.2 118.6 20.7 3.141 A, B .98 COL 1.2 0.34 0.29 0.05
2MASS J08240598-6334024 6.38 140.5 118.6 756.6 3.358 A, C .29 COL 1.2 0.29 0.25 0.04
2MASS J04272050-4420393 0.43 179.9 86.2 37.1 2.15 A, B .96 COL 0.81 0.29 0.36 0.15
2MASS J02303239-4342232 0.13 294.7 51.2 6.7 1.09 A, B .99 COL 0.81 0.57 0.71 0.22
BD-16 351 0.34 311.4 80.9 27.5 0.66 A, B .99 COL 0.83 0.71 0.85 0.2
CD-43 1395 0.26 324.6 141.0 36.7 0.02 A, B .99 COL 0.93 0.92 0.99 0.16
HD 272836 1.52 358.2 78.5 119.4 2.492 A, B .96 COL 0.84 0.26 0.31 0.13
HD 105923 1.96 145.1 116.9 229.1 2.81 A, B - ECH 1.2 0.39 0.33 0.02
2MASS J12202177-7407393 0.23 3.7 114.8 26.4 3.91 A, B .48 ECH 1.07 0.08 0.07 0.02
TYC 9245-535-1 0.11 9.3 119.3 13.1 1.06 A, B .99 ECH 1.14 0.63 0.55 0.1
CD-30 3394A 12.06 116.7 162.4 1958.5 0.5 A, Ba .82 OCT 1.2 1.14 0.95 0.08
CD-30 3394A 0.11 43.2 162.4 17.9 0.18 Ba, Bb .99 OCT 1.14 1.10 0.96 0.14
HD 274576 3.14 15.8 117.1 367.7 2.51 A, B .95 OCT 0.89 0.31 0.35 0.12
2MASS J04302731-4248466 0.49 193.4 122.8 60.2 0.13 A, B .99 OCT 0.82 0.8 0.97 0.2
BD-20 1111 4.01 301.0 129.7 520.1 3.56 A, Ba .43 OCT 1.11 0.21 0.19 0.05
BD-20 1111(b) 0.07 340.0 129.7 9.1 0.46 Ba, Bb .98 OCT 0.21 0.18 0.86 0.14
CD-47 1999 0.22 321.5 166.7 36.7 3.56 A, B .81 OCT 1.2 0.3 0.25 0.04
2MASS J06033540-4911256 0.75 90.0 173.8 130.4 0.06 A, B .99 OCT 0.89 0.88 0.99 0.18
BD-18 4452 3.18 190.7 16.7 53.1 0.81 A, B - OCT 0.51 0.29 0.58 0.13
BD-18 4452 0.31 349.4 16.7 5.2 0.01 Ba, Bb - OCT 0.29 0.28 0.99 0.2
TYC 8083-455-1 1.06 347.8 54.8 58.1 1.15 A, B .98 THA 0.7 0.35 0.5 0.14
2MASS J05182904-3001321 0.69 76.5 66.2 45.7 2.48 A, B .97 THA 0.76 0.17 0.22 0.07
CD-44 1173 0.42 83.4 44.0 18.5 2.44 A, B .96 THA 0.75 0.17 0.22 0.07
HD 22705 2.71 89.2 43.3 117.3 3.39 A, B .52 THA 1.04 0.22 0.21 0.06

Notes. (a) Probabilities are shown unless system was confirmed by co-moving proper motion analysis.(b) Ba, Bb has a probability >0.95,
however, currently there is no information regarding its membership and is therefore not included in further analysis.
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3.5.5 Universality of multiple systems

Using a compilation of multiplicity surveys, King et al. (2012a,b) claimed that binary

(multiple system) formation is not the same everywhere, and that star formation is not

a single universal process. This conclusion was partly based on the significant differ-

ences found in the CDF between young populations and field stars, in the separation

range of 19-100 au. They claim that, in this particular separation range, these systems

should not be dynamically processed and therefore their CDFs should be indistinguish-

able, independent of their age and initial environment. However, Marks et al. (2014)

dispute many of the results and claims of King et al. (2012a). They argue that if differ-

ent initial densities are considered for the analysed SFRs, then the resultant multiple

system properties are compatible with a single universal star formation process. In fact,

the separation range 19-100 au is potentially not pristine, and in the case of Taurus, the

comparable pristine range is only ≈20-30 au.

For the sake of comparison, we have also produced a separation distribution in the

range 19-100 au, comparing 16 SACY systems, 23 Taurus systems, and 48 field sys-

tems. The results are shown in Figure 3.9. We note that we excluded data from Daem-

gen et al. (2015), as in this separation range only seven systems were available for

comparison.

We find that the SACY and field distributions are statistically indistinguishable within

the CIs. We also performed a KS test which produced a p-value of 0.995, which is

highly significant, this means it is very unlikely that the two distributions are realisations

of different parent distributions. If the separation range of 19-100 au is considered a

pristine range, this result is a strong indication that the stars born in the field and those

born in associations form in a similar way.

In the case of Taurus, the distribution shows a different shape, and has a p-value of

0.30 and 0.24 when compared to SACY and the field, respectively. However, the p-

values are not significant and therefore we cannot rule out that it is a realisation of the

same parent distribution.
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SACY and Taurus share many similar multiplicity properties (similar MF10−1000 au and

TF10−1000 au values, a flat mass-ratio distribution).

However, their respective separation distributions differ in both in the 10-1000 au and

the 19-100 au range and additionally their MF10−1000 au, M1≥0.7 are marginally discrepant.

If one population had been more heavily dynamically processed than the other, we

would expect to see differences in both their MF values and their separation distri-

butions. We do see tentative differences in both quantities, implying that Taurus has

experienced less dynamical processing than the young associations.

From the analysis presented in this chapter, the significance of the differences between

the populations is still low (≈1 σ ), and therefore further data and analysis is needed

to clarify whether these differences are physical or merely an effect of low-number

statistics. One way to approach this problem is to focus on imaging a large number of

targets in a pristine separation range. However, calculating this pristine range can be

problematic due to unknown initial densities. Once again, the recently launched ESA

mission, GAIA, will put important constraints on the galactic velocities of members with

accurate astrometry. This will provide much better constraints on the initial densities of

such associations.

Another approach is to collect data across a wider range of physical separations to

span as much parameter space as possible. This is the subject of the analysis pre-

sented in Chapter 5.

3.6 Conclusions

In this chapter we have presented multiplicity statistics of the SACY associations from

AO-observations. We have derived multiplicity properties of our sample from obser-

vations of 113 targets in the mass range 0.2-1.2 M�. We compared these derived

properties to other populations searching for statistical similarities and / or differences.
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Our observed sample consisted of 201 targets: 113 confirmed SACY members and

88 targets belonging to other populations (both from the field and PMS regions). As

discussed in Section 3.2, these 88 targets were not included in our analysis. The

parameters from individual observations can be found in Table J1, and a summary of

the identified multiple systems in Table 3.7.

From this analysis of the 113 confirmed SACY members our main conclusions can be

summarised as follows:

1. We have identified 31 multiple systems (28 binaries, 3 triples) from observations

of 113 targets.

2. Out of these 31 systems, 7 were identified from co-moving proper motion analy-

sis, and 24 from contamination likelihood based on the component’s parameters

(with probabilities ≥0.95).

3. The multiplicity frequency and triple frequency for SACY, in the separation range

3-1000 au, are MF3−1000 au=28.4+4.7
−3.9% and TF3−1000 au=2.8+2.5

−0.8%, respectively.

4. In the separation range 10-1000 au and for primary masses ≥0.7 M� the multi-

plicity frequency (MF10−1000 au, M1≥0.7) of SACY (23.2+4.8
−3.7%) is similar to the field

(28.9+3.0
−2,9%) and discrepant at a 1 σ level to Taurus (37.9+9.5

−7.9%).

5. The multiplicity frequency is not a function of the primary mass, within the primary

mass range of 0.2-1.2 M�.

6. There is no evidence of dynamical destruction of multiple systems in the age

range of 10-100 Myr.

7. There is evidence that the multiple systems’ physical separations do not evolve

significantly on the time-scale 30-100 Myr.

8. The mass-ratio distribution (power-law index γ=−0.04 ± 0.14) is compatible with

a uniform distribution (γ=0).
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9. The separation distribution of the young associations and the field are indis-

tinguishable in the separation range 19-100 au, suggesting a similar formation

mechanism (if we assume this separation range is free of dynamical processing).
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3.7 Properties of observed targets

TABLE 3.6: Properties of all targets analysed in this chapter.

ID RA DEC V Ks SpT µα µδ Plx Population Simbad Class. Lit. Flaga SACY Flagd

hh:mm:ss.s dd:mm:ss (mag.) (mag.) (mas) (mas) (pc)

HD 1405 00 18 20.9 +30 57 22 8.86 6.51 K2V 143.7 -171.5 ~ ABD RS*

HD 24681 03:55:20.4 -01:43:45 9.05 7.25 G5 46.2 -90.2 ~ ABD *

TYC 91-82-1 04:37:51.4 +05:03:08 11.01 8.65 ~ 18.50 -59.30 ~ ABD * AB

V* PX Vir 13:03:49.6 -05:09:42 7.69 5.51 G5V -191.13 -218.73 46.10 ABD BY* SB1

LP 745-70 16:33:41.6 -09:33:11 11.24 7.55 K9V -70.05 -177.52 32.60 ABD PM* A*F1

HD 160934 17:38:39.6 +61:14:16 10.45 6.81 K7Ve -23.30 47.71 30.19 ABD Fl* AB6 ,A*D, Aa,Ab1

TYC 486-4943-1 19:33:03.7 +03:45:39 11.15 8.66 ~ 18.0 -65.5 ~ ABD *

BD-03 4778 20:04:49.3 -02:39:20 10.24 7.92 ~ 28.6 -71.7 ~ ABD Ro* AB

HD 201919 21:13:05.2 -17:29:12 10.64 7.58 K6Ve 76.5 -144.1 ~ ABD Ro*

GJ 4231 21:52:10.4 +05:37:35 21.11 7.38 M2.4V 119.17 -150.29 32.79 ABD Fl* AB, C

GJ 885 A 23:00:27.9 -26:18:42 10.48 6.27 (K7V)M+~ 113.2 -169.2 ~ ABD *i* SB3

GJ 9809 23:06:04.8 +63:55:34 10.87 6.98 M0.3V 171.46 -58.55 40.81 ABD Fl* A*Y,Za*m1

CD-45 14955B 23:11:53.6 -45:08:00 13.8 8.85 M3Ve 85.2 -84.7 19.7 ABD *i*

HD 222575 23:41:54.2 -35:58:39 9.39 7.62 G8V 69.49 -67.53 15.70 ABD Ro*

HD 199058 20:54:21.0 +09:02:23 8.62 6.96 G5 37.2 -56.9 ~ ABD10 *

TYC 1090-543-1 20:54:28.0 +09:06:06 11.68 8.82 ~ 34.4 -58.6 ~ ABD10 V*

HD 189285 19:59:24.1 -04:32:06 9.43 7.84 G5 14.2 -55.8 ~ ABD10 *

V* PW And 00:18:20.8 +30:57:22 8.81 6.39 K2V 143.7 -171.5 ~ ABD18 RS*

V* LO Peg 21:31:01.7 +23:20:07 9.19 6.38 K5-7V 133.38 -145.24 40.32 ABD18 BY* AB,AC1

BD+41 4749 23:19:39.5 +42:15:09 8.93 7.22 G0 77.52 -66.90 19.94 ABD18 *

HD 152555 16:54:08.1 -04:20:24 7.82 6.36 F8/G0V -37.25 -114.05 21.40 ABD * AB

Wolf 1225 22:23:29.0 +32:27:32 11.45 6.05 M1V 255.3 -207.8 ~ ABD, PMG12 *i* AB3 AB

CD-52 9381 20:07:23.7 -51:47:27 10.5 7.39 K6Ve 88.9 -146.2 ~ ARG Ro*

GJ 3322 05:01:58.7 +09:58:59 11.98 6.37 M3V 12.09 -74.41 30.12 BPC Ro* AB4 AB

2MASS J05200029+0613036 05:20:00.2 +06:13:03 11.58 8.57 K3 5.5 -37.8 ~ BPC TT*

2MASS J05203182+0616115 05:20:31.8 +06:16:11 11.68 8.57 K3 12.4 -38.8 ~ BPC TT* AB

CD-27 11535 17:15:03.6 -27:49:39 11.12 7.38 K5Ve -9.30 -48.30 ~ BPC Ro* AB, SB1

GSC 08350-01924 17:29:20.6 -50:14:53 13.47 7.99 M3Ve -5.0 -54.7 ~ BPC * AB

CD-54 7336 17:29:55.0 -54:15:48 9.55 7.36 K1V -7.0 -63.1 ~ BPC Ro*

HD 161460 17:48:33.7 -53:06:43 9.61 6.78 K0IV -5.60 -53.30 ~ BPC Ro*

V* V4046 Sgr 18:14:10.4 -32:47:34 10.94 7.25 K5V 2.1 -54.5 ~ BPC BY* SB2

GSC 07396-00759 18:14:22.0 -32:46:10 12.78 8.54 M1Ve 7.3 -39.9 ~ BPC Em*

Smethells 20 18:46:52.5 -62:10:36 12.08 7.85 M1Ve 13.7 -82 ~ BPC pr*
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ID RA DEC V mag. Ks mag. SpT µα µδ Plx Population Simbad Class. Lit. Flaga SACY Flagd

CD-31 16041 18:50:44.4 -31:47:47 11.2 7.46 K8Ve 10.6 -77.8 ~ BPC Ro* A*J1

TYC 6872-1011-1 18:58:04.1 -29:53:04 11.78 8.02 M0Ve 6.7 -42.9 ~ BPC Ro*

CD-26 13904 19:11:44.6 -26:04:08 10.39 7.37 K4V(e) 18.9 -44.2 ~ BPC pr* AB2 AB

CPD-72 2713 22:42:48.9 -71:42:21 10.6 6.89 K7Ve 94.1 -54.4 ~ BPC Ro*

V* WW PsA 22:44:57.9 -33:15:01 12.07 6.93 M4IVe 184.76 -119.76 42.84 BPC BY* A3

V* TX PsA 22:45:00.0 -33:15:25 13.36 7.79 M5IVe 183 -118 ~ BPC Fl* B3

BD-13 6424 23:32:30.8 -12:15:51 10.5 6.57 M0Ve 139.20 -83.40 ~ BPC Ro*

HD 8813 01:23:25.8 -76:36:42 8.46 6.79 G6V 100.16 -20.93 21.52 CAR pr*

HD 22213 03:34:16.3 -12:04:07 8.86 6.79 G8V 80.7 -35.4 ~ CAR Ro* AB

CD-44 1533 04:22:45.6 -44:32:51 10.47 8.58 K0V 32.0 2.8 ~ CAR Ro*

CD-57 1709 07:21:23.7 -57:20:37 10.73 8.7 K0V -1.6 22.1 ~ CAR Ro* AB

TYC 8557-1251-1 07:55:31.6 -54:36:50 11.44 9.19 G9V -4.1 10.3 ~ CAR Ro*

2MASS J08110934-5555563 08:11:09.3 -55:55:56 11.52 9.4 G8V(e) -3.5 15.1 ~ CAR pr*

BD-07 2388 08:13:50.9 -07:38:24 9.32 6.92 K0 -25.3 -45.2 ~ CAR Ro* AB

2MASS J08371096-5518105 08:37:10.9 -55:18:10 11.04 9.38 G9V -7.4 18.0 ~ CAR pr* AB?

CD-61 2010 08:42:00.4 -62:18:26 10.95 8.83 K0V -11.3 15.9 ~ CAR Ro*

CD-53 2515 08:51:56.4 -53:55:56 11.06 8.75 G9V -11.6 12.7 ~ CAR Ro*

2MASS J08521921-6004443 08:52:19.2 -60:04:44 11.48 9.37 K0V -2.8 12.0 ~ CAR pr*

2MASS J08563149-5700406 08:56:31.4 -57:00:40 11.83 9.76 K0V(e) -14.7 6.0 ~ CAR pr*

TYC 8582-3040-1 08:57:45.6 -54:08:36 11.71 9.35 K2IV(e) -13.1 8.6 ~ CAR Ro*

CD-49 4008 08:57:52.1 -49:41:50 10.5 8.64 G9V -23.00 15.40 ~ CAR Ro*

CD-54 2499 08:59:28.7 -54:46:49 10.08 8.4 G5IV -18.3 15.2 ~ CAR Ro*

CD-55 2543 09:09:29.3 -55:38:27 10.21 8.4 G8V -13.2 14.8 ~ CAR Ro*

TYC 8174-1586-1 09:11:15.8 -50:14:14 11.81 9.5 K5Ve -19.45 7.42 ~ CAR Ro*

2MASS J09131689-5529032 09:13:16.8 -55:29:03 11.36 8.36 G5V(e) -13.8 14.8 ~ CAR pr* AB

HD 309751 09:31:44.7 -65:14:52 11.33 8.36 G3V -12.40 19.00 ~ CAR pr* SB2

CPD-62 1293 09:43:08.8 -63:13:04 10.44 8.6 G6V -34.9 25.0 ~ CAR Ro* AB

TYC 9217-417-1 09:59:57.6 -72:21:47 11.7 8.69 K4Ve -24.2 29.0 ~ CAR Ro*

CD-69 783 10:41:23.0 -69:40:43 10.27 8.38 G8V(e) -30.0 24.4 ~ CAR Ro*

TYC 8962-1747-1 11:08:07.9 -63:41:47 12.07 8.29 M0Ve -33.2 7.2 ~ CAR Ro*

HD 107722 12:23:29.0 -77:40:51 8.24 7.14 F6V -65.1 10.8 ~ CAR TT*

TYC 9486-927-1 21:25:27.4 -81:38:27 11.85 7.34 M1Ve 63.4 -110.0 ~ CAR Ro*

BD-03 5579 23:09:37.1 -02:25:55 10.99 7.82 K4Ve 57.5 -47.4 ~ CAR Ro*

CPD-53 1875 08:45:52.7 -53:27:28 10.42 8.77 G2V -13.8 7.7 ~ CAR10 Ro* AB

CPD-55 1885 09:00:03.3 -55:38:24 10.83 9.01 G5V -12.7 16.4 ~ CAR10 Ro*

Ass Cha T 2-21 11:06:15.4 -77:21:56 11.42 6.42 G5Ve -16.5 -0.5cm ~ CHA I pr* D+w9

2MASS J12571172-7640111 12:57:11.7 -76:40:11 15.0 8.4 M0e 10 -32 ~ CHA II11 Y*O AB

BD-16 351 02:01:35.6 -16:10:00 10.34 7.96 ~ 57.1 -29.7 ~ COL Ro* AB

2MASS J02303239-4342232 02:30:32.4 -43:42:23 10.37 7.23 K5V(e) 80.5 -14.9 ~ COL pr* AB

BD-11 648 03:21:49.6 -10:52:17 11.63 9.26 G9 ~ ~ ~ COL Ro*
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ID RA DEC V mag. Ks mag. SpT µα µδ Plx Population Simbad Class. Lit. Flaga SACY Flagd

V* V1221 Tau 03:28:14.9 +04:09:47 9.7 7.44 G6V+K3v... 34.4 -45.0 ~ COL BY* AB, C

2MASS J03573723-0416159 03:57:37.2 -04:16:15 10.72 8.75 ~ ~ ~ ~ COL Ro*

HD 26980 04:14:22.5 -38:19:01 9.08 7.62 G3V 41.78 1.40 12.42 COL Ro*

HD 27679 04:21:10.3 -24:32:20 9.43 7.81 G2V 40.0 -9.1 ~ COL pr*

CD-43 1395 04:21:48.6 -43:17:32 10.18 8.42 G7V 20.4 5.6 ~ COL Ro* AB

2MASS J04272050-4420393 04:27:20.4 -44:20:39 10.91 8.56 K1V(e) 31.3 2.2 ~ COL pr* AB

CD-36 1785 04:34:50.7 -35:47:21 10.84 8.59 K1Ve 34.8 -1.6 ~ COL Ro*

BD+08 742 04:42:32.0 +09:06:00 11.19 9.12 G5V: 27.60 -25.50 ~ COL *

HD 31242 04:51:53.5 -46:47:13 9.85 8.16 G5V 32.7 14.2 ~ COL Ro* SB1

HD 272836 04:53:05.1 -48:44:38 10.72 8.24 K2V(e) 30.8 17.0 ~ COL Ro*

TYC 9178-284-1 06:55:25.1 -68:06:21 11.91 8.94 K4Ve 2.7 20.2 ~ COL Ro*

2MASS J08240598-6334024 08:24:05.9 -63:34:02 9.87 8.13 G5V -15.6 22.4 ~ COL pr* AB, C

V* V479 Car 09:23:34.9 -61:11:35 10.16 7.96 K1V(e) -28.30 17.98 11.36 COL BY*

2MASS J09322609-5237396 09:32:26.0 -52:37:39 10.86 8.84 G8V(e) -16.5 10.9 ~ COL pr*

HD 174656 18:53:05.9 -36:10:22 9.87 7.28 K0IV(e) 0.20 -21.40 ~ CRA Ro* AB2

V* DZ Cha 11:49:31.8 -78:51:01 12.0 8.49 M0Ve -38.0 -8.3 ~ ECH Or*

2MASS J11594226-7601260 11:59:42.2 -76:01:26 11.31 8.3 K4Ve -40.5 -5.83 9.89 ECH TT*

HD 104467 12:01:39.1 -78:59:16 8.56 6.85 G3V(e) -42.8 -4.0 ~ ECH TT* SB1

HD 105923 12:11:38.1 -71:10:36 9.16 7.18 G8V -38.9 -8.3 ~ ECH Ro* AB

2MASS J12194369-7403572 12:19:43.6 -74:03:57 12.5 8.86 M1 -42.1 -11.7 ~ ECH TT*

2MASS J12202177-7407393 12:20:21.7 -74:07:39 12.0 8.37 M1V -41.0 -6.5 ~ ECH TT* AB?

2MASS J12392124-7502391 12:39:21.2 -75:02:39 10.3 7.78 K3Ve -43.6 -11.1 ~ ECH TT*

TYC 9245-535-1 12:56:08.3 -69:26:53 12.06 7.99 K7Ve -33.6 -7.6 ~ ECH Ro* AB

CD-69 1055 12:58:25.5 -70:28:49 9.67 7.55 K0Ve -43.1 -18.7 ~ ECH Ro*

V* MP Mus 13:22:07.5 -69:38:12 9.75 7.29 K1Ve -40.80 -23.30 ~ ECH TT*

2MASS J12375231-5200055 12:37:52.2 -52:00:05 10.68 6.02 M3V(e) -1032.41 30.39 103.18 HYA12 pr*

2MASS J22420163+0946091 22:42:01.6 +09:46:09 11.99 8.26 K6Ve 17.27 30.22 26.73 HYA12 pr*

2MASS J23350028+0136193 23:35:00.2 +01:36:19 9.59 6.04 K7V 341.31 25.50 52.56 IC239112 pr*(c) A*F,BC1

TYC 8639-1114-1 11:55:42.9 -56:37:31 12.11 8.04 M0Ve -45.4 -6.0 ~ LCC Ro* AB

TYC 8978-3494-1 12:12:48.8 -62:30:31 12.13 7.96 K7Ve -36.4 -16.4 ~ LCC Ro* AB

TYC 8637-1558-1 12:16:01.1 -56:14:07 11.22 7.96 K5Ve -42.7 -10.3 ~ LCC Ro*

CD-62 657 12:28:25.3 -63:20:58 9.08 7.33 G7V -34.9 -11.3 ~ LCC Ro*

CPD-63 2367 12:36:38.9 -63:44:43 9.69 7.37 K2V -37.8 -9.7 ~ LCC Ro* A*P1

2MASS J12474824-5431308 12:47:48.2 -54:31:30 11.82 8.05 M0Ve -41.5 -11.0 ~ LCC pr*

HD 112245 12:56:09.4 -61:27:25 9.63 7.26 K0Ve -52.5 -14.7 ~ LCC Ro* AB

TYC 9012-1005-1 13:44:42.7 -63:47:49 11.04 7.74 K4Ve -44.9 -20.8 ~ LCC Ro* A,Z*r,A*Y1

CPD-64 1859 12:19:21.6 -64:54:10 9.87 7.4 K3V -40.20 -10.20 ~ LCC15 Ro*

TYC 7846-833-1 15:56:44.0 -42:42:29 11.88 8.27 K6IVe -13.7 -16.6 ~ LUP Ro* AB, C

CD-33 11275 16:35:22.4 -33:28:53 11.42 8.08 K4Ve -16.8 -33.8 ~ LUP Ro* AB, C

CD-58 860 04:11:55.6 -58:01:47 10.01 8.36 G6V -7.9 38.2 ~ OCT Ro*
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ID RA DEC V mag. Ks mag. SpT µα µδ Plx Population Simbad Class. Lit. Flaga SACY Flagd

2MASS J04302731-4248466 04:30:27.3 -42:48:46 10.75 8.73 G9V(e) 2.6 20.8 ~ OCT pr* AB

HD 271037 05:06:50.5 -72:21:11 10.91 8.67 K0IV -7.0 24.7 ~ OCT Ro*

HD 274576 05:28:51.3 -46:28:19 10.5 8.81 G6V -10.3 22.6 ~ OCT Ro* AB

BD-20 1111 05:32:29.3 -20:43:33 10.4 8.7 ~ -8.3 12.0 ~ OCT * Ba, Bb ?

CD-47 1999 05:43:32.1 -47:41:10 10.19 8.64 G0V -10.0 15.0 ~ OCT Ro* AB?

2MASS J05581182-3500496 05:58:11.8 -35:00:49 11.24 9.38 G9V -12.7 13.0 ~ OCT pr*

2MASS J06033540-4911256 06:03:35.4 -49:11:25 11.18 9.08 K0Ve -9.3 8.3 ~ OCT pr* AB

CD-66 395 06:25:12.3 -66:29:10 10.87 9.0 K0IV -18.40 24.40 ~ OCT Ro*

2MASS J06400573-3033089 06:40:05.7 -30:33:08 10.24 8.7 F9V -12.60 7.70 ~ OCT pr* AB2

BD-18 4452 17:13:11.6 -18:34:25 10.86 6.48 M0Ve 39.0 -88.7 ~ OCT pr* AB1 A, Ba, Bb

CD-30 3394 06:40:04.9 -30:33:03 9.83 8.59 F6V -18.3 7.0 ~ OCT * A, Ba, Bb

V* BO Mic 20:47:45.0 -36:35:40 9.39 6.79 K3V(e) 11.42 -75.87 19.16 PMG12 BY*

V* V1002 Sco 16:12:40.5 -18:59:28 9.81 7.49 K6e -11.70 -22.20 ~ RHO Or* AB,Aa1 AB

2MASS J16141107-2305362 16:14:11.0 -23:05:36 10.5 7.46 K2IV -11.9 -22.9 ~ RHO TT* A*G,Aa,Ab1

HD 147808 16:24:51.3 -22:39:32 9.5 7.08 G9IVe -13.4 -20.0 ~ RHO TT* AB,Aa,Ab1

V* V896 Sco 16:25:38.4 -26:13:54 11.75 7.52 M ~ ~ ~ RHO Or* AB

2MASS J16312019-2430009 16:31:20.1 -24:30:00 10.69 7.09 K3e -5.1 -28.8 ~ RHO SB* AB AB, C

V* V877 Sco 16:33:41.9 -25:23:34 10.66 7.95 K4IVe -2.4 -25.4 ~ RHO bL*

2MASS J16471358-1514275 16:47:13.5 -15:14:27 12.02 8.04 M0Ve -5 -11 ~ RHO17 TT* AB

2MASS J16482187-1410427 16:48:21.8 -14:10:42 14.79 7.86 ~ ~ ~ ~ RHO17 Y*O AB

CD-78 24 00:42:20.3 -77:47:39 10.21 7.53 K3Ve 79.5 -32.1 ~ THA Ro*

CD-53 544 02:41:46.8 -52:59:52 10.22 6.76 K6Ve 97.5 -13.7 ~ THA Ro*

CD-35 1167 03:19:08.6 -35:07:00 11.0 7.72 K7Ve 89.2 -20.3 ~ THA Ro*

CD-46 1064 03:30:49.0 -45:55:57 9.79 7.1 K3V 87.2 -5.0 ~ THA Ro*

CD-44 1173 03:31:55.6 -43:59:13 10.9 7.47 K6Ve 90.9 -5.0 ~ THA Ro* AB

HD 22705 03:36:53.4 -49:57:28 7.65 6.14 G2V 89.74 0.29 23.07 THA *i* AB,AC1 AB

BD-12 943 04:36:47.1 -12:09:20 9.86 7.76 ~ 45.9 -20.4 ~ THA Ro*

TYC 8083-455-1 04:48:00.6 -50:41:25 11.53 7.92 K7Ve 64.3 16.6 ~ THA Ro* AB

BD-19 1062 04:59:32.0 -19:17:41 10.61 8.07 ~ 42.6 -10.0 ~ THA Ro*

ASAS J051536-0930.8 05:15:36.4 -09:30:51 9.82 8.08 G5 31.4 -20.4 ~ THA TT*

2MASS J05182904-3001321 05:18:29.0 -30:01:32 11.66 8.3 K4Ve 37.7 4.3 ~ THA pr* AB

TYC 8098-414-1 05:33:25.5 -51:17:13 11.74 8.16 K7Ve 54.1 16.6 ~ THA Ro*

2MASS J05490656-2733556 05:49:06.5 -27:33:55 10.22 8.25 G9V 30.90 -4.70 ~ THA pr*

TYC 9344-293-1 23:26:10.7 -73:23:49 11.83 7.94 M0Ve 71.5 -66.5 ~ THA Ro*

HD 30051 04:43:17.2 -23:37:42 7.12 6.02 F2/3IV/V 50.25 -11.84 15.73 THA19 *

CD-46 10045 15:25:11.6 -46:59:12 10.08 7.78 G9V -49.63 -21.24 15.46 UCL ** AB3 AB

V* KW Lup 15:45:47.6 -30:20:55 9.28 6.46 K2V -69.11 -98.40 24.78 UCL16 BY* AB

2MASS J15594951-3628279 15:59:49.5 -36:28:27 10.36 8.03 K3e -16.21 -51.01 15.40 US pr*

V* V857 Ara 17:18:14.6 -60:27:27 9.48 7.53 G8V -54.62 -91.04 16.97 US, THA16 BY* AB

TYC 6234-1287-1 17:26:56.5 -16:31:34 11.59 7.83 K4Ve -10.1 -39.0 ~ US?13 Ro* AB, SB2?
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ID RA DEC V mag. Ks mag. SpT µα µδ Plx Population Simbad Class. Lit. Flaga SACY Flagd

2MASS J09551508-6203324 09:55:15.0 -62:03:32 12.01 9.66 K2V -15.3 4.1 ~ N pr*

BD+01 3657 18:22:17.2 +01:42:25 10.2 6.86 K6Vke 84.65 -18.29 37.28 N Ro*

HD 83096 09:31:24.8 -73:44:49 7.3 6.17 F1V -35.40 32.44 11.98 N **

HD 154361 17:05:08.4 -01:47:10 9.5 6.81 K0 75.7 -44.2 ~ N cC*

TYC 438-902-1 18:03:17.8 +04:48:26 10.3 8.01 K2 -11.8 -27.0 ~ N Ro*

TYC 458-290-1 18:31:59.1 +05:40:19 10.82 8.85 ~ 31.8 -5.9 ~ N Ro*b

TYC 460-624-1 18:45:10.2 +06:20:15 10.76 6.81 ~ -38.0 -83.7 ~ N Ro*

TYC 1026-1952-1 18:47:25.5 +08:41:07 12.1 8.97 ~ -11.1 -18.2 ~ N Ro* AB

BD+01 3828 18:57:19.4 +01:20:33 9.56 7.79 G0 27.4 -0.9 ~ N *i* AB2

HD 176898 19:02:17.0 +02:44:21 9.19 7.16 G 24.6 -30.2 ~ N *

TYC 490-110-1 19:31:34.9 +05:56:07 11.13 7.73 K3III 22.2 2.8 ~ N Ro* AB

TYC 482-1106-1 19:36:04.3 +03:25:48 10.43 8.33 ~ 3.0 -24.7 ~ N Ro*

TYC 1062-1904-1 19:47:39.1 +09:29:36 11.81 8.85 ~ 26.3 13.2 ~ N *

TYC 1058-1925-1 19:51:13.3 +08:42:19 10.48 8.13 ~ 11.1 -17.5 ~ N * AB

TYC 5188-193-1 20:35:27.1 -07:06:54 11.59 10.78 ~ 16.2 -14.6 ~ N *

HD 199602 20:58:32.5 -08:50:22 9.19 6.4 K0 -31.9 -56.1 ~ N *

TYC 538-573-1 21:01:24.5 +05:42:12 11.55 9.39 ~ 18.7 -3.3 ~ N V* AB

TYC 553-84-1 21:56:22.0 +05:17:48 10.68 6.9 ~ -8.2 -6.3 ~ N *

CCDM J00002+0146AB 00:00:12.2 +01:46:17 10.78 7.93 G9IV 44.10 -22.90 ~ N ** A2 AB, SB3

TYC 1-1187-1 00:09:21.7 +00:38:06 11.88 8.71 K4Ve 119.4 -29.7 ~ N Ro* SB2

HD 531 00:09:51.6 +08:27:11 9.35 7.57 G6V+G7V 56.21 -11.41 13.11 N ** AB3 AB

GJ 3029 00:21:37.2 -46:05:33 12.22 7.45 M3Ve -302.66 -360.97 51.80 N Fl*

BD+07 85 00:38:59.2 +08:28:41 10.09 7.2 K4Ve 100.9 -48.9 ~ N Ro*

2MASS J01452133-3957204 01:45:21.3 -39:57:20 11.39 7.59 M1V 279.02 131.42 33.84 N pr* AB7

BD-21 332 01:53:11.3 -21:05:43 11.73 7.14 M2Ve 271.4 72.5 ~ N Ro* SB28

GJ 3148 A 02:16:41.1 -30:59:18 12.05 7.13 M3Ve 683.07 250.88 69.81 N Fl* AB3

2MASS J14110874-6155469 14:11:08.7 -61:55:47 10.8 6.92 M1Ve 147.9 -51.0 ~ N pr*

2MASS J15011648-4339311 15:01:16.5 -43:39:31 10.8 6.07 M3Ve 98.0 26.9 ~ N pr* SB2

2MASS J15104047-5248189 15:10:40.4 -52:48:19 12.26 6.85 M2V(e) -145.3 -167.5 ~ N pr* AB, SB3

2MASS J15240033-7054096 15:24:00.3 -70:54:09 11.93 7.77 M1Ve -145.1 -128.2 ~ N pr* SB2

CD-24 12794 16:43:56.9 -25:08:36 11.26 7.42 K6Ve 8.7 -50.7 ~ N Ro*

TYC 6242-104-1 17:21:56.0 -20:10:51 13.22 9.15 K5Ve -11.7 -13.7 ~ N Ro*

V* V2384 Oph 17:42:30.3 -28:44:55 9.03 7.32 G5V -2.83 -40.87 12.82 N bL*

HIP 96515 19:37:08.7 -51:34:00 12.29 7.96 M1Ve 91.07 -21.94 22.79 N Al* AB4 AB, SB2

GJ 781.1 A 20:07:44.9 -31:45:14 13.08 7.4 M4Ve 286.55 -750.5 67.08 N Fl* AB3 SB2

HIP 106043 21:28:44.4 -47:15:42 12.2 8.29 M1Ve -16.42 -58.10 27.94 N Ro*

GJ 841 A 21:57:41.2 -51:00:22 10.5 5.88 M2Ve -35.66 -377.25 62.61 N Fl* AB3

BD+02 4456 21:59:59.9 +03:02:24 10.35 7.89 K0IV 63.80 -3.20 ~ N Ro* SB2

2MASS J22023015-0406117 22:02:30.1 -04:06:11 10.06 7.97 K2V 29.9 -13.4 ~ N pr*

V* CS Gru 22:15:35.2 -39:00:50 9.32 7.09 K0V 94.36 -39.79 17.84 N BY* SB1
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ID RA DEC V mag. Ks mag. SpT µα µδ Plx Population Simbad Class. Lit. Flaga SACY Flagd

HD 212781 22:26:53.2 -00:50:39 10.46 8.34 K0V(e) -4.30 -48.00 ~ N Ro* AB, SB1

HIP 113001 22:53:05.9 +07:28:19 11.72 7.94 K6Ve 59.38 -79.98 19.62 N Ro* SB2

TYC 572-382-1 22:56:49.5 +02:35:39 10.29 8.08 K1IV -14.2 -18.0 ~ N Ro* AB

2MASS J23045301+0632003 23:04:53.0 +06:32:00 10.99 8.18 K1Ve -14.8 -23.4 ~ N pr*

2MASS J23085046+0000528 23:08:50.4 +00:00:52 10.5 8.62 G8V 16.8 -7.1 ~ N pr*

TYC 584-343-1 23:21:56.3 +07:21:32 10.97 8.94 K0V 21.50 -2.50 ~ N Ro* AB

V* BS Psc 23:52:24.3 -00:55:59 10.76 8.95 G7V 19.90 -12.30 ~ N BY*

CD-36 14261 20:36:08.3 -36:07:11 11.73 7.17 M3Ve 11.4 40.3 ~ N Ro*

References. (1) Mason et al. (2001); (2) Dommanget and Nys (2002); (3) Turon et al. (1993); (4) Dommanget and Nys (2000); (5) Anderson

and Francis (2012); (6) Gliese and Jahreiß (1991); (7) Bergfors et al. (2010); (8) Shkolnik et al. (2010); (9) Kraus and Hillenbrand (2007);

(10) Messina et al. (2010); (11) Alcalá et al. (2008); (12) Montes et al. (2001); (13) Aarnio et al. (2008); (14) Riedel et al. (2014); (15) Ma-

majek et al. (2006); (16) Song et al. (2012); (17) Sartori et al. (2003); (18) López-Santiago et al. (2006); (19) Zuckerman et al. (2011);

(20) Zuckerman et al. (2004); (21) Schlieder et al. (2012b)

Notes. (a) Formats as ’A*Y’ signifies multiple components AB, AC, ..., AY (b) Note in SIMBAD to potential component within 30′′ (c) Note in

SIMBAD for triple system identified by Malogolovets et al. (2007) (d) SB systems denote spectroscopic binary systems identified in Torres

et al. (2008); Elliott et al. (2014).
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TABLE 3.7: A summary of the properties of non-SACY multiple systems identified in this chap-
ter.

ID Ang. sep. PA Dist. Phys. sep ∆K Comp. Prob. Pop. q σq

(′′) (deg.) (pc) (au) (mag.)

PMS populations

CPD-53 1875 0.21 288.6 - - 2.18 A, B 0.91 CAR1 0.27 0.08

2MASS J12571172-7640111 0.28 150.1 - - 0.69 A, B - CHAII2 0.61 0.05

HD 112245 2.56 169.4 66.0 168.9 2.48 A, B - LCA, C 0.22 0.12

TYC 8978-3494-1 0.43 41.2 72.5 31.2 0.13 A, B - LCA, C 0.93 0.2

TYC 8639-1114-1 0.84 305.6 79.0 66.4 0.42 A, B - LCA, C 0.80 0.2

CD-33 11275 0.18 252.9 123.7 22.3 0.04 A, B - LUP 1.03 0.2

CD-33 11275 1.78 3.7 123.7 220.2 0.54 A, C - LUP 0.67 0.13

TYC 7846-833-1 0.2 192.5 139.7 27.9 0.76 A, B - LUP 0.58 0.11

TYC 7846-833-1 6.0 19.8 139.7 837.9 2.47 A, C - LUP 0.17 0.04

V* V896 Sco 0.87 20.9 125.0 108.7 1.68 A, B - RHO 0.30 0.05

V* V1002 Sco 0.12 156.0 138.7 16.6 1.58 A, B 0.89 RHO 0.32 0.03

2MASS J16312019-2430009 0.32 170.4 103.4 33.1 2.98 A, B - RHO 0.12 0.05

2MASS J16312019-2430009 4.48 12.1 103.4 463.2 0.33 A, C - RHO 0.79 0.14

2MASS J16471358-1514275 0.35 60.5 - - 1.15 A, B - RHO3 0.44 0.05

2MASS J16482187-1410427 1.01 252.2 - - 1.93 A, B - RHO3 0.26 0.05

CD-46 10045 0.62 334.5 67.9 42.1 0.07 A, B - UCL 0.96 0.2

V* V857 Ara 0.2 194.2 - - 2.45 A, B - US 0.19 0.06

TYC 6234-1287-1 1.51 245.2 - - 0.21 A, B - US?4 0.88 0.05

Other

HIP 96515 8.58 224.0 - - 6.36 A, B - N, Field - -

HD 212781 5.34 77.3 - - 4.71 A, B - N, Field - -

TYC 1026-1952-1 6.99 58.6 - - 3.76 A, B - N, Field - -

TYC 572-382-1 3.07 53.5 - - 2.68 A, B - N, Field - -

TYC 490-110-1 2.42 180.3 - - 2.45 A, B - N, Field - -

TYC 538-573-1 6.19 25.3 - - 2.27 A, B - N, Field - -

TYC 584-343-1 5.08 228.5 - - 1.53 A, B - N, Field - -

2MASS J15104047-5248189 0.47 294.7 - - 1.14 A, B - N, Field - -

CCDM J09314-7345AB 0.95 133.1 - - 0.62 A, B 0.99 N, Field - -

TYC 1058-1925-1 0.76 236.1 - - 0.17 A, B - N, Field - -

CCDM J00002+0146AB 1.81 262.9 - - 0.16 A, B - N, Field - -

HD 531 5.21 275.9 - - 0.05 A, B - N, Field - -

Notes. (1) Messina et al. (2010); (2) Alcalá et al. (2008); (3) Sartori et al. (2003); (4) Aarnio et al. (2008)



Chapter 4

Finding new members of the young

moving groups as wide companions

Parts of this chapter have been previously published as ‘Search for associations con-

taining young stars (SACY). VII. New stellar and sub-stellar candidate members in the

young associations’, Elliott, P.; Bayo, A.; Melo, C. H. F.; Torres, C. A. O.; Sterzik, M.;

Quast, G. R.; Montes, D.; Brahm, R., 2016, A&A, 590, A13. The work is presented

here in expanded and updated form.

In this analysis we searched the field of view of 542 previously identified members of

the young associations to identify wide / extremely wide (1000-100,000 au in physi-

cal separation) companions using near-infrared photometry and proper motions. We

collated further photometry and spectroscopy from the literature and conducted our

own high-resolution spectroscopic observations for a sub-sample of candidate mem-

bers. We identified 84 targets (45: 0.2-1.3 M�, 17: 0.08-0.2 M�, 22:<0.08 M�) in our

analysis. For 33 of these 84 we were able to further assess their membership using a

variety of properties (X-ray emission, UV excess, Hα , lithium and K I equivalent widths,

radial velocities, and CaH indices). We derive a success rate of 76–88% for this tech-

nique based on the consistency of these properties. Given the predicted masses of the
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majority of these new candidate members and their proximity, high-contrast imaging

techniques would facilitate the search for new low-mass planets.

This chapter is arranged as follows. Section 4.1 explains how the sample for this chap-

ter was formed. Section 4.2 details our technique for identifying new members. Sec-

tion 4.3 outlines the sources where we gathered additional information. Section 4.4

describes the high resolution spectra we analysed for a sub-sample of identified tar-

gets. Section 4.5 discusses the properties of the candidates we identified. Section 4.6

concludes this analysis evaluating the success of the technique. Section 4.7 discusses

the compatibility of specific newly identified sources. Section 4.8 details previously

identified wide multiple systems. Section 4.9 shows colour-magnitude diagrams for all

9 young moving groups with candidate members. Section 4.10 lists the properties of

the 542 members used in this chapter.

4.1 The sample

We collated high-probability members from a collection of prominent moving group

works to date [Torres et al., 2008; Zuckerman et al., 2011; Malo et al., 2014; Kraus

et al., 2014; Elliott et al., 2014 – Chapter 2, Murphy and Lawson, 2015] which cover a

wide range of spectral types (B2-M5) and ages (∼5-150 Myr), totalling 542 targets in

9 associations. A summary of the associations can be found in Table 4.1. We did not

put any constraints on the mass of the known members as we want to maximise our

sample size. However, we are limited in sensitivity to wide companions depending on

the position of the source on the sky, its proper motion and density of objects in the

field of view (FoV), as discussed in Section 4.2. The targets that make up the sample

and their basic properties are listed in Table 4.6.
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TABLE 4.1: A summary of the targets and their membership studied in this chapter.

Ass. Ass. ID No. of objects

AB Dor ABD 105
Argus ARG 77
β-Pic BPC 69
Carina CAR 48
Columba COL 78
ε-Cha ECH 24
Octans OCT 62
Tuc-Hor THA 56
TW Hydrae TWA 23

4.2 Searching for new members as very wide compan-

ions

To identify very wide companions we used the point source catalogue of 2MASS (Cutri

et al., 2003) for near-infrared photometry (J, H, K ). We combined this with proper

motions from NOMAD, PPMXL and UCAC4 (Zacharias et al., 2005; Roeser et al., 2010;

Zacharias et al., 2012, respectively).

One aim of this search was to produce robust detection limits of our entire sample

out to 100,000 au in physical separation from the known member. These limits will be

used in further work to produce comprehensive statistics of all 9 young moving groups.

We first calculated the angular query needed to achieve a physical search radius out

to 100,000 au using the distance to the source (either from parallax ESA (1997); van

Leeuwen (2007) or derived kinematically using the convergence method, i.e. Torres

et al., 2006). We then converted the apparent magnitude of any sources in the FoV

into absolute magnitude, assuming the known member’s distance. Using the available

photometry (J, H, K ) we constructed colour-magnitude diagrams (H-K , K and J-K ,

K ) for each FoV. We used the evolutionary tracks of (Baraffe et al., 2015) (with the

age of the association that the member belongs to). We then used the photometry

with derived statistical uncertainties and kinematic criteria (detailed below) to classify

potential companions.
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4.2.1 Computing statistical photometric uncertainties

The three photometric bands of 2MASS (J, H, K ) do not offer a very wide range of

colours to distinguish young objects from contamination. Additionally proper motion

values are only projected motions and therefore the distance to the object can be a

severe limiting factor. For those reasons we took the time to produce photometric

criteria that would limit the number of false-positives whilst attempting to minimise the

possibility of true companion rejection.

First of all we computed the standard deviation of the difference between the colour

of the isochrone and 2MASS photometry for each object, for the entire sample. The

values were σH−K=0.06 mag. and σJ−K=0.16 mag. for the colours H-K and J-K, respec-

tively. This provided an estimate of the difference between the models and the obser-

vations. We used the generous criteria of 2σ for both colours, however the source must

agree in both of these colours to be classified as a potential companion.

The colour and the magnitude are related quantities and therefore an offset in mag-

nitude can dramatically affect the agreement in colour. An unresolved (equal-mass)

companion can affect the magnitude of a source by upto ≈0.8 mag. We therefore

adopted this value as our upper uncertainty on the absolute magnitude. The effect of

unresolved companions is asymmetric with respect to the magnitude i.e. it only ever in-

creases this value. For the lower limit we computed the average difference (0.15 mag.)

between the isochrone and the known member, in the cases that the known member

was fainter than its isochrone, again we used 2σ as our criterion.

To test the effectiveness of our derived criteria we performed the analysis on a subset

of the primary sources in our sample. Of 198 primaries, 188 were initially identified

correctly. Of the ten sources that were not identified, seven were known sources with

2 or more components in their photometry (such as HD 217379, identified as a triple-

lined spectroscopic binary in Chapter 2. These are rare cases, however we do not

want to exclude any sources (companions also have a small probability of being in

an SB3 configuration) and therefore we increased the upper limit on the magnitude

(1.2 mag.). With this new criterion we identified 195 / 198 of our primaries. Of the three
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sources (T Cha, CP-681894, TWA 22) that were still not identified, two have near-

infrared photometric excesses (T Cha is a well known disc system (Weintraub, 1990)

and CP-681894 shows strong Hα emission and K-band excess, indicative of accretion

(Schütz et al., 2005). The other target, TWA 22 is a very tight, near equal-mass binary

system (Bonnefoy et al., 2009). Using the resolved photometry this system would

have been classified correctly. However, with the unresolved 2MASS photometry the

system appears too red for its magnitude. Due to its proximity (≈18 pc) and its age (10-

20 Myr) the effect of the unresolved companion is exaggerated, however such young,

nearby, low-mass (system mass: 220±21 MJup.) systems are very rare in our sample.

Therefore, we proceeded with the criteria described above.
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FIGURE 4.1: A graphical demonstration of our contamination / detection method for
target Kap Psc (distance: 50 pc). The red marker is the one proper motion compati-
ble source (with 3σ uncertainties), the grey markers incompatible sources. The blue
shaded space is the 3σ boundary of primary target’s proper motion. The extent of the

angular query is 2000′′, equivalent to 100,000 au at 50 pc.

This may induce a small bias in the way that we search for our companions i.e. we could

potentially exclude sources with strong infrared excess. However, only 3 / 198 were not

classified due to their excess (1.5%). Additionally the frequency of primordial discs for
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the ages of the young associations is very low. For example, at 5 Myr the frequency is

≈10 % and for populations older than 10 Myr <5 %, (see Figure 1 of Mamajek, 2009).

Furthermore this effect will be less and less prominent as the mass of the companion

decreases. Andrews et al. (2013) showed that, for a sample of stars with spectral

types earlier than M8.5 in Taurus, the disc mass decreases with the stellar mass. If we

consider this in terms of infrared photometry the excess scales with the luminosity of

the object, i.e. a significant excess, considering the same detection threshold, is less

likely for a lower mass star. Furthermore, if we assume a flat-mass ratio, as observed in

many regions (including close –≈10-1000 au–visual binaries in the young associations,

Elliott et al., 2015) this bias becomes even less significant.

4.2.2 Finding companions with near-IR photometry and proper mo-

tions

Any source that met the criteria described above was classified as a potential compan-

ion within the FoV. We then cross-matched all of these sources with the catalogues

of UCAC4, PPMXL and NOMAD (in that order of preference based on uncertainties,

completeness and catalogue-catalogue agreement) to collect the proper motion values.

Finding physical extremely-wide companions is limited by the projected motion of the

target on the sky. In most cases we do not have access to parallax or radial velocity

values, only proper motion - which is intrinsically linked to its distance. Additionally the

target’s galactic position is a limiting factor i.e. targets close to the galactic plane (and

close to the Sun) are likely to have a high number of sources in their FoV, increasing the

false-positive probability even with the imposed photometric constraints. Our targets

are of different ages, at different distances and spatial positions and therefore there are

many competing factors in estimating the contribution of contamination. We treated the

contamination of each source individually; to find potential companions and also derive

the maximum angular separation space we could probe. This method provides us with

detection limits in angular separation which is crucial for our broader statistical analysis,

presented in Chapter 5 and in future work (Elliott et al. in prep.).
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For sources with low / intermediate proper motion (<20 mas) the chance of contami-

nation increases significantly. In many works authors decide to use a hard cut-off (i.e.

only considering sources with proper motions above a certain, somewhat arbitrary,

threshold). However, information on the population can be lost as a source with inter-

mediate proper motion is not analysed at all. Below is a description of the method we

employed to maximise the physical separation space we can query without significant

contamination.

Figure 4.1 graphically demonstrates our method for a primary target in our sample. The

total proper motion, the x-axis, is defined as
√
µ2
α,∗ + µ2

δ . Therefore, two sources may

share the same total proper motion, however, not the same angle of projected motion.

It is this angle that distinguishes proper motion-compatible sources (red markers) from

incompatible sources (grey markers).

All markers in Figure 4.1 are sources with compatible 2MASS photometry. The grey

markers show sources with an incompatible proper motion vector (≥ 3σ discrepancy),

the red marker (at ≈1200′′, 57,000 au) with a compatible proper motion vector and the

blue shaded area is 3σ proper motion space of the primary target. The total queried

FoV is equivalent to 100,000 au. We use the point at which the total proper motion of

the primary crosses any region in the parameter space with 2 or more incompatible

sources as our maximum angular separation. This is a very conservative estimate

but proved very powerful. If the total proper motion of the primary never crosses any

such regions we set our sensitivity to a radial physical distance of 100,000 au, as in

Figure 4.1.

Figure 4.2 shows a summary of the photometry (V , J, H, K ) and proper motion of the

potential companion from Figure 4.1. The agreement in the colour V -K is generally

quite poor and is discussed more thoroughly in Section 4.5.8.

For the inner angular query we use the limit given by the PSF of 2MASS (≈3′′) which

relates to a physical inner limit of 18–570 au for our nearest and furthest sources, re-

spectively.
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FIGURE 4.2: Top left, top right and bottom left panels: Colour-magnitude diagrams for
Kap Psc+2MASS J23270114+0055200 in (H-K , K ), (J-K , K ) and (V -J, V ), respec-
tively. The text next to the marker indicates the component designation, the quality
flags of the 2MASS photometry and the angular separation from the primary. The dot-
ted lines are the evolutionary tracks of Baraffe et al. (2015) using the age of the moving

group. Bottom right panel: Proper motion values of the primary and companion.

4.3 Further information from catalogues and the litera-

ture

Table 4.2 summarises the catalogues and works we cross-matched our sample with

to gain further photometry, spectroscopy, kinematics and information of multiplicity.

Where the cross-match was successful we collated any available notes of the source

from the works. We also compared our results to other works that have focussed on

very wide companions to stars in the moving groups (Kastner et al., 2011, 2012; Scholz
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et al., 2005; Looper et al., 2010; Feigelson et al., 2006; Alonso-Floriano et al., 2015).

A detailed comparison of these targets can be found in Section 4.8. Additionally we

queried Simbad (Wenger et al., 2000) for each object to collate any noteworthy fea-

tures, analysis and further parameters available.

4.3.1 Photometry from the Catalina survey

We used the Catalina survey (Drake et al., 2009), aimed at identifying optical transients,

covering 33,000 deg2 of the sky, to analyse optical photometric variability. We cross-

matched our sample with the second data release via the online multi-object search

service1. From this cross-match there were 235 matches. This was significantly re-

duced to 55 matches, considering objects fainter than 13 mag. to avoid saturation. We

checked the light curves of all 55 of these objects for any signs of variability using a

Lomb-Scargle periodogram via the ASTROML python package (Vanderplas et al., 2012)

and derived V magnitudes based on the median value of those data (for objects with 3

or more epochs of data, see Figure 4.3 for an example). However, the median values

we derived were, in most cases, much higher (0.5-1.0 mag.) than those catalogued in

NOMAD and URAT1. This discrepancy is most likely down to the transformation from

unfiltered photometry to V magnitudes. In this analysis we do not use the median mag-

nitudes derived from Catalina photometry due to this large discrepancy. However, any

variability or periodicity seen in an objects light curve is included as a flag in Table J22

and is discussed further in Section 4.5.8.

4.3.2 Previous searches for members of young associations

Some of the works listed in Table 4.2 and additionally other works are specifically con-

cerned with identifying new members of the young associations. Below we note any

overlap between our identified objects and other works. We are interested in not only
1http://nesssi.cacr.caltech.edu/cgi-bin/getmulticonedb_release2.cgi
2Due to the number of columns (43) in this table we have not included it in this manuscript. The table

can be located using the online VizieR query service and Table ID: J/A+A/590/A13/appene.

http://nesssi.cacr.caltech.edu/cgi-bin/getmulticonedb_release2.cgi


Chapter 4. New members of the young moving groups 166

TABLE 4.2: Surveys and catalogues cross-matched with the sample presented in this
chapter.

Code Reference Parameters

NO04 Nordström et al. (2004) RV
BA12 Bailey et al. (2012) RV
EL14 Elliott et al. (2014), Chapter 2 RV
MA14 Malo et al. (2014) RV, Hα , Li, Lx
RAVE Kordopatis et al. (2013) RV
DE15 Desidera et al. (2015) RV, Li
RO13 Rodriguez et al. (2013) RV, Hα , Li, NaI
RI06 Riaz et al. (2006) RV,Hα ,Lx/Lbol,CaH1,2,3
BE15 Bell et al. (2015) V mag.
IPHAS Barentsen and et al. (2014) Hα
GALEX Bianchi et al. (2011) NUV, FUV mag.
URAT1 Zacharias et al. (2015) R,B,V mag.
CATA Drake et al. (2009) V mag. (+ variability)
ASAS Pojmanski (2002) V mag. (+ variability)
RO13 Rodriguez et al. (2013) RV
SH12 Shkolnik et al. (2012) RV
SC12 Schlieder et al. (2012b) RV, SpT
SPM4 Girard et al. (2011) B,V mag.
RE09 Reiners and Basri (2009) RV, Li presence
RI15 Riviere-Marichalar et al. (2015b) RV, Hα
M013 Moór et al. (2013) RV, Li, Hα ,Lx/Lbol
GO06 Gontcharov (2006) RV, V mag.
DE12 de Bruijne and Eilers (2012) RV
FR13 Frith et al. (2013) RV
MO08 Morin et al. (2008) RV
LO10 Looper et al. (2010) RV
KH07 Kharchenko et al. (2007) RV
HO91 Hoffleit and Jaschek (1991) RV
LE13 Lépine et al. (2013) Hα , CaH2,3
MO01a Montes et al. (2001) RV
LO06 López-Santiago et al. (2006) RV, Li
MA10 Maldonado et al. (2010) RV
WISE Wright et al. (2010) W1, W2, W3, W4
RI14 Riedel et al. (2014) V mag.
VI56 Vyssotsky (1956) V mag.
ME06 Mermilliod (2006) V mag.
LA01 Lawson et al. (2001) V mag.
KH09 Kharchenko et al. (2009) V mag.
NOMAD Zacharias et al. (2005) B,V , R mag.
WDS Mason et al. (2001) Multiplicity
MA13 Malo et al. (2013) RV,Hα ,Li
GSC Lasker et al. (2008) B,U,V mag.
TYC Høg et al. (2000) B,V mag.
3XMM Xmm-Newton Survey Science Centre (2013) X-ray: flux
CHAN Evans et al. (2010) X-ray: flux
BSC Voges et al. (1999) X-ray: counts, HR
FSC Voges et al. (2000) X-ray: counts, HR
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FIGURE 4.3: Top panel: The light curve of optical magnitudes for a candidate member
in our sample (2MASS J02103888-4557248), N is the total number of data points.
Bottom panel: The Lomb-Scargle periodogram for the data presented in the top panel.

The dashed lines represent the levels of significance: 1 σ and 5 σ .

confirming the youth of the objects but additionally to analyse their radial velocity agree-

ment with their associated known member.

• Malo et al. (2013): There were two objects identified here that are in common

(2MASS J01034210+4051158, 2MASS J21100535-1919573). Both objects have

compatible radial velocity values with their associated primary stars.

• Gagné et al. (2015): We found one object in common (2MASS J11020983-

3430355), which was also identified in Teixeira et al. (2008) and is discussed

in more detail in Section 4.8. This object has compatible radial velocity with its

associated primary.
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• Shkolnik et al. (2012): There were 3 objects in common (2MASS J01034210+

4051158, 2MASS J04373746-0229282, 2MASS J12573935+3513194). The ra-

dial velocity values were consistent with their primary stars for the first two sources.

The third source is a spectroscopic binary and therefore its radial velocity is not

consistent with its associated primary star, see Section 4.7. Due to a lack of data

its system velocity cannot be derived at this time.

• Schlieder et al. (2012b): We found one object in common (2MASS J05015665+

0108429) which has compatible radial velocity with its associated primary.

• Rodriguez et al. (2013): We found one object in common (2MASS J02105345-

4603513) which is most likely a spectroscopic binary. The target has an incom-

patible radial velocity and is discussed in more detail in Section 4.7.

• Kraus et al. (2014): Although we included the bonafide member list from this anal-

ysis we did not include identified candidate members. There was one success-

ful match with these candidate members (2MASS J00302572-6236015). This

source has compatible radial velocity with its associated primary.

• Alonso-Floriano et al. (2015): The authors identified 36 potential wide binaries,

16 of these systems only had one stellar component previously classified as a

member of the β-Pic moving group. In this analysis we recovered 15/16 of these

new identifications. The one detection we did not recover we conclude is not a

physical wide companion (V4046 Sgr – GSC 07396-00759), see Section 4.8 for

details.

4.4 Spectroscopic parameters and observations

High-resolution optical spectra allow us to compute radial velocity values and look for

signatures of youth. In the following analysis we computed EWs for the gravity-sensitive
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atomic alkali lines of K I (7699 Å) and NaI (8194.8 Å), see Martin (1997), Hα – associ-

ated with activity and lithium, used as an age indicator – Barrado y Navascués et al.

(1999); Binks and Jeffries (2014).

To produce the spectroscopic quantities described above we used the line-fitting method

described in Bayo et al. (2011). This automatic line measurement procedure has been

improved and includes a local pseudo-continuum iterative identification process and

Monte Carlo solutions on the latter to take into account the normalisation contribution

to the uncertainties of the line measurements.

4.4.1 Existing observations

We searched the public archives of 4 high resolution spectrographs (UVES/VLT, FER-

OS/2.2m, HARPS/3.6m, HIRES/KECK). We found one HARPS spectrum for target

2MASS J23485048-2807157 (Prog. ID: 92.C-0224) and one HIRES spectrum for tar-

get 2MASS J02455260+0529240 (Prog. ID: U033Hr). The radial velocities were com-

puted using a binary mask (SpT: K0) to produce a cross-correlation function (CCF) as

described in Queloz (1995) and Chapter 2. The spectroscopic quantities are shown in

Table 4.3. We could not compute EWs for Na I or K I for the HARPS observation due to

the wavelength coverage of the spectrum (3780–6910 Å).

4.4.2 New observations

To further classify identified candidates we obtained new high resolution spectra using

HERMES/Mercator and FEROS/2.2 m. The details of the observations are presented

below.

HERMES: Spectroscopic observations were obtained at the 1.2 m Mercator Telescope

at the Observatorio del Roque de los Muchachos (La Palma, Spain) on 14-18 De-

cember 2015 with HERMES, High Efficiency and Resolution Mercator Echelle Spec-

trograph (Raskin et al., 2011). Using the high resolution mode (HRF), the spectral
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resolution is 85000 and the wavelength range is from λ3800 Å to λ8750 Å approx-

imately. All the obtained echelle spectra were reduced with the automatic pipeline

(Raskin et al., 2011) for HERMES. We were limited to brighter targets to keep the in-

tegration times below 2000 seconds for a signal-to-noise ratio (SNR) ≥30 at 6500 Å.

When the observations were taken we were not aware that 3 / 4 of these targets had

existing radial velocity values. However, with the newly obtained spectra we were able

to compare our values to those of the literature, increase our sensitivity to single-lined

spectroscopic binaries and additionally calculate EWs of spectral lines.

FEROS: We observed 5 newly identified candidate members using FEROS on 25-12-

2015. These observations were taken with the standard FEROS setup (2′′fibre aper-

ture, R∼48,000, 3600-9200 Å) in OBJCAL mode, using the ThAr+Ne lamp for simultane-

ous wavelength calibration. The targets were faint (V≈13-14.8 mag.) and therefore the

SNR was low (≤20). To calculate accurate radial velocities for these spectra we used

a dedicated pipeline built from a modular code (CERES, Brahm et al. in prep.) capable

of processing data in a homogeneous and optimal way coming from different echelle

spectrographs. A description of a similar pipeline developed for the Coralie spectro-

graph can be found in Jordán et al. (2014). This FEROS pipeline is able to achieve

a long term RV precision of 5 m/s in the high SNR limit. In the case of low SNR data

(∼20), its optimal extraction routine, coupled to the careful treatment of systematics

allow it to obtain RV precisions of ∼20-30 m/s. In order to increase the accuracy of the

wavelength solution, the bluest (λ < 3900 Å)and reddest (λ > 6700 Å) orders are not

used. Some features such as the NaI and K I doublets are in the reddest orders and

therefore are unavailable in these 1D reduced spectra. For calculation of all EWs and

indices from molecular bands we used the standard reduced products from the MIDAS

pipeline. Unfortunately the low SNR of our observations prevented us from continuum

identification and extraction in several wavelengths regions. One of these regions was

Li I (6708 Å) which is affected by a strong Ar emission line originated from the contigu-

ous comparison fibre. We therefore do not analyse the Li I region from these FEROS

spectra.
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A summary of the observations and derived spectroscopic properties are shown in

Table 4.3 for the HERMES and FEROS observations.

4.5 Properties of candidates from our search

Discussions of individual objects with discrepant/dubious spectroscopic parameters

(denoted by a ”N” or ”?” in Member? column of Table 4.4) can be found in Section 4.7.

The detailed spectroscopic, kinematic and photometric properties of all identified tar-

gets and their respective references can be found in Table J2. For a brief summary

of the 84 targets identified in this analysis and their membership status see Table 4.4.

Below we compare individual kinematic, spectroscopic and photometric properties of

identified targets with our original sample and other young sources to assess the suc-

cess of our method.

Spectral types were calculated by converting effective temperatures using the rela-

tionship for pre-main sequence stars from Pecaut and Mamajek (2013). The effective

temperatures were derived from fitting the SEDs (produced using the VOSA tool Bayo

et al., 2008) with the evolutionary models of Baraffe et al. (2015).
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TABLE 4.3: Summary of targets and their derived properties for high resolution spectra analysed in this analysis.

2MASS ID RV Na I (8194.8) K I (7699) Hα Li I Teff SpT SpT ref. Obs.
(km s−1) (Å) (Å) (Å) (mÅ) (K)

01334282-0701311 -14.934±0.003 0.26±0.01 0.17±0.01 2.00±0.11 64±3 5830 G1 1 HERMES
01373545-0645375 11.689±0.002 0.329±0.026 0.210±0.003 1.202±0.101 101±10 5200 G6 2 HERMES
03281095+0409075 10.952±0.667 0.146±0.048 0.196±0.044 2.727±0.329 124±16 5900 F6 2 HERMES
04373746-0229282 22.047±0.031 1.052±1.162 0.769±0.034 -2.142±0.127 61±23 3750 M1.1 3 HERMES
01354915-0753470 6.487±0.029 0.69±0.09 0.69±0.05 -0.06±0.02 . . . 3500 M4 4 FEROS
03074909-2750467 16.512±0.171 1.21±0.08 1.21±0.13 -12.80±1.11 . . . 3500 M4 4 FEROS
04515223-4640497 51.188±0.019 0.35±0.03 0.49±0.05 -0.03±0.01 . . . 4800 K6 4 FEROS
07013945-4231370 24.339±0.025 -0.001±0.002 0.45±0.07 0.33±0.22 . . . 4300 K4 4 FEROS
08371456-5517343 81.314±0.019 -0.15±0.07 0.001±0.001 0.70±0.10 . . . 4850 K9 4 FEROS
23485048-2807157 7.430±0.032 . . . . . . 1.63±0.17 140±10 5200 G8 2 HARPS
02455260+0529240 88.502±0.053 . . . 0.912±0.039 -2.462±0.216 . . . 3100 M1 2 HIRES

References. 1: Gray et al. (2006), 2: Teff conversion from VOSA spectral energy distribution (Bayo et al., 2008), 3: Shkolnik et al. (2012), 4: estimation
from FEROS data reduction.
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4.5.1 Identification of existing members as wide companions

Using our method we identified known members of the moving groups as potential

wide companions to other known members in our sample. This effectively reduced our

sample size of primaries, from 581 to 567. We used these sources to check whether our

method based on 2MASS photometry and proper motion is consistent for sources with

derived photometric distances and galactic velocities. Table 4.5 summarises the results

and notes any companions to the sources that could affect their photometry (<3′′) and

therefore their distance estimation. The uncertainties on the galactic velocities are

∼1 kms−1. To quantify the agreement between components in these 14 cases we

first calculated the standard deviation of (U, V, W) galactic velocities for the known

members in each association. We compared this to the magnitude of the differences

between the galactic velocities grouped as in Table 4.5. We found that 13/14 targets

had dispersions below the standard deviation of their respective association, the left

panel of Figure 4.4 shows this result graphically. Additionally, the right panel shows the

photometric distances derived between the primary and its associated companion for

all 14 systems. These two results are a very good indication that these targets do in

fact form physically wide multiple systems rather than being the result of a projection

effect due to the spatial density of stars. The formation, abundance and dynamical

evolution of wide binaries in the young associations is discussed in Chapter 5. We do

not refer to these targets as identified in this analysis, they form part of the original

sample in any discussion presented here.

4.5.2 Radial velocities

In Figure 4.5 we show a comparison of radial velocities between targets identified in

this analysis (companions) and their associated known member for the 23 targets with

both measurements. If these companions did form very wide binary systems with their

associated known member we would expect a 1:1 relation between the two quantities,

within uncertainties. As can be seen, we do indeed see this relation for the majority of

targets (18/23). As these targets share the same proper motion and radial velocity, by
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FIGURE 4.4: Top panel: The black markers represent the absolute value of the stan-
dard deviation in galactic velocities (U, V, W) for each association. The blue markers are
the absolute difference between companions and their associated primary star, shown
in Table 4.5. Bottom panel: The photometric distances derived from the convergence

method for companions and their associated known member.

assuming the same distance, they share the same galactic velocity. Some of the known

members are part of spectroscopic binary systems, these are indicated by crosses in

Figure 4.5. The plotted radial velocities of the known members are the gamma (system)

velocities and therefore the effect of the spectroscopic component has been accounted

for. The quality of this correction depends on how much of the orbital phase has been

covered by previous radial velocity observations. However, as shown by the agreement

between the values this does not have a significant effect. The suspected single-lined

spectroscopic binary 2MASS J02105345-4603513 is highlighted by an open black cir-

cle and discussed, along with the other four discrepant targets in Section 4.7.
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FIGURE 4.5: Radial velocity of identified targets in this analysis versus radial velocity
our their associated known member. The dotted line represents a 1:1 relation in the
quantities. Crosses indicate the presence the known member is a spectroscopic binary
(plotted radial velocity is the system(gamma) velocity). The open circle represents the

suspected single-lined spectroscopic binary 2MASS J02105345-4603513.

4.5.3 Identification of young objects combining GALEX, 2MASS

and WISE photometry

Some previous works have focussed on identifying new late-type members (M0-M5)

detecting their predicted enhanced UV emission (Shkolnik et al., 2012; Rodriguez et al.,

2013). The convective envelopes of these low-mass stars stars combined with their

differential rotation produces strong magnetic dynamos. These dynamos lead to en-

hanced chromospheric and coronal activity which increases UV emission and X-ray

emission (see Section 4.5.4), respectively.

Rodriguez et al. (2011) combined near-IR photometry with UV emission to identify

young, late-type (M0-M5) stars in Upper Scorpius and TW-Hydrae. The dotted lined-

box in Figure 4.6 shows the criteria imposed Rodriguez et al. (2013) to identify new

members using NUV and infrared photometry. We have plotted identified candidates

and known members that have all the necessary photometry (NUV, J, W1 and W2).
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The few identified targets that have photometry in all four bands are either compati-

ble i.e. candidate young M dwarfs within the boxed area or consistent with previous

members of earlier spectral type. Additionally, three of the targets matching this cri-

teria have X-ray detections. These sources have the largest Lx/Lbol values shown in

Figure 4.7 (smaller than -3) for targets identified in this analysis. Objects matching the

criteria are noted in Table 4.4. Note the success rate of this technique, as derived in

Rodriguez et al. (2013), was ≈75%.

4.5.4 X-ray sources

The original SACY sample was constructed from optical counterparts to X-ray bright

sources from the ROSAT all-sky survey (BSC, Voges et al., 1999). We additionally

queried the faint X-ray catalogue of ROSAT (FSC, Voges et al., 2000), the serendipitous

source catalogue of XMM (3XMM, Xmm-Newton Survey Science Centre, 2013) and the

Chandra source catalogue (CSC, Evans et al., 2010).

4.5.4.1 X-ray emission

3XMM is the most recent serendipitous source catalogue from pointed observed using

XMM-Newton. Using Figure 8 of Watson et al. (2009) (2XMM catalogue) the lower

limit of X-ray flux (0.2-2.0 keV) ranges between 10−15 – 10−14 erg cm−2 s−1, depending

on the sky coverage. On average the XMM catalogue provides fluxes one order of

magnitude fainter than ROSAT (Voges et al., 1999). We cross-matched our detec-

tions with 3XMM for sources within 6′′– an upper search radius encompassing >99%

of positional uncertainties, see Figure 11 of Watson et al. (2009). We additionally

searched the Chandra source catalogue (Evans et al., 2010) for sources within 5′′using

the CSCview3 program to access data in the 0.2-2.0 keV energy regime. Our search

yielded 5 sources with X-ray data (3: XMM, 1: FSC, 3: BSC, 1: CSC).
3http://cda.cfa.harvard.edu/cscview/

http://cda.cfa.harvard.edu/cscview/
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In the case of ROSAT data we converted the count rate and hardness-ratio (HR1) to X-

ray flux using the formulation of Fleming et al. (1995), these values are for energies in

the range 0.1-2.4 keV. For CSC and XMM data the fluxes are available in the catalogues

directly and we used the energies in the range 0.2-2.0 keV to calculate total fluxes for

an approximately equal comparison to fluxes derived from ROSAT data. We converted

the fluxes to luminosities assuming the distance to the target was that of its associated

known member.

We calculated bolometric luminosities of our targets using the VOSA tool (Bayo et al.,

2008) which collates multi-band photometry from many reliable catalogues and fits

both evolutionary models and black-body curves. The values were calculated based

on best-fit atmospheric models (Allard et al., 2012) using available photometry and are

listed in Table J2. For the 9 members identified in this analysis with available X-ray

data we calculated the X-ray to bolometric luminosity ratio (Lx/Lbol). Three additional

sources had a previously calculated values from Riaz et al. (2006) and Rodriguez et al.

(2013) which we also used. The results are presented in Figure 4.7.
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TABLE 4.4: Basic properties and membership status of identified targets.

2MASS identifier Dist. (a) SpT V K Mass µα,∗ µδ Ass. Quantity (b) Ref. Mem? (c)

(pc) (mag.) (mag.) (M�) (mas/yr) (mas/yr)

00341993+2528147 49.9 M4 . . . 10.7 0.23 90.7±4.1 -105.3±4.1 ABD . . .

01034210+4051158 29.6 K7 12.9 8.5 0.41 132.0±8.0 -164.0±8.0 ABD Hα , X, CaH, UV 1, 5 Y

02103888-4557248 73.7 K5 14.6 11.4 0.25 48.2±1.6 -1.5±1.6 ABD Fl 5 . . .

02105345-4603513 73.7 M4 15.2 10.3 0.44 53.2±1.8 -10.2±1.8 ABD RV, X, UV 2 Y?

02123342+2356379 36.6 M4 17.0 11.0 0.12 131.0±8.0 -158.0±8.0 ABD . . .

02484213+2716185 50.7 M5 18.8 13.8 0.04 62.4±5.2 -127.3±5.2 ABD . . .

03331403+4615194 34.3 F5 11.8 7.6 0.63 64.7±4.0 -172.4±3.6 ABD RV, Hα , CaH 14 Y

04080429+0143548 55.3 K9 14.5 10.9 0.23 29.9±4.6 -88.7±5.2 ABD . . .

04575034-0652070 45.0 M2 15.6 11.3 0.14 41.3±4.3 -103.1±5.2 ABD . . .

05060187-1543564 78.9 M1 . . . 14.1 0.05 18.7±4.0 -50.2±4.1 ABD . . .

05105505-0410563 76.9 M4 15.9 10.8 0.38 19.0±3.4 -54.4±3.7 ABD . . .

05274075-0930438 21.9 M3 . . . 9.7 0.14 61.6±5.1 -172.7±5.1 ABD . . .

05454276-1450198 75.8 M4 . . . 13.6 0.06 10.7±4.1 -51.6±4.1 ABD . . .

07285117-3015527 15.7 M4 13.4 8.1 0.25 -45.7±3.4 17.2±3.5 ABD RV 9 Y

07435039-7940252 80.6 K9 16.2 12.4 0.15 -6.7±3.8 49.3±3.9 ABD . . .

07453522-7940136 80.6 F5 12.1 8.9 0.82 -16.5±2.5 42.2±2.5 ABD . . .

09281506-7815223 116.5 F5 8.6 7.7 0.22 -25.8±1.1 21.9±1.1 ABD . . .

12573935+3513194 19.3 M4 13.0 8.0 0.33 -281.8±3.6 -147.0±6.7 ABD RV, CaH, Hα 4, 14 Y?

17360095-1320580 46.3 M0 15.3 11.7 0.11 -4.1±6.0 -108.7±6.3 ABD . . .

23270114+0055200 47.2 K5 14.0 10.6 0.23 80.3±3.9 -99.2±3.9 ABD . . .

23485048-2807157 42.2 G8 9.1 7.1 0.87 99.2±0.9 -100.9±1.7 ABD RV, Li, Hα , X 5 Y

23514340+3127045 42.8 M4 14.1 9.5 0.38 96.5±3.3 -86.6±3.6 ABD UV 5 Y

03262220+2313122 16.9 M4 16.4 10.7 0.04 247.0±8.0 -96.0±8.0 ARG Fl 5 . . .

06494841-2858025 120.8 M4 15.6 11.5 0.30 -15.7±4.3 20.0±4.3 ARG . . .

07013945-4231370 101.0 K4 13.9 10.9 0.38 -9.9±1.1 34.6±1.1 ARG KI, RV, Hα 5 Y

07283006-4908589 82.8 F8 8.8 7.6 1.18 -25.4±0.8 48.8±1.3 ARG RV, Li 5, 6 Y

08374680-5252307 152.3 K2 14.5 12.3 0.28 1.7±1.9 6.2±1.8 ARG . . .

09394669-2133023 93.3 M5 18.0 14.4 0.04 -41.4±4.0 15.8±4.0 ARG . . .

01334282-0701311 24.0 G1 5.8 4.3 0.97 175.2±1.0 -82.3±1.0 BPC RV, Li 5, 16 N

01354915-0753470 37.9 M4 13.8 9.8 0.13 88.6±5.1 -42.2±5.1 BPC Hα , KI, RV 5 Y?

01373545-0645375 24.0 G6 7.7 5.8 0.89 171.3±1.0 -98.5±1.0 BPC X, RV, Li, Hα 5, 15, 16 Y

02160734+2856530 39.5 M2 15.7 11.6 0.04 92.9±3.1 -64.0±3.2 BPC . . .

04373746-0229282 29.4 M1 10.6 6.4 0.78 45.9±1.3 -63.6±1.2 BPC Li, RV, CaH, Hα , KI, X 1, 4 Y

05015665+0108429 24.2 M4 12.9 7.7 0.28 33.2±2.2 -89.1±3.1 BPC X, RV, CaH, Hα 5, 7, 14 Y

05195327+0617258 71.0 M5 18.3 12.4 0.05 13.7±4.0 -38.1±4.0 BPC X 5 Y

14141700-1521125 30.2 M3 15.6 8.8 0.18 -117.4±8.0 -196.6±8.0 BPC UV 5 Y

17483374-5306118 71.0 M2 13.7 9.3 0.47 -2.5±2.0 -51.7±2.0 BPC . . .

18011138-5125594 48.1 M0 14.8 11.3 0.07 -9.8±5.2 -84.5±5.1 BPC . . .

18420483-5554126 51.9 M4 15.1 9.9 0.20 13.4±3.5 -73.9±3.7 BPC Hα , X, CaH, UV 1, 5 Y

18480637-6213470 52.4 F6 7.3 6.1 1.26 16.1±2.0 -80.3±2.0 BPC Li, RV 8 Y

18580464-2953320 82.6 M3 12.8 8.8 0.75 15.4±2.4 -45.6±2.4 BPC RV 8 Y

19223409-5429181 48.3 M0 14.0 10.7 0.10 32.0±2.4 -87.8±2.5 BPC . . .

20085122-2740536 48.0 M3 16.3 11.8 0.05 40.4±4.0 -61.7±4.0 BPC . . .

20321797-2600432 48.3 M5 18.6 13.0 0.01 50.0±4.9 -70.1±4.9 BPC . . .

21100461-1920302 32.6 M4 13.1 7.6 0.47 87.0±1.4 -94.4±3.1 BPC RV, UV 5, 9 Y

21212446-6654573 30.2 G9 9.0 6.4 0.84 90.5±1.0 -90.9±1.6 BPC X, RV 5, 17 Y?

02590322-4232450 103.3 M3 15.0 10.3 0.52 41.1±2.3 0.0±1.5 CAR UV 5 Y

03074909-2750467 54.6 M4 12.5 10.2 0.24 59.6±5.3 -16.4±17.6 CAR RV 5 Y

08371456-5517343 180.8 K9 13.9 10.3 0.79 -7.9±1.8 9.7±1.9 CAR Hα , RV 5 N

09594633-7227360 83.6 M2 15.8 12.0 0.13 -37.4±3.4 23.0±3.4 CAR . . .

01525509-5222266 83.4 M1 17.0 12.4 0.09 52.6±7.0 -7.5±7.0 COL . . .

02005969-1608428 80.9 M4 18.0 13.9 0.04 51.1±4.9 -25.0±4.9 COL . . .

02015050-1614575 80.9 M2 16.7 13.7 0.04 50.0±3.8 -30.6±3.8 COL . . .



Chapter 4. New members of the young moving groups 179

2MASS identifier Dist. (a) SpT V K Mass µα,∗ µδ Ass. Quantity (b) Ref. Mem? (c)

(pc) (mag.) (mag.) (M�) (mas/yr) (mas/yr)

03212872-1048588 128.1 M3 . . . 13.7 0.08 24.7±4.0 -28.2±4.0 COL . . .

03255277-3601161 107.5 M4 15.4 10.6 0.47 33.9±2.8 -4.1±2.8 COL . . .

03281095+0409075 81.5 F6 8.8 7.2 1.26 46.7±0.7 -37.0±0.8 COL RV, Li 5 Y

03400260+5441003 35.4 M5 17.7 12.0 0.04 102.0±4.0 -109.2±4.0 COL . . .

03471077+5138276 57.5 M2 15.6 11.8 0.09 60.1±3.7 -67.5±3.8 COL . . .

04423261+0905471 105.6 M3 15.8 11.0 0.37 31.7±3.9 -41.3±3.9 COL . . .

04515223-4640497 68.1 K6 14.3 11.7 0.13 27.7±2.5 17.1±2.6 COL Hα , RV 5 N

05005830-4100023 76.3 M4 14.7 9.6 0.54 32.6±1.5 9.6±2.8 COL . . .

05301939-1916161 115.1 K2 . . . 9.1 0.86 17.8±3.1 -0.6±2.3 COL . . .

05374880+0233088 70.8 M3 14.2 9.5 0.52 16.8±3.7 -44.6±4.0 COL . . .

09151348-7605020 117.5 K2 9.4 6.9 1.17 -31.2±1.0 23.3±1.0 ECH . . .

12201867-7417202 114.8 M0 15.0 11.6 0.07 -39.5±3.1 7.7±3.0 ECH . . .

02174439+3330409 34.5 M3 16.3 11.8 0.05 44.8±4.1 -52.5±4.1 OCT . . .

06251922-6630435 126.1 M2 16.4 12.1 0.22 -13.0±3.8 25.4±3.3 OCT . . .

17420077-8608464 132.0 K5 12.9 9.6 0.80 9.2±1.2 -25.5±1.2 OCT . . .

23315208+1956142 6.1 M4 10.3 5.3 0.26 543.2±1.6 -44.6±1.6 OCT Hα , RV, CaH, X 5, 10, 14 Y

00230961-6139143 44.6 M3 16.7 12.2 0.04 79.8±2.7 -49.3±2.6 THA . . .

00302572-6236015 42.5 M4 12.2 7.5 0.71 95.2±0.9 -48.0±0.9 THA Li, Hα , RV 11 Y

02455260+0529240 54.3 M1 13.4 9.2 0.41 71.9±2.9 -41.5±3.0 THA RV, UV 5 N

03153814-0339004 49.2 M3 16.8 12.1 0.05 65.4±4.2 -47.4±4.2 THA . . .

03365153-4957314 43.3 K5 12.4 9.8 0.20 124.5±2.2 -75.7±2.1 THA . . .

03484041-3738198 50.7 M2 13.3 8.7 0.51 79.0±1.1 -4.5±1.1 THA X, RV 5, 12 Y

04354718-1210374 62.3 M3 . . . 12.0 0.08 58.0±4.8 -26.4±4.2 THA . . .

04485254-5043145 54.8 M3 16.9 12.2 0.06 43.6±5.3 19.0±5.0 THA . . .

05154763-0931041 77.5 M5 17.8 14.0 0.03 39.5±5.6 -8.0±5.6 THA . . .

06350229-6951519 68.4 K2 11.9 8.6 0.72 21.8±1.5 41.6±1.4 THA RV 9 Y

11020983-3430355 51.0 M8 21.2 11.9 0.02 -77.0±9.5 -19.5±9.5 TWA Hα , CaH 13 Y

11130416-4516056 96.2 M0 15.7 11.7 0.08 -41.0±3.2 4.0±3.0 TWA Fl 5 . . .

12073145-3310222 53.8 K9 14.5 11.0 0.06 -62.7±1.8 -32.3±1.4 TWA Fl 5 . . .

12090628-3247453 53.8 M1 16.1 12.0 0.02 -68.1±2.0 -40.2±2.7 TWA . . .

12354893-3950245 73.0 M5 12.1 8.9 0.42 -48.6±1.7 -21.3±1.6 TWA X 5 Y

Notes. (a) Distance taken from the bonafide member which the target is associated with.(b) Optical flar-

ing from Catalina photometry (Fl) is not used to asses the membership of targets.(c) Based on quantities

listed in column Quantity: consistent radial velocity (RV), Hα EW (Hα ), Li absorption (Li), X-ray emission

(X), UV/IR photometric criteria discussed in Section 4.5.3: UV, CaH indices (CaH). Those systems with

either a flag of ”?” or ”N” are discussed in Section 4.7.

References. 1: Riaz et al. (2006), 2: Rodriguez et al. (2013), 3: Kharchenko et al. (2007), 4: Shkolnik

et al. (2012), 5: this analysis, 6: Desidera et al. (2015), 7: Schlieder et al. (2012b), 8: Moór et al. (2013),

9: Kordopatis et al. (2013), 10: Morin et al. (2008), 11: Kraus et al. (2014), 12: Hoffleit and Jaschek

(1991), 13: Kordopatis et al. (2013), 13: Scholz et al. (2005), 14: Lépine et al. (2013), 15: Delorme et al.

(2012), 16: Gontcharov (2006), 17: Torres et al. (2006)
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FIGURE 4.6: Colour-colour diagram for J-W2, NUV-W2 for new (red) and known (blue)
members of the moving groups. The boxed area represents the criteria described in

Rodriguez et al. (2013) used to classify potential young M dwarfs.

Typical values for young (<100 Myr) sources are 10−5 – 10−3, with saturation at ≈10−3

(Riaz et al., 2006; Zuckerman et al., 2004). One source (GJ 3305 AB) was identi-

fied previously as an X-ray bright, wide component (66′′) to HD 29391 by Feigelson

et al. (2006). The ratio we calculate in this analysis is in agreement with that derived

previously.

Ten of the twelve sources are clearly consistent as they have ratios of -3.5 or lower.

The target at (5.9, -4.3) is a proposed member of AB Doradus (2MASS J23485048-

2807157), given its colour and age (estimates range from 100-145 Myr for the moving

group) it is still not ruled out as a young source from analysis of its X-ray emission (see

Figure 4 of Zuckerman et al. (2004)). Additionally it has strong lithium absorption and

consistent radial velocity with its associated primary. The remaining source (2MASS

J05195327+0617258, at 2.0, -3.8) has a very low estimated mass (0.05 M�) and is a
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proposed member of the β-Pic moving group. We did not find any additional information

on this object, however its calculated ratio is still consistent with being a young member.

4.5.4.2 X-ray non-detections

Using the all sky ROSAT surveys (RASS, Voges et al., 1999, 2000) we also investi-

gated non-detections based on expected Lx/Lbol values for young sources. As shown

in Figure 4 of Zuckerman et al. (2004) young sources with a B-V colour >0.7 mag have

Lx/Lbol values larger than -3.5. From our analysis, Figure 4.7, we see the majority of

sources also have values -3.5 or larger. We used the bolometric luminosities calculated

using VOSA (Bayo et al., 2008) for the 50 sources in the colour range B-V>0.7 mag.

to calculate expected X-ray fluxes ( fx =Lbol × 10−3.5/4πD2 ) based on this ratio. The

detection limit of RASS is ≈2×10−13 erg s−1 (Schmitt et al., 1995), 44/50 targets had

predicted fluxes below this limit. For the six sources with apparent non-detections we

re-queried the RASS catalogues, extending the search radius beyond the positional

error. Two of the six had nearby detections that were extremely extended, causing

the positional offset of the source to lie within the radius of the detection which could

account for an apparent non-detection in this region. We do not use the further 4 non-

detections as a further youth constraint of the objects as one cannot be certain if these

are reliable non-detections from the catalogue data. For reference, the BSC catalogue

has sky coverage of 92% at a brightness limit of 0.1 cts s−1 (Voges et al., 1999).

4.5.5 Gravity-sensitive features

We were able to calculate Na I and K I EWs for 11 objects from our spectroscopic

observations. Figure 4.8 shows the results for the EWs of K I for objects identified here

and objects studied in Shkolnik et al. (2011) – a work focussed on identifying nearby

(<25 pc) young M-dwarfs. We only show objects classified as M0 or later, the region

where K I EWs distinguish between younger and older populations. All four objects
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FIGURE 4.7: V -K colour versus log (Lx/Lbol) for the original sample (blue) and for
targets identified in this analysis (red). The crosses represent targets identified as
close (<0.3′′) binaries, the luminosities are not corrected for unresolved components.

The plus symbols represent sources with a variability flag in the 3XMM catalogue.

have EWs consistent with youth, including the radial velocity-discrepant target 2MASS

J02455260+0529240.

Given the SNR and wavelength coverage of the available spectroscopic observations

we could only estimate EWs of Na I (8194.8 Å) for spectral types earlier than ≈M2.

Slesnick et al. (2006) verified that the Na I strength saturates for spectral types earlier

than M2. Additionally the work of Schlieder et al. (2012a) verified that this feature is

only useful for colours V−K ≥ 5. We therefore have not used this quantity in assessing

the membership status of these objects. The values are listed in Table 4.3 for reference.

The visible spectra of M dwarfs are dominated by molecular bands (titanium oxide:

TiO and calcium hydride: CaH). Mould (1976) showed that these bands are gravity-

sensitive. To quantify the strength of these bands Reid et al. (1995) defined a series of

band indices including CaH2 are CaH3. These indices measure the ratio of on-band to

off-band flux. We were unable to calculate these spectral indices using our own high-

resolution spectra due to low SNR. However, we have collated values from other works

the result of which are shown in Figure 4.9. The dotted and solid lines represent the

lower envelopes of indices for BPC and ABD, respectively. There is a large amount of
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FIGURE 4.8: Spectral type versus EW of K I. Green open and filled circles are for
old and young objects from Shkolnik et al. (2011), respectively. Red filled circles are
objects identified in this analysis. The black open circle represents the RV-discrepant

target 2MASS J02455260+0529240.

scatter for both indices (≈0.1). However, all the objects identified in this analysis have

consistent CaH2 and CaH3 indices by comparison with known members.
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FIGURE 4.9: Left panel: Spectral type versus CaH2 index for the original sample (blue)
and members identified in this analysis (red). Right panel: Same as left, but for CaH3
index. The solid and dotted lines represent the lower envelopes of ABD and BPC,

respectively.
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4.5.6 Hα emission

Hα emission can be used as an indication of youth, however, one has to keep in mind

this feature can also be observed in older, main sequence stars. Furthermore, the EW

of Hα is a function of the spectral type of the star at a given age e.g. Stauffer et al.

(1997). In Figure 4.10 we show the spectral type versus Hα EW for the original sample

and targets identified in this analysis. Additionally we show the lower envelope of EWs

for the original sample of ABD and, similar to Figure 6 of Kraus et al. (2014), show

the lower envelope derived in Stauffer et al. (1997) (for the young open clusters IC

2391 and IC 2602, 25-35 Myr). We have grouped the objects by age (ARG, CAR, COL,

OCT, THA all have age estimates ≈30-40 Myr and are hence, plotted together). The

envelopes act as an approximate lower boundary, as a function of age, to classify the

object as having compatible Hα properties.

There is one object (2MASS J01354915-0753470) that has a discrepant EW, it is dis-

cussed in more detail in Section 4.7.

4.5.7 Lithium abundance

If the mass of PMS star is ≈0.06 M� or greater its core temperature will eventually

reach ≈3 MK and burn lithium (Chabrier et al., 1996). The time-scale to reach this

temperature is mass dependent and once reached, the lithium is depleted rapidly as

the mixing time-scale is very short in convective stars.

The lithium depletion boundary (LDB) method is based on observing at which luminos-

ity, for a given population, this lithium burning occurs. It is a very powerful technique to

calculate the ages of young stars (Soderblom et al., 2014). One of its main advantages

is that it is less model-dependent than other techniques (Bildsten et al., 1997; Jeffries

and Naylor, 2001). lithium EWs can also provide accurate relative ages by comparing

the abundance between different groups of stars (see Figure 3 of da Silva et al., 2009).

However, one must be cautious as even for young ages there is a large dispersion in
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FIGURE 4.10: Spectral type versus Hα EW for the original sample (blue) and objects
identified in this analysis (red). The black rings represent objects with discrepant radial
velocities. The blue and black-dotted lines are the lower envelopes of EWs for the

original sample of ABD members and from Stauffer et al. (1997), respectively.

the Li EWs which could be attributed to activity. Bayo et al. (2011) showed that mea-

surements for the same object at different epochs and EWs between objects of the

same spectral type can be significantly different.

In Figure 4.11 we plot the V -K colour of the target versus the EW of lithium for both

detections and non-detections, 10 in total. Additionally we show the region of lithium

depletion (Li/Li0 ≤0.1) calculated using the evolutionary models of Baraffe et al. (2015).

There are two ways to classify targets as having consistent lithium measurements; one
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from the empirical abundances from known members, the other from a comparison to

the evolutionary models. All of our detections / non-detections are consistent with the

models and empirical abundances.
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FIGURE 4.11: V -K magnitude versus Li EW for original sample (blue) and targets
identified in this analysis (red). Filled and open markers represent detections and
non-detections, respectively. Black open circles represent sources classified as non-
members (”N”) in Table 4.4. The black lines encompass regions of lithium depletion
(Li/Li0 ≤0.1) using the models of Baraffe et al. (2015). For the middle panels there are

two minima corresponding to ages of 30 and 40 Myr.
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TABLE 4.5: Known members from our original sample that have been identified as wide
companions to other known members.

ID Dist. (U, V, W) Comps.
(pc) (kms−1)

HD 104467 106.5 -11.6, -18.9, -10.2 SB
GSC 09420-00948 110.5 -11.6, -18.7, -10.3

GSC 09239-01572 114.8 -11.5, -19.9, -8.2 0.3′′

GSC 09239-01495 108.8 -10.9, -21, -8.6

HD 21423 107.5 -13.0, -22.4, -5.2
CD-36 1289 107.5 -13.7, -21.1, -5.8
HD 21434 107.8 -12.2, -21.9, -5.7 0.2′′

GJ 140 16.9 -24.3, -14, -6.5 3′′

GJ 140 C 17.9 -24.1, -13.9, -5.2

HD 199058 76.0 -6.2, -27.9, -13.3 0.5′′

TYC 1090-543-1 76.4 -6.4, -27.2, -13.7

TYC 112-1486-1 71.0 -13, -15.4, -8.2 0.4′′

TYC 112-917-1 67.8 -13.2, -15.5, -8.5

Eta Tel 47.7 -9.1, -15.5, -8.3
HD 181327 50.6 -10.1, -16.4, -8.2

HD 199143 45.7 -7.9, -13.9, -10.9 1.1′′

AZ Cap 47.9 -10.1, -15, -9.5 2.2′′

HD 217343 32.0 -2.9, -25.3, -14.2
HD 217379 30.0 -3.8, -27.5, -14.5 1.9′′+SB

HD 196982 9.5 -9.8, -15.8, -9.6
AU Mic 9.8 -10.8, -16.6, -9.9 2.9′′

UY Pic 23.9 -7.0, -28.1, -14.6
CD-48 1893 24.2 -7.0, -28.2, -14.6

TYC 9300-891-1 147.6 -12.0, -2.8, -9.5 1′′

TYC 9300-529-1 147.0 -11.5, -3.7, -9.6

BD-21 1074A 20.2 -11, -15.6, -9.4
BD-21 1074B 16.6 -12.2, -15.3, -8.3 0.8′′

HD 13246 44.2 -9.2, -20.3, -1.5 SB
CD-60 416 43.2 -9.0, -20.5, -0.8
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4.5.8 Optical magnitudes

From our compilation of optical photometric values it is clear that catalogue-catalogue

variations in both V and R magnitude can be very significant (> 2 mag.). If these

magnitudes were used as a further mode of classification for our objects we could

be omitting viable candidates due to an apparent photometric mismatch which is not

necessarily associated with the sources membership status. These apparent varia-

tions in magnitudes could be induced by physical phenomena such as flaring (Montes

et al., 2005) at the time of observation, from blending of multiple sources or purely poor

measurement accuracy. Additionally, optical magnitudes are not available for all of our

targets (for example, 18 sources have no V mag., 35 sources have only one source

of V mag.). Figure 4.12 demonstrates how the variation in apparent optical magni-

tudes translates into large uncertainties in colour and absolute magnitude for existing

and new members of the β-Pic moving group. Data points with no uncertainties only

have one optical magnitude value. It is interesting to note that many of the identified

members lie closer to the zero-age main sequence (ZAMS) than to their respective

isochrone. This could be an indication that some of the identified targets in this anal-

ysis are from the older field population. Further spectroscopic observations will allow

us to conclude whether these targets are young. Colour-magnitude diagrams of the

remaining 8 associations are in Section 4.9.

As mentioned in Section 4.3.1 we checked all sources with Catalina photometry for any

signs of optical flaring that could be associated with variable strong activity (Montes

et al., 2005). We found 4 / 36 identified targets in this analysis, with Catalina photome-

try, showed significant flaring. We classify significant flaring as 2 or more observations

with values 3 times the standard deviation of all data. None of these 4 objects have

optical spectra to connect the photometric flare with strong, variable activity. For that

reason, this quantity is not used to assess the membership of the target but, it is noted

in Table 4.4.
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FIGURE 4.12: Left and middle panel: Colour-magnitude diagrams (R-J, R) and (V -J,
V ) for known (blue) and newly proposed (red) members of the β-Pic association. The
uncertainties are derived using the upper and lower boundaries of the R and V magni-
tude values, respectively, compiled from our photometric search. In most cases those
markers without uncertainties only have one magnitude value. Right panel: Colour-
magnitude diagram (J-K , J) for known and newly proposed members. The solid and
dotted line is the isochrone of Baraffe et al. (2015) using the age of the association and

the zero-age main sequence (ZAMS), respectively.

4.5.9 Revised mass function of the young associations

As mentioned previously, the original works aiming to derive censuses of the young

associations suffered from large incompleteness for masses <1 M�. However, recent

work has significantly improved members in this mass range.

Figure 4.13 shows the IMF, when considering all 9 young associations as one overall

population. This figure includes targets from the original sample, targets identified in

this analysis (a pseudo-random sample of all 84 targets multiplied by the success rate),

high-probability targets from Gagné et al. (2015) and consistent targets (based on RV,

Hα and/or Li) from Kraus et al. (2014). Although the work of Kraus et al. (2014) was

only focused on the Tucana-Horologium association it significantly increased the num-

ber of potential members from 62 to 191 and therefore even in the context of all nine

associations still makes a large difference to the IMF (note the log-scale of Figure 4.13).

The most considerable improvement from analysis presented in this analysis is for stars

with masses .0.5 M�. We are sensitive to low mass objects as our initial selection

criteria is only based on 2MASS photometry and proper motions. Many other works,

such as Rodriguez et al. (2013), use more extensive selection criteria, but at the cost
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of severely limiting the number of sources with photometry in multiple bands. This is

highlighted by Figure 4.6 that shows only 13 of 84 sources (15%) had photometry in

both GALEX and WISE.

0.010.11
Mass (M�)

100

101

102

103

Kraus et al. 2014
Gagné et al. 2015
Identified in this work
Original sample

FIGURE 4.13: Mass function of the 9 young moving groups for objects identified in this
analysis (red), Gagné et al. (2015) (green), Kraus et al. (2014) (grey) and the original
sample (blue). A power-law is fitted for masses > 1 M� (α=-2.35, Salpeter, 1955) and a
log-normal (µ=0.2 M�, σ=0.6 log(M�)) for masses smaller than 1 M� (Chabrier, 2003).

4.6 Conclusions

We have identified 84 targets (43: 0.2-1.3 M�, 16: 0.08-0.2 M�, 25:<0.08 M�) in this

analysis using our sample of 542 high-probability members. 33 / 84 sources have

spectroscopic parameters either derived here or taken from previous works listed in

Table 4.2. Of these 33 sources, 4 sources have inconsistent parameters and 4 have

questionable parameters. We can therefore derive a success rate of ≈ 76–88% using

this technique. Additionally only 10 / 33 have been identified in previous works con-

cerned with young associations. Thanks to the collation of numerous parameters we
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were able to find and use existing additional information from mid/high resolution spec-

tra and X-ray observations to successfully complement our photometric–proper motion

search for new members. Note that the targets with existing additional information,

on which the success rate is derived, are generally brighter in magnitude (average in

V : 12.2 mag. compared to 15.1 mag) and earlier spectral type (average K7 compared

to M0) than those currently without further photometric and spectroscopic information.

Therefore the derived success rate is only an approximation at this time and should

be treated in that way. In the future we aim to take mid/high resolution spectra of

all the targets identified in this analysis that currently have no spectroscopic informa-

tion. We have been awarded time for UVES/VLT observations to take place between

April-October 2016, see Appendix B.5. With this we can better assess the youth and

kinematics of the objects.

As expected by our success rate so far, if many of these new members are confirmed

they could have big implications for the formation and dynamical evolution of stars in

loose associations. Our initial results are broadly consistent with the mechanism pro-

posed by Reipurth and Mikkola (2012) whereby preferentially lower-mass components

in 3-body systems are ejected from the stellar cores soon after birth. These compo-

nents collectively form unfolding triple systems (potentially in the process of disintegrat-

ing to unbound systems). The majority of these wide companions would therefore be

associated with tight inner binaries (tightening of the inner binary from angular momen-

tum exchange as the third body is ejected). An evaluation of this mechanism using the

β-Pic moving group is presented in Chapter 5.

Regardless of whether these targets form wide multiple systems or not, if their youth

is confirmed, they would make up an ideal sample for the characterisation of low-mass

objects and the search for warm planets around nearby stars. New instruments such as

SPHERE/VLT (Beuzit et al., 2008) and GPI/GEMINI (Macintosh et al., 2014) have been

designed for the purpose of detecting and characterising planets using high-contrast

imaging techniques. For a strehl ratio of ≈70% or better in H band, the limiting mag-

nitudes for SPHERE and GPI are R <13 mag. and I<10 mag., respectively. From our
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sample of identified candidates in this analysis, 24 have R magnitudes brighter than

the limit of SPHERE. Fifteen of these have been classified as members (denoted by

”Y” in Table 4.4) based on further photometric and spectroscopic quantities, and nine

of these fifteen are M-dwarfs. We have therefore, based on this initial work alone,

identified crucial new targets to search for warm planets around nearby young stars.

In March 2016 we submitted a proposal to observe 10 newly identified members of the

young moving groups using SPHERE/VLT. If this proposal is successful observations

will most likely take place in December 2016.

4.7 Notes on compatibility of individual sources

Identified targets with discrepant / dubious properties (denoted by either ”N” or ”Y?” in

Table 4.4) are discussed below. We combine all available indicators of youth in the dis-

cussion to assess their potential membership. Note that uncertainties of radial velocity

values quoted are 1.0 kms−1 in the case of measurements performed by the SACY

team. This is not a measurement uncertainty but rather it is the average variation seen

in single stars from using the CCF technique on optical spectra (see Chapter 2 for de-

tails).

2MASS J02105345-4603513: The radial velocity of this target with its associated known

member are incompatible 25.7±1 and 8.5±1 kms−1. However, the evidence that these

two sources form a young wide binary is strong. It is identified as a multiple system in

the WDS catalogue (ID: 02109-4604, observations 1977-2000), McCarthy and White

(2012) and Rodriguez et al. (2013). However, due to the angular separation (21.5′′)

there is no observable orbital motion on this time-scale. The proper motion values

match within 1 sigma (total proper motions: 54.4±3.1 and 54.2±2.5 mas/yr) and addi-

tionally the photometry is compatible in V , J, H and K . 2MASS J02105345-4603513

also shows strong X-ray emission (Lx/Lbol=-2.88) and UV excess. It is very likely that

2MASS J02105345-4603513 is a spectroscopic binary and the radial velocity value



Chapter 4. New members of the young moving groups 193

calculated by Rodriguez et al. (2013) is not the system velocity. For those reasons we

conclude 2MASS J02105345-4603513 is a most likely a young source.

2MASS J12573935+3513194: The radial velocities of this target with its associated

known member borderline agree (2-3 σ ) within measurement uncertainties (-9.5±1.0

and -5.7±0.5 kms−1), however both components have been identified as spectroscopic

binaries. The separation between the two components is relatively small (16.2′′) and

the photometry matches well for V , J, H and K . 2MASS J12573935+3513194 shows

strong Hα emission (-4.27) indicating it is young. Additionally the proper motion of the

components are both extremely high and agree within uncertainties (total proper mo-

tion: 303.9±2.8 and 317.8±7.6 mas/yr).

2MASS J01334282-0701311: Initially identified as part of a triple system. The compo-

nents have radial velocities -15±0.1 (HR 448), 11.4±0.2 (2MASS J01334282-0701311)

and 12.2±1 kms−1 (G 271-110), respectively. The lowest mass component (G 271-110)

in the this system is the original known member from Malo et al. (2014). The highest

mass component (HR 448) is a well documented target with extensive radial velocity

coverage and therefore this discrepancy is unlikely to arise from variation induced by

spectroscopic companion.

2MASS J21212446-6654573: There are two epochs of data for this target, however

one radial velocity has huge uncertainties (-24.1±1 and 6.4±14.8 kms−1). Torres et al.

(2006) also noted this component as a potential spectroscopic binary. The proper mo-

tions do not agree within 3σ however, the magnitudes of the values are very large,

142.4±1.9 and 128.3±1.9 mas/yr, respectively. The field of view is not crowded and

positions of the targets are well outside the galactic plane (galactic longitude and lati-

tude: 326.596, -39.1878) making a chance alignment improbable. The system is also

identified as a multiple system (with no additional notes) in the WDS catalogue, with 7

observations between 1835-2000. The photometry of both components matches very
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well in V , J, H and K .

2MASS J04515223-4640497: This target has a hugely discrepant radial velocity with

its associated known member (51.2±1.0 and 23±1.0 kms−1). It has small emission in

Hα (EW: -0.32 Å). Due to its discrepant radial velocity it is not classified as a potential

member.

2MASS J08371456-5517343: This target has a hugely discrepant radial velocity with

its associated known member (81.3±1.0 and 20.8±1.0 kms−1) and low proper motion

magnitude (12.5±2.6 mas/yr). It has absorption in Hα therefore there is no evidence it

is a young member.

2MASS J01354915-0753470: This target has consistent radial velocity (6.3±0.5 and

6.5±1.0 kms−1) and very large and consistent proper motion (104.7±2.8 and 98.1±7.2)

with its associated known member, both agree within 1 sigma. The calculated K I EW

is consistent with youth, however it does not show Hα emission. Given its V-K colour

this makes the youth of the object questionable.

2MASS J02455260+0529240: The calculated radial velocity is hugely discrepant with

its associated known member (88.5 and 4.3 kms−1) and there is no sign of a spec-

troscopic companion to account for such a discrepancy. The total proper motions are

large and agree within 1 sigma (83.0±4.2 and 87.6±0.9 mas/yr). However, due to RV

value, it is not considered as a potential member.
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4.8 Previously identified extremely wide companions

Below we present previous detections of potential wide binary systems in the young

associations. We discuss whether these systems were recovered in the analysis pre-

sented here and the reasons for why or why not.

T Cha – 2MASS J11550485-7919108: This system was first identified in Kastner et al.

(2012). In our analysis we did not recover the system as the H-K colour is incompat-

ible (<0.03 mag. beyond criterion, see Figure 4.14). As discussed previously at the

youngest ages (≈10 Myr) our technique is weaker as infrared excesses are more likely

and therefore the companion is less likely to be classified as possibly physical. How-

ever, this effect is unlikely to induce any strong bias in our statistics. Kastner et al.

(2012) show 2MASS J11550485-7919108 has a modest infrared excess (K -W3 ∼0.8)

which is why it was not recovered here. The system is classified as a potential wide bi-

nary system due to the detailed analysis performed by Kastner et al. (2012) - including

Hα , X-ray and lithium EW analysis and the recent work of Montet et al. (2015).

V4046 Sgr – GSC 07396-00759: First identified in Kastner et al. (2011), this com-

panion does have compatible photometry and kinematics using our method. However,

many other sources in the field of view also match the criteria (see Figure 4.15) and

therefore our upper angular limit is set much smaller (10′′) than the angular separation

of this candidate companion (2.82’). It is also noteworthy that the kinematic distances

are not compatible between the two sources 76.9 and 95.1 pc, respectively. Further-

more Kastner et al. (2011) argues that GSC 07396-00759 would itself have to be a

spectroscopic multiple system (of approximately equal mass) to account for the dis-

crepancy in magnitudes. However, spectroscopic analysis does not support this. From

3 separate epochs of data there is no evidence for a companion. The radial velocities

are -5.7, -5.0 and -5.7 kms−1 (σ=0.3 kms−1) from Torres et al. (2006) and this analysis,

well below the criterion for multiplicity (σ >3 kms−1). For these reasons the system is

not included in our statistics.
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FIGURE 4.14: A photometric and kinematic summary of 2MASS J11550485-7919108.

TWA 1 – 2MASS J11020983-3430355: This system was first identified in Scholz et al.

(2005). The system is also recovered here. Figure 4.16 shows that 2MASS J11020983-

3430355 is the only source with both compatible photometry and kinematics in the field

of view. Furthermore the work of Scholz et al. (2005) used spectroscopic analysis to

show the source is consistent with being a member of the TW Hydrae moving group.

The system is therefore included in our statistics.

TWA 30 – 2MASS J11321822-3018316: This system was first identified in Looper et al.

(2010). The system was also recovered here, however, initially it was discarded due

to the extremely large uncertainties on the proper motion (14.3 mas/yr). The work of
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FIGURE 4.15: The considered field of view for V4046 Sgr. The markers are the same
as in Figure 4.1

Looper et al. (2010) produced much more accurate proper motion values (uncertain-

ties 9 mas/yr) and a radial velocity value (12±3 kms−1), showing its galactic velocity is

compatible with that of TWA 30 – (-10.2, -18.3, -4.9) compared with (-11.7, -19.7, -4.1)

for TWA 30. Furthermore their spectroscopic analysis showed the source has features

consistent with being a young object, member of the TW Hydrae moving group. For

these reasons it is included in our statistics.

51 Eri – 2MASS J04373746-0229282: This system was first identified in Feigelson

et al. (2006). It is also recovered in our analysis. The work of Feigelson et al. (2006)

concludes that these two objects are very likely a physical pair. In recent work Mon-

tet et al. (2015) calculated the system velocity of 2MASS J04373746-0229282, itself

a close binary, as 20.8±0.2 kms−1. The radial velocity of 51 Eri is 21.0±1.2 kms−1,

therefore the two components of the wide binary system are consistent.
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FIGURE 4.16: The considered field of view for TWA 1. The markers are the same as
in Figure 4.1. 2MASS J11020983-3430355 is the only source with compatible proper

motion.

4.9 Colour-magnitude diagrams for new candidates

Below are colour-magnitude diagrams (in the same format as Figure 4.2) for the re-

maining 8 associations.

0 2 4 6 8 10
V-J (mag.)

0

5

10

15

20

V
(m

ag
.)

Known members
Identified in this work

−0.5 0.0 0.5 1.0 1.5 2.0
J-K (mag.)

0

2

4

6

8

10

12

J
(m

ag
.)

0 2 4 6 8 10
R-J (mag.)

0

5

10

15

20

R
(m

ag
.)

FIGURE 4.17: Colour-magnitude diagrams for the AB Doradus association
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FIGURE 4.18: Colour-magnitude diagrams for the Argus association.
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FIGURE 4.19: Colour-magnitude diagrams for the Carina association.
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FIGURE 4.20: Colour-magnitude diagrams for the Columba association.
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FIGURE 4.21: Colour-magnitude diagrams for the ε-Cha association.
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FIGURE 4.22: Colour-magnitude diagrams for the Octans association.
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FIGURE 4.23: Colour-magnitude diagrams for the Tucana-Horologium association.



Chapter 4. New members of the young moving groups 201

0 2 4 6 8 10
V-J (mag.)

0

5

10

15

20

V
(m

ag
.)

Known members
Identified in this work

0.0 0.5 1.0 1.5 2.0 2.5
J-K (mag.)

0

2

4

6

8

10

12

J
(m

ag
.)

0 2 4 6 8 10
R-J (mag.)

0

5

10

15

20

R
(m

ag
.)

FIGURE 4.24: Colour-magnitude diagrams for the TW Hydrae association.
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4.10 Properties of sample

TABLE 4.6: Basic properties of the sample used in this chapter.

ID RA DEC Dist. J H K µα,∗ µδ Mem ref.

hh:mm:ss.s dd:mm:ss.s (pc) (mag.) (mag.) (mag.) (mas/yr) (mas/yr)

ABD

PW And 00:18:20.9 +30:57:22.0 27.3 7.0 6.5 6.4 144.4±1.0 -170.8±0.9 1

V493 And AB 00:34:8.4 +25:23:50.0 49.9 8.5 7.8 7.7 81.5±1.8 -97.6±1.1 3

HD 4277 00:45:50.9 +54:58:40.0 52.7(a) 6.6 6.4 6.4 95.6±1.0 -76.9±1.0 1

HIP 4967 01:03:40.1 +40:51:29.0 29.6(a) 8.1 7.5 7.3 126.7±0.7 -167.2±0.8 1

HD 6569 01:06:26.2 -14:17:47.0 47.4(a) 7.9 7.4 7.3 99.8±1.6 -91.8±2.5 1

BD-12 243 01:20:32.3 -11:28:4.0 34.3(a) 7.0 6.7 6.5 112.0±2.3 -137.7±1.3 1

HS Psc 01:37:23.2 +26:57:12.0 37.4 8.4 7.8 7.6 120.2±0.9 -126.5±1.4 3

CD-46 644 02:10:55.4 -46:03:59.0 73.7 9.3 8.8 8.6 53.3±2.5 -10.8±1.8 1, 5

HD 13482 02:12:15.4 +23:57:29.0 36.6(a) 6.2 5.8 5.7 127.1±1.0 -160.4±1.0 1

HD 16760 b 02:42:21.0 +38:37:21.0 48.4(a) 8.4 7.9 7.8 107.0±8.0 -102.8±8.0 1

HD 16760 02:42:21.3 +38:37:7.0 48.8(a) 7.4 7.1 7.0 76.7±2.2 -108.3±2.3 1

HD 17332 b 02:47:27.2 +19:22:21.0 33.6(a) 6.0 5.7 5.6 117.8±2.5 -160.3±2.5 1

HD 17332 a 02:47:27.4 +19:22:19.0 33.6(a) 5.9 5.6 5.5 117.8±1.0 -160.3±1.0 1

HD 17573 02:49:59.0 +27:15:38.0 50.7(a) 3.7 3.8 3.9 66.8±1.0 -116.5±1.0 1, 2

IS Eri 03:09:42.3 -09:34:47.0 37.4(a) 7.2 6.8 6.7 88.8±1.3 -112.7±1.5 1

HW Cet 03:12:34.3 +09:44:57.0 57.5 8.6 8.1 8.0 60.8±0.8 -88.2±1.1 1

HD 20888 03:17:59.1 -66:55:37.0 54.9(a) 5.8 5.8 5.7 57.3±1.0 13.6±1.0 1, 2

V577 Per 03:33:13.5 +46:15:27.0 34.3(a) 6.8 6.5 6.4 61.8±9.9 -173.8±5.1 1

HIP 17695 03:47:23.3 -01:58:20.0 16.4(a) 7.8 7.2 6.9 178.6±2.2 -278.2±3.1 1

HD 24681 03:55:20.4 -01:43:45.0 53.3 7.7 7.4 7.3 43.4±0.8 -90.7±1.1 1

HD 25457 04:02:36.7 -00:16:8.0 18.8(a) 4.7 4.3 4.2 149.0±1.0 -253.0±1.0 1

HD 25953 04:06:41.5 +01:41:2.0 55.3(a) 6.9 6.7 6.6 37.1±0.6 -94.4±0.8 1

2MASS J04141730-0906544 04:14:17.3 -09:06:54.4 23.8 9.6 9.1 8.8 95.1±5.0 -141.0±5.0 3

TYC 91-82-1 04:37:51.5 +05:03:8.0 87.6 9.2 8.8 8.6 20.8±0.9 -58.9±1.2 1

LP 776-25 04:52:24.4 -16:49:22.0 16.3 7.7 7.1 6.9 118.9±8.0 -211.9±8.0 1, 3

CD-56 1032 N 04:53:30.5 -55:51:32.0 11.1 7.8 7.2 6.9 88.2±42.5 85.8±12.6 1

CD-56 1032 S 04:53:31.2 -55:51:37.0 11.1(a) 7.2 6.6 6.3 133.1±1.4 68.0±1.4 1

2MASS J04571728-0621564 04:57:17.3 -06:21:56.0 45.0 9.5 8.8 8.6 22.9±1.9 -99.1±2.5 3

HD 31652 04:57:22.3 -09:08:0.0 82.4 8.8 8.4 8.4 12.9±1.3 -50.8±1.6 1

CD-40 1701 05:02:30.4 -39:59:13.0 41.3 8.7 8.2 8.1 33.6±0.8 -21.9±0.8 1

HD 32981 05:06:27.7 -15:49:30.0 78.9 8.0 7.8 7.7 16.3±1.3 -44.0±1.6 1

HD 293857 05:11:9.7 -04:10:54.0 76.9 7.8 7.5 7.4 18.1±1.3 -57.6±2.2 1

HD 33999 05:12:35.8 -34:28:48.0 101.4 7.6 7.3 7.2 8.1±0.8 -16.8±1.2 1

HD 35650 05:24:30.2 -38:58:11.0 18.1(a) 6.7 6.1 5.9 42.2±0.9 -57.0±1.1 1

NLTT 15049 05:25:41.7 -09:09:12.0 21.9 8.5 7.9 7.6 39.2±8.0 -188.4±8.0 3

HD 36705 b 05:28:44.4 -65:26:47.0 15.2 8.2 7.7 7.3 0.0±0.0 0.0±0.0 1

AB Dor 05:28:44.8 -65:26:55.0 15.2(a) 5.3 4.8 4.7 33.2±1.0 150.8±1.0 1

UX Col 05:28:56.5 -33:28:16.0 54.1 8.4 7.9 7.8 10.5±0.7 -32.3±0.7 1

CD-30 2476 05:33:18.6 -30:33:27.0 132.9 10.4 10.1 9.9 0.1±1.0 -14.3±0.9 1

CD-34 2331 05:35:4.1 -34:17:52.0 80.5 9.8 9.2 9.1 5.8±0.8 -20.0±0.9 1

UY Pic 05:36:56.9 -47:57:53.0 25.2(a) 6.4 5.9 5.8 25.3±1.0 0.0±1.0 1

WX Col 05:37:12.9 -42:42:56.0 76.4(a) 8.1 7.7 7.7 -12.6±4.7 1.5±2.2 1

2MASS J05385663-0624410 05:38:56.6 -06:24:41.0 114.5 9.6 9.2 9.1 5.6±1.8 -37.3±1.4 1

CP-19 878 05:39:23.2 -19:33:29.0 70.2 8.7 8.2 8.1 4.5±1.6 -44.5±1.5 1

2MASS J05411433-4117585 05:41:14.3 -41:17:59.0 127.3 9.8 9.3 9.1 1.5±1.2 -6.4±1.4 1

CD-26 2425 05:44:13.4 -26:06:15.0 72.3 9.2 8.6 8.5 16.6±1.3 -27.8±1.5 1

HD 38497 05:45:41.3 -14:46:30.0 75.8 7.4 7.1 7.1 -0.1±1.6 -46.8±1.6 1

CD-41 2076 05:48:30.4 -41:27:30.0 65.3 9.2 8.5 8.4 0.6±1.3 -11.7±1.2 1

TZ Col 05:52:16.0 -28:39:25.0 81.3(a) 7.9 7.6 7.5 3.3±0.9 -26.8±0.8 1

TY Col 05:57:50.8 -38:04:3.0 50.1 8.1 7.7 7.6 12.6±1.4 -16.9±1.1 1

BD-13 1328 06:02:21.9 -13:55:33.0 39.7 8.4 7.9 7.8 -8.3±1.0 -91.1±1.0 1
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ID RA DEC Dist. J H K µα,∗ µδ Mem ref.

hh:mm:ss.s dd:mm:ss.s (pc) (mag.) (mag.) (mag.) (mas/yr) (mas/yr)

CD-34 2676 06:08:33.9 -34:02:55.0 77.5 8.7 8.3 8.2 3.7±0.8 -19.3±0.9 1

CD-35 2722 06:09:19.2 -35:49:31.0 25.0 7.9 7.3 7.0 -5.0±0.9 -55.1±0.9 1, 3

CD-35 2749 06:11:55.7 -35:29:13.0 59.8 8.8 8.3 8.2 -7.6±2.0 -20.7±1.0 1

HD 45270 06:22:30.9 -60:13:7.0 23.7(a) 5.4 5.2 5.0 -11.3±1.0 64.2±1.0 1

GSC 08894-00426 06:25:56.1 -60:03:27.0 12.2 8.1 7.5 7.2 -23.5±1.5 110.5±1.4 1

AK Pic 06:38:0.4 -61:32:0.0 21.3(a) 5.1 4.7 4.5 -50.1±1.0 72.7±1.0 1

CD-47 2500 06:38:45.5 -47:14:18.0 114.7 9.1 8.7 8.7 -4.4±0.8 0.7±1.4 1

CD-61 1439 06:39:50.0 -61:28:42.0 22.4(a) 7.3 6.6 6.5 -23.8±1.0 77.8±1.8 1

2MASS J06411849-3820360 06:41:18.5 -38:20:36.0 64.7 9.5 8.9 8.8 -9.9±1.2 -16.5±1.0 1

CD-57 1654 07:10:50.6 -57:36:46.0 133.3 9.4 9.0 8.9 -7.7±0.9 7.9±0.8 1

V429 Gem 07:23:43.6 +20:24:59.0 25.7 7.6 7.0 6.9 -67.8±2.9 -231.1±3.5 1

HD 59169 07:26:17.7 -49:40:51.0 111.1(a) 8.4 8.0 7.9 -24.7±6.0 -3.1±1.9 1

V372 Pup 07:28:51.4 -30:14:49.0 15.7(a) 6.6 6.0 5.7 -130.9±8.0 -131.4±8.0 1

CD-84 80 07:30:59.5 -84:19:28.0 67.4 8.4 8.0 7.9 -11.6±1.3 55.1±1.0 1

HD 64982 07:45:35.6 -79:40:8.0 80.6(a) 7.9 7.7 7.6 -11.5±2.0 65.2±7.0 1

HD 82879 09:28:21.1 -78:15:35.0 116.5 8.1 7.9 7.8 -25.8±1.0 18.0±1.4 1

CD-45 5772 10:07:25.2 -46:21:50.0 69.5 8.8 8.2 8.1 -50.1±1.3 -31.3±0.9 1

2MASS J10121768-0344441 10:12:17.7 -03:44:44.1 7.9(a) 5.9 5.3 5.0 -150.7±2.6 -241.4±3.3 3

BD+01 2447 10:28:55.5 +00:50:28.0 6.7 6.2 5.6 5.3 -602.3±8.0 -731.9±8.0 1

HD 99827 11:25:17.7 -84:57:16.0 88.5(a) 6.7 6.6 6.5 -48.4±1.0 12.0±1.0 1

2MASS J11254754-4410267 11:25:47.5 -44:10:27.0 51.0 10.3 9.8 9.5 -83.9±2.6 -57.0±7.7 3

2MASS J12194808+5246450 12:19:48.1 +52:46:45.0 28.0(a) 8.3 7.6 7.5 -171.4±1.0 -121.2±1.2 3

2MASS J12574030+3513306 12:57:40.3 +35:13:30.6 19.3(a) 7.4 6.7 6.6 -264.0±1.9 -150.6±2.1 3

PX Vir 13:03:49.7 -05:09:43.0 21.7(a) 6.1 5.7 5.5 -191.1±1.0 -218.7±1.0 1

L 264-18 15:24:48.5 -49:29:47.0 23.5 8.2 7.5 7.3 -120.8±8.0 -241.0±8.0 1

HD 139751 15:40:28.4 -18:41:46.0 36.4(a) 7.7 7.1 6.9 -79.0±4.5 -157.3±1.6 1

HIP 81084 16:33:41.6 -09:33:12.0 30.3(a) 8.4 7.8 7.5 -65.8±1.3 -179.4±1.4 1

HD 152555 16:54:8.1 -04:20:25.0 46.8(a) 6.7 6.5 6.4 -37.2±1.1 -112.9±0.7 1

HD 159911 17:37:46.5 -13:14:47.0 46.3 7.6 7.0 6.8 -16.8±1.4 -124.9±1.6 1

HD 160934 17:38:39.6 +61:14:16.0 33.1(a) 7.6 7.0 6.8 -19.2±0.7 46.7±0.7 1

HD 178085 19:10:57.9 -60:16:20.0 61.4(a) 7.2 7.0 6.9 11.3±1.2 -98.6±1.2 1

HD 181869 19:23:53.2 -40:36:57.0 55.8(a) 4.2 4.2 4.2 31.5±1.0 -120.3±1.0 1, 2

TYC 486-4943-1 19:33:3.8 +03:45:40.0 72.0 9.3 8.8 8.7 16.0±1.6 -66.2±1.5 1

BD-03 4778 20:04:49.4 -02:39:20.0 71.5 8.5 8.0 7.9 27.2±1.1 -72.1±1.9 1

2MASS J20465795-0259320 20:46:58.0 -02:59:32.0 47.5 9.1 8.4 8.3 53.0±2.5 -109.5±1.7 3

HD 199058 20:54:21.1 +09:02:24.0 76.0 7.4 7.0 7.0 35.3±1.0 -58.4±0.6 1

TYC 1090-543-1 20:54:28.0 +09:06:7.0 76.4 9.5 8.9 8.8 36.4±2.7 -57.3±1.8 1

HD 201919 21:13:5.3 -17:29:13.0 39.5 8.3 7.7 7.6 73.9±0.8 -144.4±0.8 1, 3

LO Peg 21:31:1.7 +23:20:7.0 24.8(a) 7.1 6.5 6.4 134.4±0.8 -145.2±0.8 1

GJ 4231 21:52:10.4 +05:37:36.0 30.6(a) 8.2 7.6 7.4 109.8±1.5 -150.0±2.0 1, 3

HD 209952 22:08:14.0 -46:57:40.0 31.0(a) 2.0 2.0 2.0 126.7±1.0 -147.5±1.0 1, 2

HIP 110526a 22:23:29.1 +32:27:34.0 15.1(a) 6.9 6.3 6.1 251.3±8.0 -207.6±8.0 1

HIP 110526b 22:23:29.1 +32:27:32.0 15.1 6.9 6.3 6.1 251.3±8.0 -207.6±8.0 1

HD 217343 23:00:19.3 -26:09:14.0 30.7(a) 6.3 6.0 5.9 110.0±1.0 -160.1±1.0 1

HD 217379A 23:00:28.0 -26:18:43.0 32.7(a) 7.0 6.4 6.3 113.6±8.0 -162.2±8.0 1

HIP 114066 23:06:4.8 +63:55:34.0 24.5(a) 7.8 7.2 7.0 172.7±1.0 -57.8±1.4 1

HD 218860 S 23:11:52.1 -45:08:11.0 49.3(a) 7.5 7.1 7.0 85.3±1.0 -93.3±1.0 1

HIP 115162 23:19:39.6 +42:15:10.0 50.2(a) 7.6 7.3 7.2 78.4±0.5 -65.4±0.6 1

Kap Psc 23:26:56.0 +01:15:20.0 47.2(a) 5.3 5.0 4.9 87.7±1.0 -95.5±1.0 1, 2

LTT 9582 23:32:0.2 -39:17:37.0 23.1 8.9 8.3 8.0 193.4±17.9 -

178.4±17.9

3

HD 222575 23:41:54.3 -35:58:40.0 63.6(a) 8.1 7.8 7.6 70.0±0.9 -66.3±1.0 1

HD 223352 23:48:55.5 -28:07:49.0 42.2(a) 4.8 4.6 4.5 100.8±1.0 -105.3±1.0 1, 2

1RXS J235133.3+312720 23:51:33.7 +31:27:23.0 42.8 9.8 9.2 9.0 106.6±1.7 -87.9±3.8 3

HD 224228 23:56:10.7 -39:03:8.0 22.0(a) 6.5 6.0 5.9 205.1±1.9 -186.5±2.1 1

ARG

FT Psc 00:50:33.2 +24:49:0.0 28.8(a) 8.0 7.3 7.1 198.0±5.1 -14.0±5.4 3
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ID RA DEC Dist. J H K µα,∗ µδ Mem ref.

hh:mm:ss.s dd:mm:ss.s (pc) (mag.) (mag.) (mag.) (mas/yr) (mas/yr)

2MASS J03033668-2535329 03:03:36.7 -25:35:32.9 38.6(a) 8.0 7.3 7.1 213.2±8.0 94.5±8.0 3

HIP 15844 a 03:24:6.5 +23:47:6.0 16.9(a) 7.1 6.5 6.3 217.2±8.0 -129.2±8.0 1

HIP 15844 c 03:24:12.9 +23:46:19.0 17.9 8.3 7.7 7.5 199.0±8.0 -112.0±8.0 1

2MASS J04132663-0139211 04:13:26.6 -01:39:21.1 26.2 9.4 8.8 8.5 131.3±7.4 -9.5±3.0 3

CD-29 2360 05:34:59.2 -29:54:4.0 74.9 8.7 8.2 8.0 17.1±0.6 33.1±1.5 1

AP Col 06:04:52.2 -34:33:36.0 8.4 7.7 7.2 6.9 -118.9±5.9 -91.3±5.8 1

CD-56 1438 06:11:53.0 -56:19:5.0 118.6 9.8 9.3 9.2 -2.5±0.9 38.3±1.0 1

TYC 155-2167-1 06:41:9.3 +04:47:19.0 82.3 9.5 8.8 8.7 -7.9±2.2 -9.9±0.8 1

CD-28 3434 06:49:45.4 -28:59:17.0 120.8 9.1 8.7 8.6 -11.3±0.9 20.8±0.8 1

CD-42 2906 07:01:53.4 -42:27:56.0 101.0 9.2 8.7 8.6 -13.8±0.7 35.5±0.7 1

CD-48 2972 07:28:22.0 -49:08:38.0 82.8 8.5 8.1 8.1 -26.7±1.0 44.4±1.0 1

HD 61005 07:35:47.5 -32:12:14.0 35.3(a) 6.9 6.6 6.5 -58.8±0.8 74.0±0.7 1

CD-48 3199 07:47:26.0 -49:02:51.0 103.9 9.3 8.9 8.8 -22.4±2.1 36.1±0.9 1

CD-43 3604 07:48:49.8 -43:27:6.0 86.5 8.9 8.3 8.2 -26.8±1.3 39.6±1.0 1

2MASS J07535548-5710073 07:53:55.5 -57:10:7.0 145.7 10.3 9.8 9.7 -18.3±1.2 26.9±1.0 1

HD 67945 08:09:38.6 -20:13:50.0 77.0 7.4 7.2 7.2 -37.8±1.3 20.4±1.5 1

PMM 5314 08:28:34.6 -52:37:4.0 142.7 9.7 9.6 9.5 -24.1±1.0 22.7±1.5 1

PMM 7422 08:28:45.6 -52:05:27.0 141.4 9.3 9.1 8.9 -22.6±1.0 24.6±0.9 1

PMM 7956 08:29:51.9 -51:40:40.0 157.7 9.8 9.4 9.2 -23.0±1.1 18.8±0.9 1

PMM 6974 08:34:18.1 -52:15:58.0 147.4 10.5 10.0 9.9 -22.6±2.0 23.0±0.9 1

PMM 4280 08:34:20.5 -52:50:5.0 154.8 9.2 8.9 8.8 -21.0±0.9 22.5±0.9 1

PMM 6978 08:35:1.2 -52:14:1.0 147.3 10.4 9.9 9.8 -23.3±0.9 22.3±0.9 1

PMM 2456 08:35:43.7 -53:21:20.0 141.1 10.3 9.7 9.6 -23.6±1.8 24.3±1.3 1

PMM 351 08:36:24.2 -54:01:6.0 149.2 9.2 8.9 8.8 -24.4±2.0 20.7±1.3 1

PMM 3359 08:36:55.0 -53:08:34.0 144.8 10.1 9.7 9.6 -23.1±0.9 23.6±1.0 1

PMM 5376 08:37:2.3 -52:46:59.0 161.9 11.4 10.7 10.5 -20.8±1.4 20.9±1.4 1

PMM 4324 08:37:47.0 -52:52:12.0 152.3 8.8 8.6 8.5 -22.4±1.0 22.0±1.0 1

PMM 665 08:37:51.6 -53:45:46.0 154.8 10.1 9.7 9.6 -21.1±1.2 22.7±1.7 1

PMM 4336 08:37:55.6 -52:57:11.0 141.0 9.9 9.4 9.3 -21.2±0.9 17.9±1.0 1

PMM 4362 08:38:22.9 -52:56:48.0 147.3 9.8 9.4 9.4 -23.5±0.9 22.4±0.8 1

PMM 4413 08:38:55.7 -52:57:52.0 154.2 9.1 8.8 8.7 -22.3±0.9 21.6±0.9 1

CD-58 2194 08:39:11.6 -58:34:28.0 102.2 8.9 8.5 8.4 -32.7±1.0 35.4±1.0 1

PMM 686 08:39:22.6 -53:55:6.0 158.1 10.6 10.0 9.9 -21.3±1.6 21.7±1.6 1

V364 Vel 08:39:53.0 -52:57:57.0 167.4 10.3 9.9 9.8 -21.1±1.0 19.3±1.0 1

V365 Vel 08:40:6.2 -53:38:7.0 155.5 9.3 9.0 8.9 -20.0±1.4 23.4±1.3 1

PMM 8415 08:40:16.3 -52:56:29.0 133.8 10.2 9.7 9.6 -25.7±1.2 24.9±1.1 1

PMM 1759 08:40:18.3 -53:30:29.0 141.8 11.1 10.4 10.2 -26.2±1.7 21.2±1.7 1

PMM 1142 08:40:49.1 -53:37:45.0 159.2 9.7 9.4 9.3 -18.4±1.2 23.6±1.2 1

PMM 1174 08:41:22.7 -53:38:9.0 146.8 8.7 8.5 8.5 -23.6±1.9 22.7±1.2 1

V368 Vel 08:41:57.8 -52:52:14.0 141.5 11.1 10.4 10.3 -24.0±1.2 23.9±1.3 1

PMM 756 08:43:0.4 -53:54:8.0 154.6 9.8 9.4 9.3 -23.5±1.1 20.4±1.1 1

PMM 5811 08:43:17.9 -52:36:11.0 157.9 8.4 8.3 8.2 -21.3±1.1 21.6±1.1 1

PMM 2888 08:43:52.3 -53:14:0.0 147.3 8.8 8.7 8.6 -25.5±1.1 20.2±1.3 1

PMM 2012 08:43:59.0 -53:33:44.0 136.8 10.2 9.8 9.7 -20.9±1.4 12.7±1.4 1

V376 Vel 08:44:5.2 -52:53:17.0 165.5 9.6 9.3 9.2 -21.3±1.4 19.7±1.0 1

PMM 1373 08:44:10.2 -53:43:34.0 142.8 10.4 10.0 9.8 -24.8±1.5 10.6±1.5 1

V377 Vel 08:44:26.2 -52:42:32.0 173.3 10.0 9.6 9.6 -21.4±1.3 17.5±1.0 1

V379 Vel 08:45:26.9 -52:52:2.0 139.9 10.7 10.2 10.1 -25.2±1.1 23.4±1.1 1

V380 Vel 08:45:39.1 -52:26:0.0 137.8 8.9 8.7 8.6 -20.8±0.9 22.0±1.0 1

PMM 2182 08:45:48.0 -53:25:51.0 152.8 9.1 8.9 8.8 -26.3±1.0 18.5±2.1 1

CD-57 2315 08:50:8.1 -57:45:59.0 107.2 8.6 8.1 8.0 -34.1±2.0 31.0±1.0 1

2MASS J09020394-5808497 09:02:3.9 -58:08:50.0 138.1 9.9 9.5 9.4 -24.2±1.3 26.2±1.3 1

CD-62 1197 09:13:30.3 -62:59:9.0 116.1 8.9 8.4 8.3 -34.1±1.1 27.4±1.0 1

TYC 7695-335-1 09:28:54.1 -41:01:19.0 153.0 9.8 9.3 9.1 -28.7±1.1 13.6±1.1 1

BD-20 2977 09:39:51.4 -21:34:17.0 93.3 8.8 8.5 8.4 -50.0±0.9 7.8±0.9 1

TYC 9217-641-1 09:42:47.4 -72:39:50.0 143.8 10.4 10.0 9.8 -30.1±1.3 18.9±1.3 1

CD-39 5833 09:47:19.9 -40:03:10.0 113.4 9.4 9.0 8.9 -40.6±1.2 16.3±1.6 1

HD 85151a 09:48:43.2 -44:54:8.0 65.9 8.0 7.7 7.6 -68.4±8.0 33.5±3.0 1

HD 85151b 09:48:43.4 -44:54:9.0 65.9 8.0 7.7 7.6 3.9±7.6 1.6±3.7 1

CD-65 817 09:49:9.0 -65:40:21.0 134.9 9.1 8.8 8.7 -31.4±7.6 16.1±6.9 1
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ID RA DEC Dist. J H K µα,∗ µδ Mem ref.

hh:mm:ss.s dd:mm:ss.s (pc) (mag.) (mag.) (mag.) (mas/yr) (mas/yr)

HD 309851 09:55:58.3 -67:21:22.0 105.1 8.7 8.4 8.3 -42.4±0.9 25.7±1.2 1

2MASS J10142048-8138423 10:14:20.5 -81:38:42.0 125.7 10.0 9.3 9.1 -37.0±1.3 18.5±2.3 1

HD 310316 10:49:56.1 -69:51:22.0 115.0 8.8 8.4 8.3 -43.5±1.2 13.5±0.9 1

CP-69 1432 10:53:51.5 -70:02:16.0 147.1 9.4 9.2 9.0 -32.6±1.3 12.1±1.0 1

HD 103742 11:56:42.3 -32:16:5.0 33.7(a) 6.5 6.2 6.1 -166.1±1.0 -7.7±1.0 1

CD-42 7422 12:06:32.9 -42:47:51.0 106.9 9.2 8.7 8.6 -50.3±1.3 -2.5±1.0 1

CD-74 673 12:20:34.4 -75:39:29.0 50.1 8.6 8.1 7.9 -109.4±2.0 4.2±1.1 1

CD-75 652 13:49:12.9 -75:49:48.0 77.1 8.4 8.0 8.0 -62.2±1.0 -31.5±1.9 1

2MASS J13591045-1950034 13:59:10.4 -19:50:3.4 10.7 8.3 7.8 7.4 -552.7±8.0 -183.1±8.0 3

HD 129496 14:46:21.4 -67:46:16.0 84.8 7.8 7.5 7.4 -47.6±1.4 -39.7±1.0 1

NY Aps 15:12:23.4 -75:15:16.0 50.3(a) 7.8 7.5 7.4 -75.6±1.4 -73.5±1.2 1

2MASS J18083702-0426259 18:08:37.0 -04:26:25.9 167.5(a) 5.8 5.2 4.9 -8.6±1.3 -15.7±1.2 3

CD-52 9381 20:07:23.8 -51:47:27.0 29.4 8.2 7.6 7.4 85.9±0.7 -143.9±0.7 1, 3

2MASS J20531465-0221218 20:53:14.7 -02:21:21.8 37.9 9.3 8.7 8.4 186.8±8.0 15.7±8.0 3

2MASS J23205766-0147373 23:20:57.7 -01:47:37.3 41.0 9.4 8.8 8.5 168.6±8.0 26.2±8.0 3

2MASS J23581366-1724338 23:58:13.7 -17:24:33.8 39.1 8.3 7.7 7.4 222.6±4.1 12.8±1.5 3

BPC

2MASS J00172353-6645124 00:17:23.5 -66:45:12.0 36.3 8.6 7.9 7.7 102.9±1.0 -15.0±1.0 3

GJ 3076 01:11:25.4 +15:26:21.0 19.3 9.1 8.5 8.2 192.0±8.0 -130.0±8.0 3

Barta 161 12 01:35:13.9 -07:12:52.0 37.9 9.0 8.4 8.1 93.0±1.7 -48.0±2.2 3, 5

G 271-110 01:36:55.1 -06:47:38.0 24.0 9.7 9.1 8.9 172.6±8.0 -84.2±8.0 3

HIP 10679 02:17:24.7 +28:44:30.0 40.0(a) 6.6 6.4 6.3 98.2±1.0 -67.4±1.0 1

HD 14082 02:17:25.3 +28:44:42.0 39.5(a) 6.0 5.8 5.8 94.3±1.0 -72.2±1.0 1

BD+30 397 b 02:27:28.1 +30:58:41.0 42.4 8.8 8.1 7.9 81.5±4.6 -69.1±3.2 1

AG Tri 02:27:29.3 +30:58:25.0 42.4(a) 7.9 7.2 7.1 80.4±0.9 -70.1±1.3 1

EXO 0235.2-5216 02:36:51.7 -52:03:4.0 28.6 8.4 7.8 7.5 102.2±0.8 1.2±0.8 1, 3

HD 29391 04:37:36.1 -02:28:25.0 29.4(a) 4.7 4.8 4.5 44.2±1.0 -64.4±1.0 1

V1005 Ori 04:59:34.8 +01:47:1.0 24.2(a) 7.1 6.5 6.3 37.5±0.8 -93.5±0.9 1

CD-57 1054 05:00:47.1 -57:15:25.0 26.9(a) 7.1 6.4 6.2 35.5±0.9 74.4±0.9 1

HIP 23418aa 05:01:58.8 +09:58:59.0 37.8(a) 7.2 6.7 6.4 17.2±8.0 -82.0±8.0 1, 3

BD-21 1074b 05:06:49.5 -21:35:4.0 20.2 7.0 6.4 6.1 33.1±2.7 -33.2±2.0 1, 3

2MASS J05200029+0613036 05:20:0.3 +06:13:4.0 67.8 9.3 8.7 8.6 9.4±1.9 -34.7±2.1 1

RX J0520.5+0616 05:20:31.8 +06:16:11.0 71.0 9.2 8.7 8.6 9.5±1.8 -32.8±2.1 1

2MASS J05241914-1601153 05:24:19.1 -16:01:15.0 26.8 8.7 8.1 7.8 16.0±2.5 -34.8±3.5 3

AF Lep 05:27:4.8 -11:54:3.0 27.0(a) 5.3 5.1 4.9 17.7±1.0 -49.5±1.0 1

Beta Pic 05:47:17.1 -51:03:59.0 19.5(a) 3.7 3.5 3.5 4.7±1.0 83.1±1.0 1

2MASS J06131330-2742054 06:13:13.3 -27:42:5.4 29.2 8.0 7.4 7.1 -13.1±1.6 -0.3±1.3 3

AO Men 06:18:28.2 -72:02:41.0 38.6(a) 7.5 7.0 6.8 -6.4±0.9 76.4±0.8 1

2MASS J09133435-7550099 09:13:34.4 -75:50:10.0 62.7 11.9 11.3 11.0 0.0±0.0 0.0±0.0 1

TWA22 10:17:26.9 -53:54:27.0 17.6 8.6 8.1 7.7 -177.0±3.3 -10.3±3.3 1

2MASS J14142141-1521215 14:14:21.4 -15:21:21.5 30.2(a) 7.4 6.8 6.6 -141.1±2.3 -187.9±4.6 3

V343 Nor 15:38:57.5 -57:42:27.0 38.4(a) 6.4 6.0 5.9 -43.6±2.0 -95.6±1.5 1

CD-27 11535 17:15:3.6 -27:49:40.0 87.3 8.2 7.5 7.4 -5.2±0.8 -43.6±0.8 1

V824 Ara 17:17:25.5 -66:57:4.0 31.5(a) 5.3 4.9 4.7 -21.8±1.0 -136.9±1.0 1

HD 155555 c 17:17:31.3 -66:57:6.0 31.5 8.5 7.9 7.6 -11.0±2.0 -143.0±2.0 1

GSC 08350-01924 17:29:20.7 -50:14:53.0 66.3 8.9 8.2 8.0 -5.8±1.5 -62.7±5.1 1, 3

CD-54 7336 17:29:55.1 -54:15:49.0 68.4 7.9 7.5 7.4 -9.8±3.2 -60.0±1.7 1

HD 161460 17:48:33.7 -53:06:43.0 71.0 7.3 6.9 6.8 -3.6±1.0 -58.4±1.3 1

HD 164249 18:03:3.4 -51:38:56.0 48.1(a) 6.2 6.0 5.9 4.0±1.0 -86.5±1.0 1

V4046 Sgr 18:14:10.5 -32:47:33.0 76.9 8.1 7.4 7.2 5.5±1.2 -50.9±1.9 1, 3

GSC 07396-00759 18:14:22.1 -32:46:10.0 95.2 9.4 8.8 8.5 1.9±5.7 -41.2±2.6 1, 3

HD 168210 18:19:52.2 -29:16:33.0 72.4(a) 7.5 7.2 7.1 3.5±1.4 -46.4±1.5 1

2MASS J18420694-5554254 18:42:6.9 -55:54:25.0 51.9 9.5 8.8 8.6 9.7±12.1 -81.2±2.8 3

HD 172555 18:45:26.9 -64:52:17.0 28.6(a) 4.4 4.3 4.3 32.5±1.0 -148.8±1.0 1

CD-64 1208 18:45:37.0 -64:51:46.0 28.6 6.9 6.3 6.1 25.9±8.0 -184.2±8.0 1

Smethells 20 18:46:52.6 -62:10:36.0 52.4 8.7 8.0 7.9 13.6±1.4 -79.4±1.4 1, 3

CD-31 16041 18:50:44.5 -31:47:47.0 53.2 8.3 7.7 7.5 16.4±1.6 -72.8±1.1 1, 3



Chapter 4. New members of the young moving groups 206

ID RA DEC Dist. J H K µα,∗ µδ Mem ref.

hh:mm:ss.s dd:mm:ss.s (pc) (mag.) (mag.) (mag.) (mas/yr) (mas/yr)

PZ Tel 18:53:5.9 -50:10:50.0 51.5(a) 6.9 6.5 6.4 19.1±1.1 -81.8±1.1 1

TYC 6872-1011-1 18:58:4.2 -29:53:5.0 82.6 8.9 8.2 8.0 12.2±1.3 -45.7±2.5 1, 3

CD-26 13904 19:11:44.7 -26:04:9.0 78.9 8.1 7.6 7.4 17.9±1.4 -45.0±1.9 1

Eta Tel 19:22:51.2 -54:25:26.0 48.3(a) 5.1 5.1 5.0 25.6±1.0 -82.7±1.0 1

HD 181327 19:22:58.9 -54:32:17.0 51.8(a) 6.2 6.0 5.9 24.0±1.0 -81.8±1.0 1

2MASS J19233820-4606316 19:23:38.2 -46:06:32.0 72.2 9.1 8.4 8.3 17.2±1.0 -55.0±1.1 3

2MASS J19312434-2134226 19:31:24.3 -21:34:22.6 26.0 8.7 8.1 7.8 58.7±6.2 -109.5±2.3 3

UCAC3 116-474938 19:56:2.9 -32:07:19.0 58.4 9.0 8.3 8.1 35.2±1.8 -59.9±1.5 1, 3

TYC 7443-1102-1 19:56:4.4 -32:07:38.0 56.3 8.7 8.0 7.8 31.9±1.4 -65.1±1.2 1, 3

2MASS J20013718-3313139 20:01:37.2 -33:13:14.0 63.4 9.2 8.5 8.2 27.0±3.2 -58.6±2.0 1, 3

HD 190102 20:04:18.1 -26:19:46.0 46.8(a) 7.0 6.7 6.6 32.3±1.0 -75.1±1.0 1

HD 191089 20:09:5.2 -26:13:26.0 52.3(a) 6.3 6.1 6.1 39.2±1.0 -68.3±1.0 1

2MASS J20100002-2801410 20:10:0.0 -28:01:41.0 48.0 8.7 8.0 7.7 40.7±3.0 -62.0±1.7 3

2MASS J20333759-2556521 20:33:37.6 -25:56:52.1 48.3 9.7 9.1 8.9 52.8±1.7 -75.9±1.3 3

AT Mic S 20:41:51.1 -32:26:10.0 9.5 5.8 5.2 4.9 286.2±8.0 -377.2±8.0 1

AT Mic N 20:41:51.2 -32:26:7.0 9.5(a) 5.8 5.2 4.9 269.3±8.0 -365.7±8.0 1

2MASS J20434114-2433534 A 20:43:41.1 -24:33:53.0 45.1 8.6 8.0 7.8 57.2±1.2 -70.2±1.8 3

2MASS J20434114-2433534 B 20:43:41.1 -24:33:53.0 45.1 8.6 8.0 7.8 57.2±1.2 -70.2±1.8 1

AU Mic 20:45:9.5 -31:20:27.0 9.8 5.4 4.8 4.5 287.8±3.7 -359.0±3.7 1

HD 199143 20:55:47.7 -17:06:51.0 45.7(a) 6.2 5.9 5.8 58.8±1.0 -62.8±1.0 1

AZ Cap 20:56:2.7 -17:10:54.0 47.9 7.8 7.2 7.0 57.6±1.1 -59.9±1.2 1, 3

GSC 06354-00357 21:10:5.3 -19:19:57.0 32.6 8.1 7.4 7.2 0.0±0.0 0.0±0.0 1

2MASS J21100535-1919573 21:10:5.3 -19:19:57.0 32.6 8.1 7.4 7.2 89.0±0.9 -89.9±1.8 3

TYC 2211-1309-1 22:00:41.6 +27:15:14.0 46.6 8.6 7.9 7.7 74.9±1.2 -16.8±0.5 1, 3

CP-72 2713 22:42:48.9 -71:42:21.0 37.3 7.8 7.1 6.9 92.7±0.8 -51.1±0.8 1, 3

WW PsA 22:44:58.0 -33:15:2.0 20.1(a) 7.8 7.2 6.9 178.7±1.0 -123.0±2.0 1

TX PsA 22:45:0.0 -33:15:26.0 20.1 8.7 8.1 7.8 171.1±1.3 -125.2±4.3 1

2MASS J23301341-2023271 23:30:13.4 -20:23:27.1 16.2(a) 7.2 6.6 6.3 314.5±8.0 -208.1±8.0 3

BD-13 6424 23:32:30.9 -12:15:52.0 27.9 7.5 6.8 6.6 137.4±1.0 -81.0±1.0 1, 3

CAR

HD 8813 01:23:25.9 -76:36:42.0 46.5(a) 7.2 6.9 6.8 99.0±0.8 -18.7±0.9 1

WISE J025901.49-423220.4 02:59:1.5 -42:32:20.0 103.3 12.2 11.7 11.4 39.9±4.1 -6.9±4.4 1

CD-65 149 03:06:14.5 -65:21:32.0 90.0 8.6 8.2 8.0 42.6±1.3 7.1±0.8 1

HD 19545 03:07:50.8 -27:49:52.0 54.6(a) 5.9 5.9 5.8 66.3±1.0 -19.1±1.0 1, 2

HD 22213 03:34:16.4 -12:04:7.0 52.4 7.3 7.0 6.8 75.6±2.3 -34.3±1.5 1

CD-45 1384 04:03:53.4 -44:39:32.0 109.1 9.0 8.6 8.5 32.0±1.1 1.2±1.1 1

CD-44 1533 04:22:45.7 -44:32:52.0 103.7 9.0 8.7 8.6 31.2±0.9 4.0±0.9 1

BD-20 951 04:52:49.5 -19:55:2.0 72.4 8.0 7.5 7.3 38.7±0.9 -15.6±0.9 1

HD 269620 05:29:27.1 -68:52:5.0 91.2 8.4 8.2 8.1 21.1±1.4 28.3±1.2 1

AT Col 05:37:5.3 -39:32:26.0 66.2 7.9 7.5 7.3 31.1±1.3 8.0±1.3 1

HD 269921 05:38:34.5 -68:53:7.0 90.8 8.9 8.4 8.4 18.8±1.1 29.5±1.3 1

HD 42270 05:53:29.3 -81:56:53.0 54.0 7.5 7.0 6.9 28.6±1.2 64.2±1.2 1

CD-48 2324 06:28:6.1 -48:26:53.0 141.8 9.5 9.1 9.0 7.3±1.2 11.6±1.2 1

CD-37 2984 06:39:46.7 -37:50:10.0 75.3 9.3 8.8 8.7 11.3±0.7 9.6±0.8 1

CD-52 1641 06:41:12.5 -52:07:39.0 99.2 9.1 8.5 8.5 7.5±0.8 18.9±0.8 1

CD-41 2572 06:45:37.9 -41:12:41.0 80.7 9.2 8.8 8.7 11.4±1.8 10.1±1.7 1

HD 51062 06:53:47.4 -43:06:51.0 94.4(a) 7.5 7.2 7.1 5.5±3.6 11.0±0.9 1

CD-57 1709 07:21:23.7 -57:20:37.0 100.5 9.2 8.8 8.7 0.8±1.0 22.1±0.8 1

CD-42 3328 07:33:21.2 -42:55:42.0 125.1 9.9 9.6 9.4 -2.9±1.0 9.1±0.9 1

CD-60 1850 07:43:42.9 -61:07:17.0 91.0 9.2 8.7 8.5 2.2±1.3 26.4±1.3 1

HIP 38712 07:55:31.4 +08:51:47.0 39.0(a) 5.1 5.0 5.0 -7.4±1.0 -89.9±1.0 1

TYC 8557-1251-1 07:55:31.6 -54:36:51.0 123.0 9.8 9.3 9.2 -1.7±1.2 16.5±2.5 1

2MASS J08110934-5555563 08:11:9.3 -55:55:56.0 129.0 9.9 9.5 9.4 -5.9±1.0 15.7±1.2 1

BD-07 2388 08:13:51.0 -07:38:25.0 42.6 7.6 7.1 6.9 -23.7±1.5 -46.0±1.1 1

CD-38 4458 08:26:10.0 -39:02:5.0 142.8 9.0 8.7 8.6 -6.4±1.1 7.2±1.1 1

CP-54 1712 08:37:10.9 -55:18:10.0 180.8 9.8 9.4 9.4 -5.9±1.0 10.6±1.8 1

CD-61 2010 08:42:0.5 -62:18:26.0 121.4 9.4 9.0 8.8 -10.2±0.8 18.6±0.8 1
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ID RA DEC Dist. J H K µα,∗ µδ Mem ref.

hh:mm:ss.s dd:mm:ss.s (pc) (mag.) (mag.) (mag.) (mas/yr) (mas/yr)

CD-75 392 08:50:5.4 -75:54:38.0 91.4 9.3 8.8 8.7 -15.1±1.5 33.1±0.9 1

CD-53 2515 08:51:56.4 -53:55:57.0 137.1 9.3 8.9 8.7 -11.7±1.0 11.3±1.0 1

2MASS J08521921-6004443 08:52:19.2 -60:04:44.0 163.9 9.9 9.5 9.4 -6.5±1.6 13.2±1.3 1

2MASS J08563149-5700406 08:56:31.5 -57:00:41.0 191.6 10.3 9.9 9.8 -8.2±1.4 8.9±2.7 1

TYC 8582-3040-1 08:57:45.6 -54:08:37.0 143.2 9.9 9.5 9.3 -11.9±1.8 10.4±2.3 1

CD-49 4008 08:57:52.2 -49:41:51.0 102.9 9.1 8.8 8.6 -17.3±0.9 10.9±0.8 1

CD-54 2499 08:59:28.7 -54:46:49.0 109.5 8.8 8.5 8.4 -15.9±1.3 14.0±1.2 1

CD-55 2543 09:09:29.4 -55:38:27.0 115.2 8.8 8.5 8.4 -14.8±1.4 14.8±1.8 1

TYC 8174-1586-1 09:11:15.8 -50:14:15.0 117.2 10.2 9.6 9.5 -15.9±8.3 10.7±2.3 1

CD-54 2644 09:13:16.9 -55:29:3.0 131.7 8.9 8.5 8.4 -15.0±1.9 10.3±1.9 1

HD 309751 09:31:44.7 -65:14:53.0 141.6 8.8 8.5 8.4 -13.1±1.8 14.6±1.2 1

CD-48 4797 09:33:14.3 -48:48:33.0 47.0 8.9 8.3 8.1 -46.6±1.4 23.0±1.6 1, 3

CP-62 1293 09:43:8.8 -63:13:4.0 69.4 9.0 8.7 8.6 -33.1±1.1 26.9±1.0 1

TYC 9217-417-1 09:59:57.7 -72:21:47.0 83.6 9.5 8.9 8.7 -28.3±1.1 27.8±1.0 1

BD-19 3018 10:27:37.3 -20:27:11.0 60.2 8.4 8.0 7.9 -51.5±1.2 -24.5±3.0 1

CD-69 783 10:41:23.0 -69:40:43.0 86.5 8.9 8.5 8.4 -33.5±1.6 19.5±1.6 1

TYC 8962-1747-1 11:08:7.9 -63:41:47.0 88.2 9.1 8.5 8.3 -37.1±1.9 8.3±1.9 1

HD 107722 12:23:29.0 -77:40:51.0 59.0 7.4 7.2 7.1 -65.7±0.9 11.8±0.9 1

HD 152598 16:52:58.1 +31:42:6.0 29.2(a) 4.7 4.5 4.6 -90.8±1.0 -17.3±1.0 1

TYC 9486-927-1 21:25:27.5 -81:38:28.0 36.3 8.2 7.6 7.3 58.9±1.5 -109.4±1.0 1

BD-03 5579 23:09:37.1 -02:25:55.0 63.0 8.6 8.0 7.8 55.7±1.8 -45.1±1.6 1

COL

HD 984 00:14:10.2 -07:11:57.0 47.2(a) 6.4 6.2 6.1 102.8±1.0 -66.4±1.0 1, 2

BD+17 232 01:37:39.4 +18:35:33.0 65.1 7.5 6.9 6.7 68.6±0.8 -47.3±0.6 1

CD-52 381 01:52:14.6 -52:19:33.0 83.4 9.1 8.5 8.4 51.3±1.2 -6.7±1.1 1

BD-16 351 02:01:35.6 -16:10:1.0 80.9 8.6 8.1 8.0 53.5±1.5 -30.3±1.9 1

CD-53 386 02:01:53.7 -52:34:53.0 106.9 9.2 8.7 8.6 38.5±2.0 -10.0±1.4 1

CD-44 753 02:30:32.4 -43:42:23.0 51.3 8.0 7.4 7.2 80.3±0.9 -13.3±0.9 1, 3, 5

HD 16754 02:39:48.0 -42:53:30.0 45.5(a) 4.7 4.6 4.5 88.2±1.0 -17.8±1.0 1, 2

TYC 8862-19-1 02:58:4.0 -62:41:14.0 92.6 9.6 9.0 8.9 40.5±1.5 5.5±1.0 1

BD-11 648 03:21:49.7 -10:52:18.0 128.1 9.8 9.4 9.3 31.0±1.2 -14.5±1.6 1

GSC 08499-00304 03:24:15.0 -59:01:13.0 92.9 9.5 8.9 8.7 37.5±1.1 9.6±1.1 1, 3

CD-36 1289 03:25:51.9 -35:56:26.0 107.5 8.6 8.2 8.1 34.6±1.0 -1.8±1.0 1

HD 21423 03:25:55.8 -35:55:15.0 107.5(a) 6.2 6.2 6.2 36.3±1.0 -4.4±1.0 1

HD 21434 03:25:59.0 -35:57:30.0 107.8 6.7 6.6 6.6 34.2±2.0 -5.1±2.0 1

V1221 Tau 03:28:15.0 +04:09:48.0 81.5 8.0 7.6 7.4 46.9±0.9 -33.8±0.7 1

HD 21997 03:31:53.6 -25:36:51.0 71.9(a) 6.2 6.1 6.1 53.9±1.0 -14.9±1.0 1

HIP 17248 03:41:37.3 +55:13:7.0 35.4(a) 8.3 7.6 7.5 95.7±0.8 -119.2±1.0 1, 2

HD 23384 03:47:10.6 +51:42:23.0 57.5(a) 6.2 6.1 6.1 60.2±1.0 -74.6±1.0 1

TYC 65-1471-1 03:48:58.8 +01:10:54.0 111.1 8.9 8.4 8.3 33.6±1.0 -20.9±0.8 1

BD-04 700 03:57:37.2 -04:16:16.0 106.5 9.2 8.8 8.8 33.7±1.3 -18.0±1.4 1

HD 26980 04:14:22.6 -38:19:2.0 80.7(a) 7.9 7.7 7.6 38.6±0.9 3.0±0.8 1

HD 27679 04:21:10.3 -24:32:21.0 78.0 8.2 7.9 7.8 38.3±0.9 -6.9±1.1 1

CD-43 1395 04:21:48.7 -43:17:33.0 141.0 8.9 8.5 8.4 20.5±0.9 4.9±1.0 1

2MASS J04240094-5512223 04:24:0.9 -55:12:22.0 66.4 9.8 9.2 8.9 42.4±2.1 17.2±2.1 1, 3, 5

CD-44 1568 04:27:20.5 -44:20:39.0 86.2 9.2 8.7 8.6 32.5±1.1 4.6±1.1 1

CD-36 1785 04:34:50.8 -35:47:21.0 80.1 9.3 8.8 8.6 33.4±0.9 0.4±0.9 1

BD+08 742 04:42:32.1 +09:06:1.0 105.6 9.6 9.2 9.1 26.7±0.8 -27.8±1.1 1

HD 30447 04:46:49.5 -26:18:9.0 80.1(a) 7.1 7.0 6.9 30.5±1.1 -2.4±1.8 1

2MASS J04515303-4647309 04:51:53.0 -46:47:31.0 77.5 9.8 9.1 8.9 30.5±1.5 12.2±1.5 1, 3, 5

HD 31242 N 04:51:53.5 -46:47:13.0 68.1 8.5 8.2 8.2 33.5±1.1 16.1±1.3 1

HD 272836 04:53:5.2 -48:44:39.0 78.6 8.9 8.4 8.2 29.3±0.9 14.9±0.9 1

BD-08 995 04:58:48.6 -08:43:40.0 86.8 8.8 8.5 8.3 25.2±1.3 -22.4±1.2 1

HD 31647 b 04:59:15.4 +37:53:30.0 52.4 7.0 5.9 5.9 46.3±2.5 -97.8±2.5 1

HD 31647 a 04:59:15.4 +37:53:25.0 52.4(a) 4.9 5.0 4.9 46.3±1.0 -97.8±1.0 1, 2

HD 32372 05:00:51.9 -41:01:7.0 76.3(a) 8.1 7.9 7.8 33.4±0.8 10.7±0.9 1

HD 32309 05:01:25.6 -20:03:7.0 60.6(a) 5.0 5.0 5.0 36.4±1.0 -16.5±1.0 1, 2
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ID RA DEC Dist. J H K µα,∗ µδ Mem ref.

hh:mm:ss.s dd:mm:ss.s (pc) (mag.) (mag.) (mag.) (mas/yr) (mas/yr)

AS Col 05:20:38.0 -39:45:18.0 48.3(a) 6.4 6.2 6.1 38.4±1.0 13.1±1.0 1

CD-43 1846 05:26:23.0 -43:22:36.0 84.7(a) 8.1 7.9 7.8 21.2±1.3 10.3±2.9 1

HD 35996 05:26:24.0 -43:22:33.0 71.4(a) 7.4 7.3 7.2 23.8±1.2 12.9±1.0 1

HD 35841 05:26:36.6 -22:29:24.0 94.0 8.0 7.8 7.8 18.0±0.8 -7.9±1.0 1

HD 274561 05:28:55.1 -45:34:58.0 86.8 9.6 9.1 9.0 19.2±1.0 13.8±1.0 1

HD 36329 05:29:24.1 -34:30:56.0 70.9(a) 7.3 7.1 6.9 25.8±0.8 5.9±0.8 1

AG Lep 05:30:19.1 -19:16:32.0 115.1 8.4 8.0 7.9 14.1±1.5 -7.3±1.2 1

AH Lep 05:34:9.2 -15:17:3.0 61.3 7.2 7.0 6.9 26.4±1.3 -24.1±1.2 1, 2

HD 37286 05:36:10.3 -28:42:29.0 52.9(a) 6.0 5.9 5.9 25.8±1.0 -3.0±1.0 1, 2

HD 37484 05:37:39.6 -28:37:35.0 56.8(a) 6.5 6.3 6.3 24.3±1.0 -4.1±1.0 1, 2

TYC 119-1242-1 05:37:45.3 +02:30:57.0 70.8 9.0 8.4 8.3 18.6±3.7 -39.8±2.0 1

TYC 119-497-1 05:37:46.5 +02:31:26.0 67.0 9.0 8.4 8.2 21.8±2.4 -41.4±1.3 1

BD-08 1195 05:38:35.0 -08:56:40.0 82.0 8.5 8.1 8.0 16.7±0.9 -22.3±1.6 1

CD-34 2406 05:42:34.3 -34:15:42.0 89.8 9.2 9.0 8.7 14.6±1.5 7.0±0.9 1

HD 38207 05:43:21.0 -20:11:21.0 86.3 7.7 7.5 7.5 17.4±1.4 -6.2±1.5 1

HD 38206 05:43:21.7 -18:33:27.0 75.2(a) 5.8 5.8 5.8 18.9±1.0 -14.0±1.0 1

HD 38397 05:43:35.8 -39:55:25.0 55.3(a) 7.1 6.8 6.8 25.8±1.1 13.1±1.2 1, 2

CD-38 2198 05:45:16.3 -38:36:49.0 134.1 9.6 9.2 9.1 10.7±1.1 5.7±1.7 1

CD-29 2531 05:50:21.4 -29:15:21.0 107.8 9.6 9.2 9.1 11.6±1.0 2.1±0.8 1

CD-52 1363 05:51:1.2 -52:38:13.0 110.5 9.1 8.7 8.6 10.1±1.5 17.2±0.9 1

HD 40216 05:55:43.2 -38:06:16.0 54.4(a) 6.5 6.3 6.2 20.5±1.0 9.3±1.0 1

RT Pic 06:00:41.3 -44:53:50.0 52.6(a) 7.7 7.4 7.3 17.4±0.9 21.3±0.9 1, 2

V1358 Ori 06:19:8.1 -03:26:20.0 49.2(a) 6.8 6.6 6.6 10.4±0.4 -43.3±0.4 1

AB Pic 06:19:12.9 -58:03:16.0 46.1(a) 7.6 7.1 7.0 16.2±0.8 45.7±0.8 1

CD-40 2458 06:26:6.9 -41:02:54.0 94.5 8.5 8.2 8.0 5.0±1.2 11.3±1.3 1

TYC 4810-181-1 06:31:55.2 -07:04:59.0 87.5 9.8 9.2 9.1 7.0±2.0 -19.2±1.6 1

HD 295290 06:40:22.3 -03:31:59.0 60.2 7.4 7.0 7.0 3.4±1.0 -37.9±0.7 1

HD 48370 06:43:1.0 -02:53:19.0 34.1 6.7 6.4 6.3 14.5±0.6 -71.0±1.1 1

HD 49855 06:43:46.2 -71:58:35.0 58.1(a) 7.7 7.4 7.3 4.6±0.9 60.9±0.8 1

CD-36 3202 06:52:46.7 -36:36:17.0 101.5 9.4 8.9 8.7 -1.6±0.9 6.2±0.8 1

TYC 9178-284-1 06:55:25.2 -68:06:21.0 108.3 9.7 9.1 8.9 1.2±1.0 26.4±1.4 1

HD 51797 06:56:23.5 -46:46:55.0 77.7 8.4 7.9 7.8 -1.6±1.0 18.5±0.9 1

HD 55279 07:00:30.5 -79:41:46.0 58.8(a) 8.3 7.8 7.7 1.9±0.9 59.8±0.9 1

CD-39 3026 07:01:51.8 -39:22:4.0 119.9 9.9 9.4 9.3 -0.1±0.8 7.9±0.8 1

CD-63 408 08:24:6.0 -63:34:3.0 118.6 8.6 8.2 8.1 -13.7±1.1 18.2±1.6 1

V479 Car 09:23:35.0 -61:11:36.0 87.7(a) 8.6 8.1 8.0 -24.5±2.5 12.7±1.3 1

CP-52 2481 09:32:26.1 -52:37:40.0 101.9 9.4 9.0 8.8 -26.8±1.5 6.9±2.0 1

HD 298936 10:13:14.8 -52:30:54.0 50.5 7.9 7.4 7.2 -60.9±1.5 13.9±0.8 1

BD+44 3670 21:00:47.0 +45:30:10.0 57.8 7.3 7.0 6.9 39.2±1.1 8.6±0.5 1, 2

TYC 1158-1185-1 S 22:42:48.8 +13:30:54.0 50.2 8.6 8.0 8.0 72.8±1.3 -41.0±1.5 1

TYC 1158-1185-1 N 22:42:48.9 +13:30:53.0 50.2 8.6 8.0 8.0 72.8±1.3 -41.0±1.5 1, 3

V342 Peg 23:07:28.7 +21:08:3.0 39.4(a) 5.4 5.3 5.2 107.9±1.0 -49.6±1.0 1, 2

HD 222439 23:40:24.5 +44:20:2.0 51.6(a) 4.6 4.6 4.6 80.7±1.0 -18.7±1.0 1, 2

ECH

EG Cha 08:36:56.2 -78:56:46.0 108.7 8.2 7.5 7.3 -26.8±1.0 25.2±1.1 1

RX J0902.9-7759 09:02:51.3 -77:59:35.0 100.0 10.1 9.5 9.2 -33.9±1.7 22.0±1.7 1

2MASS J09053087-8134572 09:05:30.9 -81:34:57.0 93.9 12.2 11.6 11.3 -35.2±9.6 27.2±9.6 1

2MASS J09152912-7608471 09:15:29.1 -76:08:47.0 117.5 9.3 8.7 8.5 -28.2±1.3 18.7±1.4 1

2MASS J09345604-7804193 09:34:56.1 -78:04:19.0 121.6 9.8 9.1 8.9 -27.5±1.4 18.3±1.3 1

RX J1005.3-7749 10:05:20.0 -77:48:42.0 91.6 9.8 9.1 8.9 -44.4±1.9 10.1±1.9 1

DZ Cha 11:49:31.9 -78:51:1.0 102.7 9.4 8.7 8.5 -41.1±4.3 -9.4±1.7 1, 3

T Cha 11:57:13.5 -79:21:32.0 107.5 9.0 7.9 7.0 -39.9±3.6 -7.1±1.3 1

EE Cha 11:58:35.2 -77:49:31.0 108.7(a) 6.3 6.2 6.1 -42.0±1.0 -9.1±1.0 1

Eps Cha 11:59:37.6 -78:13:19.0 111.1(a) 5.0 5.0 5.0 -41.2±1.0 -8.5±1.0 1

HIP 58490 11:59:42.3 -76:01:26.0 101.0(a) 9.1 8.5 8.3 -39.5±1.5 -6.1±1.8 1

2MASS J12000511-7811346 12:00:5.0 -78:11:34.0 111.1 5.8 5.2 4.6 -39.0±1.0 -5.7±1.0 1

DX Cha 12:00:5.1 -78:11:35.0 115.0(a) 5.8 5.2 4.6 -39.0±1.0 -5.7±1.0 1
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ID RA DEC Dist. J H K µα,∗ µδ Mem ref.

hh:mm:ss.s dd:mm:ss.s (pc) (mag.) (mag.) (mag.) (mas/yr) (mas/yr)

HD 104467 12:01:39.1 -78:59:17.0 106.5 7.3 7.0 6.8 -40.7±1.1 -5.5±1.0 1

2MASS J12020369-7853012 12:02:3.8 -78:53:1.0 110.5 9.2 8.5 8.3 -39.0±5.3 -5.8±1.7 1

2MASS J12043615-7731345 12:04:36.2 -77:31:35.0 116.9 9.8 9.1 8.9 -36.8±1.6 -1.7±1.6 1

HD 105923 12:11:38.1 -71:10:36.0 117.1 7.7 7.3 7.2 -36.9±1.7 -8.1±1.1 1

2MASS J12164593-7753333 12:16:46.0 -77:53:33.0 116.3 10.1 9.5 9.2 -36.1±1.6 -9.9±1.6 1

2MASS J12194369-7403572 12:19:43.8 -74:03:57.0 108.9 9.7 9.0 8.9 -40.1±1.9 -6.6±1.9 1

RX J1220.4-7407 12:20:21.9 -74:07:39.0 114.8 9.3 8.6 8.4 -37.8±1.8 -6.1±1.8 1

CD-74 712 12:39:21.3 -75:02:39.0 108.6 8.4 8.0 7.8 -38.9±1.5 -13.7±1.6 1

TYC 9245-535-1 12:56:8.4 -69:26:54.0 119.3 8.9 8.2 8.0 -34.9±2.6 -15.3±3.3 1

CD-69 1055 12:58:25.6 -70:28:49.0 106.7 8.2 7.7 7.5 -39.4±1.6 -17.4±1.1 1

MP Mus 13:22:7.5 -69:38:12.0 106.1 8.3 7.6 7.3 -39.1±1.2 -19.9±1.6 1

OCT

2MASS J00530603-8250259 00:53:6.0 -82:50:25.9 129.0 10.1 9.5 9.3 22.2±1.2 22.1±1.2 4

CD-50 245 00:55:25.3 -49:56:57.0 65.6 8.7 8.4 8.3 38.2±1.3 27.8±1.1 1

CD-46 287 01:01:16.7 -45:56:37.0 78.0 9.4 8.9 8.7 32.0±0.8 21.9±1.7 1

HIP 10670 02:17:18.9 +33:50:50.0 34.5(a) 3.8 3.9 4.0 45.7±1.0 -52.2±1.0 1

CD-41 702 02:29:0.3 -41:07:33.0 59.9 9.0 8.5 8.3 23.1±1.0 34.8±0.9 1

HIP 16095 03:27:18.7 +12:44:7.0 87.7(a) 6.3 6.3 6.3 10.4±1.0 -7.6±1.0 1

2MASS J03302115-6412207 03:30:21.1 -64:12:20.7 121.0 12.1 11.5 11.3 8.7±6.2 26.0±6.1 4

HD 23208 03:42:39.8 -20:32:44.0 50.3(a) 7.7 7.3 7.2 3.2±1.6 26.4±1.6 1

2MASS J04085395-7203535 04:08:54.0 -72:03:53.5 89.0 10.8 10.2 9.9 -4.6±2.2 38.6±2.0 4

HIP 19496 04:10:35.8 +25:21:45.0 98.0(a) 8.2 8.0 7.9 2.8±0.7 -19.5±0.5 1

2MASS J04105436-6924209 04:10:54.4 -69:24:20.9 89.0 11.4 10.8 10.5 -4.8±3.2 36.0±3.3 4

CD-58 860 04:11:55.7 -58:01:47.0 87.1 8.8 8.5 8.4 -4.0±1.4 32.8±2.4 1

2MASS J04224274-6137581 04:22:42.7 -61:37:58.1 98.0 11.7 11.1 10.9 -4.3±2.5 31.1±2.4 4

CD-43 1451 04:30:27.3 -42:48:47.0 122.8 9.3 8.9 8.7 0.3±0.8 19.2±0.8 1

EX Eri 04:46:25.7 -28:05:15.0 56.2(a) 5.8 5.7 5.7 -4.5±1.0 17.5±1.0 1

2MASS J04593927-3426546 04:59:39.3 -34:26:54.6 86.0 11.2 10.5 10.2 -14.7±1.8 21.8±1.8 4

2MASS J05015289-6101308 05:01:52.9 -61:01:30.8 120.0 11.5 10.9 10.6 -7.2±2.3 24.4±2.2 4

2MASS J05060048-4545196 05:06:0.5 -45:45:19.6 116.0 12.0 11.4 11.2 -9.5±3.0 20.1±3.9 4

CD-72 248 05:06:50.6 -72:21:12.0 145.8 9.2 8.8 8.7 -6.1±1.1 21.3±1.2 1

2MASS J05181994+0829132 05:18:20.0 +08:29:13.0 88.3 9.6 9.0 8.9 -6.3±2.1 -9.9±1.2 1

2MASS J05184173-4907129 05:18:41.7 -49:07:12.9 136.0 11.2 10.5 10.4 -12.1±1.6 13.6±1.6 4

HD 274576 05:28:51.4 -46:28:19.0 117.1 9.3 8.9 8.8 -11.3±1.0 19.5±1.1 1

2MASS J05321635-4132446 05:32:16.4 -41:32:44.6 141.0 11.4 10.7 10.5 -5.4±5.1 17.6±16.9 4

BD-20 1111 05:32:29.3 -20:43:33.0 129.7 9.1 8.7 8.7 -9.8±1.3 8.3±1.5 1

2MASS J05410719-2409179 05:41:7.2 -24:09:17.9 111.0 10.9 10.3 10.2 -8.1±1.6 11.0±1.6 4

CD-47 1999 05:43:32.1 -47:41:11.0 166.7 9.0 8.8 8.6 -8.2±0.9 14.5±0.8 1

2MASS J05541279-4044059 05:54:12.8 -40:44:5.9 143.0 12.5 11.8 11.6 -11.3±5.6 11.1±5.3 4

2MASS J05581182-3500496 05:58:11.8 -35:00:49.0 105.8 9.8 9.5 9.4 -14.6±1.0 17.2±1.2 1

2MASS J05584222-5639409 05:58:42.2 -56:39:40.9 138.0 11.8 11.2 11.0 -11.1±2.7 18.7±2.6 4

2MASS J06002910-5531015 06:00:29.1 -55:31:1.5 126.0 11.8 11.2 10.9 -12.6±2.8 15.4±2.7 4

CD-49 2037 06:03:35.4 -49:11:26.0 173.8 9.7 9.2 9.1 -10.1±3.7 13.2±2.4 1

2MASS J06055373-2541242 06:05:53.7 -25:41:24.2 110.0 11.7 11.1 10.8 -13.4±2.5 14.9±2.8 4

2MASS J06124600-3836083 06:12:46.0 -38:36:8.3 85.0 11.7 11.1 10.9 -23.5±3.2 18.3±3.1 4

2MASS J06204718-3619482 06:20:47.2 -36:19:48.2 116.0 10.0 9.4 9.2 -15.5±1.5 12.6±1.5 4

2MASS J06205027-7905195 06:20:50.3 -79:05:19.5 130.0 10.7 10.1 9.8 -16.6±1.9 22.1±1.8 4

CD-66 395 06:25:12.4 -66:29:10.0 126.1 9.5 9.1 9.0 -12.8±1.4 22.1±1.3 1

CD-30 3394N 06:40:4.9 -30:33:3.0 137.1 8.8 8.6 8.6 -16.1±1.6 10.3±1.2 1

CD-30 3394S 06:40:5.7 -30:33:9.0 137.1 8.8 9.2 8.7 -13.4±1.4 9.3±1.2 1

2MASS J06434892-5130461 06:43:48.9 -51:30:46.1 140.0 12.0 11.3 11.1 -15.6±2.2 18.2±2.4 4

2MASS J06555474-4046498 06:55:54.7 -40:46:49.8 132.0 11.7 11.1 10.9 -17.5±3.1 9.9±2.9 4

2MASS J07402971-7148232 07:40:29.7 -71:48:23.0 168.9 9.7 9.2 9.1 -15.2±1.8 12.4±2.2 1

2MASS J08145586-7613014 08:14:55.9 -76:13:1.4 139.0 11.2 10.5 10.4 -22.9±1.9 10.1±1.9 4

2MASS J16405331-7234127 16:40:53.3 -72:34:12.7 134.0 12.7 12.1 11.9 -17.4±-5.7 8.7±8.7 4

BD-18 4452N 17:13:11.6 -18:34:25.0 16.7 7.3 6.7 6.5 44.0±3.5 -67.1±4.4 1

2MASS J17214553-8026396 17:21:45.5 -80:26:39.6 162.0 12.3 11.7 11.5 8.2±4.2 -20.9±4.5 4
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ID RA DEC Dist. J H K µα,∗ µδ Mem ref.

hh:mm:ss.s dd:mm:ss.s (pc) (mag.) (mag.) (mag.) (mas/yr) (mas/yr)

2MASS J17325153-7336111 17:32:51.5 -73:36:11.1 167.0 10.6 10.0 9.8 9.1±1.9 -20.4±1.8 4

HD 155177 17:42:9.0 -86:08:5.0 132.0 7.9 7.7 7.6 11.5±1.1 -22.5±0.9 1

BD+01 3657 18:22:17.2 +01:42:25.0 26.8(a) 7.6 7.0 6.9 83.2±0.9 -19.8±0.5 1

2MASS J18494869-7157100 18:49:48.7 -71:57:10.0 147.1 9.3 8.9 8.7 7.9±3.6 -16.5±5.4 1

CP-79 1037 19:47:3.9 -78:57:43.0 150.8 9.8 9.4 9.3 16.1±3.4 -14.3±1.7 1

CP-82 784 19:53:56.8 -82:40:42.0 132.7 9.2 8.8 8.6 21.3±0.9 -13.2±0.9 1

2MASS J19545336-6450090 19:54:53.4 -64:50:9.0 166.0 10.7 10.0 9.8 15.8±2.1 -13.8±2.2 4

2MASS J19545407-6450343 19:54:54.1 -64:50:34.3 181.0 11.2 10.5 10.3 16.9±2.3 -9.1±2.3 4

2MASS J20293579-6317079 20:29:35.8 -63:17:7.9 140.0 10.8 10.2 10.0 23.4±1.7 -12.3±1.6 4

2MASS J20410187-7813502 20:41:1.9 -78:13:50.2 157.0 11.4 10.8 10.6 23.0±6.2 -5.1±5.4 4

HIP 102218 20:42:40.6 -10:58:11.0 67.6(a) 6.9 6.7 6.7 37.0±1.1 -6.2±1.3 1

HD 197157 20:44:2.3 -51:55:15.0 24.2(a) 3.9 3.7 3.8 155.9±1.0 -53.6±1.0 1

CD-33 15436 21:11:55.2 -32:58:37.0 54.8 8.9 8.4 8.3 61.3±0.8 -11.5±1.2 1

2MASS J22540018-7807039 22:54:0.2 -78:07:3.9 99.0 10.6 9.9 9.8 37.0±2.0 11.0±2.0 4

HK Aqr 23:08:19.6 -15:24:36.0 31.6(a) 8.0 7.3 7.1 107.7±1.7 -19.3±1.0 1

EQ Peg B 23:31:52.6 +19:56:14.0 6.1 7.1 6.6 6.3 -78.1±6.3 108.4±6.3 1

CD-87 121 23:58:17.7 -86:26:24.0 109.3 8.5 8.1 8.0 26.4±1.0 16.0±0.8 1

THA

HD 105 00:05:52.5 -41:45:11.0 39.4(a) 6.5 6.2 6.1 97.5±1.0 -76.3±1.0 1

HD 987 00:13:53.0 -74:41:18.0 44.5(a) 7.4 7.1 7.0 78.1±1.3 -51.3±1.3 1

HD 1466 00:18:26.1 -63:28:39.0 41.5(a) 6.5 6.2 6.1 89.4±1.0 -59.5±1.0 1

HIP 1910 00:24:9.0 -62:11:4.0 43.7(a) 8.4 7.7 7.5 82.6±2.7 -51.1±0.8 1, 5

CT Tuc 00:25:14.7 -61:30:48.0 44.6(a) 8.6 7.9 7.7 84.7±1.9 -54.8±1.2 1, 5

HD 2884 00:31:32.7 -62:57:30.0 41.5(a) 4.7 4.7 4.5 83.6±1.0 -54.8±1.0 1

HD 2885 00:31:33.5 -62:57:56.0 42.5(a) 4.3 4.2 4.1 94.0±1.0 -46.3±1.0 1

HD 3003 00:32:43.9 -63:01:53.0 45.5(a) 5.1 5.2 5.0 86.7±1.0 -50.3±1.0 1

HD 3221 00:34:51.2 -61:54:58.0 43.9(a) 7.3 6.7 6.5 83.7±1.3 -50.2±0.8 1, 5

CD-78 24 00:42:20.3 -77:47:40.0 50.1 8.2 7.7 7.5 77.6±0.9 -30.4±1.2 1, 5

HD 8558 01:23:21.3 -57:28:51.0 49.5(a) 7.2 6.9 6.8 89.1±0.8 -38.9±0.7 1

CC Phe 01:28:8.7 -52:38:19.0 36.0(a) 7.4 6.9 6.8 103.7±0.7 -44.1±0.7 1

2MASS J01521830-5950168 01:52:18.3 -59:50:17.0 37.9 8.9 8.3 8.1 109.2±1.8 -25.7±1.8 1, 3, 5

DK Cet 01:57:49.0 -21:54:5.0 40.8(a) 6.9 6.6 6.5 103.9±0.9 -47.8±0.9 1

HD 12894 02:04:35.1 -54:52:54.0 47.8(a) 5.7 5.5 5.4 75.7±1.0 -25.1±1.0 1

HD 13183 02:07:18.1 -53:11:56.0 51.1(a) 7.3 7.0 6.9 88.2±1.4 -23.5±1.1 1

HD 13246 02:07:26.1 -59:40:46.0 44.2 6.5 6.3 6.2 91.1±1.0 -18.3±1.0 1

CD-60 416 02:07:32.2 -59:40:21.0 43.2 8.3 7.7 7.5 94.4±1.9 -21.8±1.8 1, 5

HD 14228 02:16:30.6 -51:30:43.0 47.2(a) 4.0 4.0 4.1 90.7±1.0 -22.0±1.0 1

HD 16978 02:39:35.4 -68:16:1.0 46.6(a) 4.4 4.4 4.3 86.8±1.0 -0.2±1.0 1

CD-53 544 02:41:46.8 -52:59:52.0 41.4 7.6 6.9 6.8 97.4±1.3 -13.1±1.1 1, 3, 5

CD-58 553 02:42:33.0 -57:39:37.0 48.5 8.6 8.0 7.8 82.7±0.9 -8.3±1.7 1, 3, 5

HD 17250 02:46:14.6 +05:35:33.0 54.3(a) 6.9 6.6 6.5 75.4±0.8 -44.6±0.5 1, 2

HD 20121 a 03:12:25.8 -44:25:11.0 42.6(a) 5.1 4.9 4.8 82.7±1.0 -2.6±1.0 1, 2

HD 20385 03:16:40.7 -03:31:49.0 49.2(a) 6.5 6.2 6.1 78.6±1.0 -43.8±1.0 1

CD-35 1167 03:19:8.7 -35:07:0.0 44.6 8.6 7.9 7.7 86.4±1.3 -21.0±1.0 1, 3, 5

CD-46 1064 03:30:49.1 -45:55:57.0 42.2 7.8 7.3 7.1 88.8±1.2 -5.0±1.1 1

CD-44 1173 03:31:55.7 -43:59:14.0 44.0 8.3 7.7 7.5 85.0±1.4 -8.2±1.9 1, 3, 5

HD 22705 03:36:53.4 -49:57:29.0 43.3(a) 6.5 6.3 6.1 89.7±1.0 0.3±1.0 1

HD 24636 03:48:11.5 -74:41:39.0 54.0(a) 6.4 6.2 6.1 63.5±1.0 24.9±1.0 1, 2

HD 24701 03:48:35.9 -37:37:13.0 50.7(a) 3.9 4.6 4.8 75.8±1.0 -10.7±1.0 1, 2

HD 25042 04:00:32.0 -41:44:54.0 48.5(a) 7.2 6.9 6.9 69.1±0.9 1.2±1.8 1

BD-15 705 04:02:16.5 -15:21:30.0 52.9 8.2 7.7 7.6 66.7±1.5 -28.2±1.3 5

BD-12 943 04:36:47.1 -12:09:21.0 62.3 8.3 7.9 7.8 50.4±2.7 -22.7±1.5 1

HD 29615 04:38:43.9 -27:02:2.0 56.2(a) 7.3 7.0 6.9 49.7±1.7 -9.7±1.3 1

TYC 8083-455-1 04:48:0.7 -50:41:26.0 54.8 8.7 8.1 7.9 53.1±2.1 15.7±2.3 1, 3, 5

HD 32195 04:48:5.2 -80:46:45.0 61.0(a) 7.2 7.0 6.9 46.2±0.8 41.6±0.9 1

BD-19 1062 04:59:32.0 -19:17:42.0 64.1 8.8 8.2 8.1 43.7±0.9 -13.4±1.0 1

BD-09 1108 05:15:36.5 -09:30:51.0 77.5 8.5 8.2 8.1 31.7±1.2 -20.0±1.3 1
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ID RA DEC Dist. J H K µα,∗ µδ Mem ref.

hh:mm:ss.s dd:mm:ss.s (pc) (mag.) (mag.) (mag.) (mas/yr) (mas/yr)

CD-30 2310 05:18:29.0 -30:01:32.0 66.2 9.1 8.4 8.3 37.4±0.9 1.6±1.0 1

TYC 8098-414-1 05:33:25.6 -51:17:13.0 51.6 9.0 8.4 8.2 43.8±2.1 25.1±2.1 1, 3, 5

CD-27 2520 05:49:6.6 -27:33:56.0 74.3 8.8 8.4 8.3 26.0±1.2 3.2±1.1 1

HD 47875 06:34:41.0 -69:53:6.0 68.4 7.8 7.4 7.3 18.7±1.1 40.9±1.3 1

HD 53842 06:46:13.5 -83:59:30.0 55.8(a) 6.6 6.4 6.3 19.7±1.0 61.6±1.0 1

HD 86356 09:51:50.7 -79:01:38.0 74.5 8.6 8.1 8.0 -26.7±0.8 38.1±0.8 1

2MASS J10010873-7913074 10:01:8.8 -79:13:8.0 75.1 10.1 9.4 9.2 -25.7±1.5 38.5±1.6 1

2MASS J11401658-8321003 11:40:16.6 -83:21:0.0 74.2 9.3 8.7 8.6 -41.6±1.1 27.5±1.1 1

HD 193924 20:25:38.9 -56:44:6.0 54.9(a) 2.3 2.5 2.5 6.9±1.0 -86.0±1.0 1

HD 202917 21:20:50.0 -53:02:3.0 42.9(a) 7.4 7.0 6.9 30.1±1.0 -94.5±1.0 1

HIP 107345 21:44:30.1 -60:58:39.0 46.5(a) 8.8 8.1 7.9 39.6±2.4 -91.9±1.8 1, 5

HD 207575 21:52:9.7 -62:03:9.0 45.3(a) 6.4 6.1 6.0 44.0±1.0 -92.0±1.0 1

HD 207964 21:55:11.4 -61:53:12.0 46.5(a) 5.2 5.2 4.9 44.5±1.0 -91.1±1.0 1

2MASS J22021626-4210329 22:02:16.3 -42:10:33.0 44.6 8.9 8.2 8.0 50.4±1.0 -90.9±1.5 3, 5

TYC 9344-293-1 23:26:10.7 -73:23:50.0 44.2 8.8 8.2 7.9 72.9±1.0 -67.4±1.0 1, 3, 5

CD-86 147 23:27:49.4 -86:13:19.0 58.4 8.0 7.6 7.5 54.7±0.9 -42.2±0.9 1

DS Tuc 23:39:39.5 -69:11:45.0 45.7(a) 7.1 6.8 6.7 82.9±1.8 -78.8±4.0 1

TWA

CE Ant 10:42:30.1 -33:40:17.0 34.5 7.8 7.1 6.9 -114.9±8.7 -18.7±4.7 1

TW Hya 11:01:51.9 -34:42:17.0 51.0(a) 8.2 7.6 7.3 -68.7±1.8 -13.1±1.2 1

HD 96819 11:08:44.0 -28:04:50.0 55.6(a) 5.3 5.4 5.2 -72.8±1.0 -22.2±1.0 1

CD-29 8887 11:09:13.8 -30:01:40.0 46.5 7.6 6.9 6.7 -88.4±1.0 -21.2±0.8 1

TWA 3A 11:10:27.9 -37:31:52.0 36.4 7.7 7.0 6.8 -105.9±0.9 -17.3±1.0 1

V1215 Cen 11:13:26.5 -45:23:43.0 96.2 9.4 8.7 8.5 -43.9±1.4 -7.4±1.4 1, 3

V1217 Cen 11:21:5.5 -38:45:16.0 64.1 9.0 8.3 8.1 -66.6±1.5 -11.7±1.5 1, 3

V547 Hya 11:21:17.2 -34:46:46.0 55.6 8.4 7.7 7.5 -85.4±0.9 39.9±1.0 1

TV Crt 11:22:5.3 -24:46:40.0 43.1(a) 6.4 5.8 5.6 -88.8±1.6 -32.6±5.0 1

CD-33 7795 11:31:55.3 -34:36:27.0 50.0 7.7 7.0 6.7 -79.6±0.8 -22.6±0.9 1, 3

TWA5 b 11:31:55.4 -34:36:29.0 50.0 7.7 7.0 6.7 -79.6±0.8 -22.6±0.9 1

TWA30 a 11:32:18.3 -30:19:52.0 45.5 9.6 9.0 8.8 -87.8±1.3 -25.2±1.3 3

V549 Hya 11:32:41.2 -26:52:9.0 38.6 9.8 9.3 9.0 -95.3±2.2 -28.6±4.7 1

V550 Hya 11:32:41.2 -26:51:56.0 42.7 8.3 7.7 7.4 -99.2±6.2 -32.2±6.2 1

TWA26 11:39:51.1 -31:59:21.0 38.2 12.7 12.0 11.5 -96.0±11.6 -40.3±11.6 1

V1239 Cen 11:48:24.2 -37:28:49.0 70.6(a) 8.7 8.0 7.8 -44.2±1.8 -18.0±0.9 1

TWA23 12:07:27.4 -32:47:0.0 53.8 8.6 8.0 7.8 -70.4±1.4 -29.7±1.1 1, 3

TWA27 12:07:33.4 -39:32:54.0 52.3 13.0 12.4 11.9 -80.1±17.9 -15.1±17.9 1

V1249 Cen 12:15:30.7 -39:48:43.0 54.1 8.2 7.5 7.3 -73.2±0.8 -27.7±0.8 1, 3

TWA32 12:26:51.4 -33:16:13.0 68.1 10.7 10.1 9.8 -61.6±2.0 -23.0±4.9 1

TWA16 12:34:56.4 -45:38:7.0 78.1 9.0 8.3 8.1 -47.5±1.3 -20.2±0.8 1

V1252 Cen 12:35:4.2 -41:36:39.0 61.7 9.1 8.5 8.2 -70.1±1.1 -28.9±1.1 1, 3

TWA11a 12:36:1.0 -39:52:10.0 73.0(a) 5.8 5.8 5.8 -56.7±1.0 -25.0±1.0 1

Notes. (a) Distances from parallax measurements

References. 1: SACY works (Torres et al., 2008, Elliott et al., 2014 – Chapter 2), 2: Zuckerman et al.

(2011), 3: Malo et al. (2014), 4: Murphy and Lawson (2015), 5: Kraus et al. (2014).



Chapter 5

The crucial role of higher-order

multiplicity in the formation of the

widest binaries

Parts of this chapter have been accepted for publication in the Monthly Notices of the

Royal Astronomical Society (18 April 2016) [ArXiv ID: 1604.06094] as ‘The crucial role

of higher-order multiplicity: A case study using the β-Pictoris moving group’, Elliott, P.

& Bayo, A. The work is presented here in expanded and updated form.

The “in-situ” formation of very wide binaries is hard to explain as their physical separa-

tions are beyond the typical size of a collapsing cloud core (≈5000-10,000 au). Here we

investigate the formation process of such systems. We compute population statistics

such as the multiplicity frequency ( MF ), companion-star frequency ( CSF ) and physi-

cal separation distribution of companions in the β-Pictoris moving group (BPMG). We

compare previous multiplicity studies in younger and older regions and show that the

dynamic evolution of a young population with a high degree of primordial multiplicity

can lead to a processed separation distribution, similar to the field population. The

evolution of outer components is attributed to the dynamical unfolding of higher-order

(triple) systems; a natural consequence of which is the formation of wide binaries. We

212
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find a strong preference for wide systems to contain three or more components (>1000

au: 11 / 14, 10,000 au: 6 / 7). We argue that the majority of wide binaries identified

in young moving groups are primordial. Under the assumption that stellar populations,

within our galaxy, have statistically similar primordial multiplicity, we can infer that the

paucity of wide binaries in the field is the result of dynamical evolution.

This chapter is organised as follows. Section 5.1 introduces wide binary formation.

Section 5.2 explains how we assembled our sample for this analysis. Section 5.3

explains how we calculated the detection limits. Section 5.4 discusses the sample’s

completeness. In Section 5.5 we present analysis to define wide binary systems. Sec-

tion 5.6 presents the results of the analysis in this chapter. In Section 5.7 we outline

a model for the dynamical evolution of triple systems. In Section 5.8 we discuss the

current limitations of this analysis and finally in Section 5.9 we present the conclusions.

5.1 Introduction

The formation of very wide multiple systems (>10,000 au) is hard to explain with our

current theory of star formation because companions have separations beyond the limit

imposed by the original hydrostatic clump size (5000-10,000 au, Benson and Myers,

1989; Motte et al., 1998; Pineda et al., 2011). Therefore, in-situ formation seems ex-

tremely improbable, and either these systems are primordial but have migrated (Reipurth

and Mikkola, 2012), or are non-primordial altogether (originating from different birth

sites and after becoming gravitationally bound, Kouwenhoven et al., 2010). To differen-

tiate between the two scenarios we need to derive statistical properties of populations

and their wide binaries, i.e. Tokovinin et al. (2006); Tokovinin (2015), and compare

these with theoretical predictions of different formation mechanisms.

In this chapter we use the multiplicity census of the Perseus region (Tobin et al., 2016),

the β-Pictoris moving group (hereafter, BPMG) and the field population (Raghavan

et al., 2010; Tokovinin, 2014a,b) to analyse the role of higher-order multiple systems in

the formation of wide binaries and population multiplicity.
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Due to the long periods of wide multiple systems (&30,000 yr) detecting significant or-

bital motion is not possible on short (<100 yr) time-scales. In fact we cannot directly

determine whether components are gravitationally bound. Therefore, components

are usually identified as co-moving proper motion pairs, e.g., Caballero (2010), but a

high false-positive rate limits the identification to nearby sources in uncrowded fields.

In Chapter 4 we identified 84 potential wide multiple systems in young nearby associ-

ations Torres et al. (2006, 2008); Malo et al. (2014) using 2MASS photometry, proper

motions and additional spectroscopic/photometric properties. The high number of iden-

tified wide binary systems prompted the analysis of their formation presented in this

chapter.

5.2 Sample

Reipurth and Mikkola (2012) suggested the young moving groups to be ideal popu-

lations to identify wide binaries formed by the dynamical unfolding of triple systems,

thanks to their age (≈10-100 Myr) and the distance travelled from their original birth

site ( ∼5-10 pc), see Section 5.5. From the analysis presented in Chapter 4 we chose

the BPMG in particular because of its optimal properties for wide binary analysis. The

large average proper motions (µα = 50 mas/yr, µδ = -75 mas/yr) allowed us to derive

separation limits >20,000 au for a significant number (49) of systems. Due to its age

(21-26 Myr, Barrado y Navascués et al., 1999; Torres et al., 2006; Binks and Jeffries,

2014; Bell et al., 2015) and proximity (average distance 43 pc) many systems (38 /

49) have been imaged previously using high-contrast techniques, looking for low-mass

companions. Additionally, almost all (42/49) systems have multi-epoch spectroscopy

from works such as Malo et al. (2014) and Chapter 2.

Thus, the sample studied in this chapter comprises 49 single and multiple stellar sys-

tems in the BPMG. See Table 5.1 for full references.
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5.3 Companion detections and detection probabilities

To study the abundance of multiple systems across a large parameter space in our

sample we need both: detections of companions, and constrained parameter space for

non-detections. We have combined radial velocity (RV) values, high contrast imaging

and direct imaging / proper motion to estimate our detection probabilities. Detection

limits from RV measurements were derived using multi-epoch observations following

Tokovinin (2014a). For high-contrast imaging we converted the angular separation ver-

sus contrast, to physical separation versus mass-ratio, using the target’s distance and

the evolutionary models of Baraffe et al. (2015). We used the detection limits described

in Chapter 4; combining 2MASS photometry (Cutri et al., 2003) and proper motions

(UCAC4, PPMXL, NOMAD: Zacharias et al., 2012; Roeser et al., 2010; Zacharias et al.,

2005), for the widest parameter space (&3′′, &130 au). Details of the exact steps in the

calculation of detection probabilities can be found in Appendix A.2.1.

Figure 5.1 shows the average detection probabilities for our sample (contour map) in

combination with the companion detections (star markers). Our observed multiplicity

properties should not be significantly affected by our completeness, as discussed in

the following section. Details of the targets and the multiple systems studied in this

chapter can be found in Tables 5.1 and 5.2, respectively.

5.4 Detection completeness

We did not attempt to correct our statistics with our detection probabilities, however,

below we justify why this should not significantly affect our results.

In this analysis before averaging the detection probabilities over the sample, as in Fig-

ure 5.1, we first consider whether a companion is likely to inhabit the parameter space

based on stability arguments. Tokovinin (2014b) showed that the region of instability

(for triple and higher-order systems), based on the ratio of periods in the system is

between certain values (4.7 < PL/PS < 47). We use the mid-value (26) of this criterion
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FIGURE 5.1: Average detection probabilities (contours from red, 100% to white, 0%)
and detected companions (white stars) in the physical separation versus mass-ratio
space for the 49 systems. The solid, dashed and dash-dotted lines encompass areas

with detection probabilities ≥ 90%, 50% and 10%, respectively.

to mask regions of detection probability space using previously identified companions

in the system. For example, if a system has a companion with a period of 100 day

then we mask the region 4–2600 day. Masking in this case means setting a detection

probability of 1. This is because we use these probabilities to predict where the miss-

ing companions would be and we have indirectly probed this space with our stability

arguments. We repeated this for all objects to create a new set of detection probability

arrays. We then averaged these detection probabilities over the mass-ratio in each

period bin because there is no significant evidence that the mass-ratio is a function of

period (Reggiani and Meyer, 2013; Tokovinin, 2014b).

Figure 5.2 shows our results based on the period distribution of systems in our sample.

We used kernel density estimations (KDEs) to perform this analysis which reduces the

phase effect when binning data, see Scott (2009) for details.

The grey dotted and dash-dotted lines are the median detection probabilities with and

without dynamical constraints, respectively. This Figure shows that although we are

very insensitive in regions ≈104 day, due to identified companions in the systems, the

likely number of missing companions is not very significant. The red dashed line and
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blue line are the KDEs of the raw sample and the corrected sample (KDE / detection

probability), respectively. We then integrated these curves to calculate the quantitative

difference in CSF values. The difference was ≈15% i.e. the derived CSF value derived

in this chapter is most likely ≈1.17 as opposed to 1.02. This increase would not signif-

icantly affect any conclusions presented in this chapter, in fact this value would put our

results in even better agreement with the Class 0 CSF value from Tobin et al. (2016),

see Section 5.6.1 for details.
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TABLE 5.1: Observtional properties of β-Pictoris targets studied in this chapter.

ID Comp.a Common ID R.A. DEC. Dist. V K Mem. ref. 2MASS lim. AO refs. RV refs.

hh:mm:ss.s dd:mm:ss (pc) (mag.) (mag.) (′′)

BPC 10 A V1005 Ori 04:59:34.8 +01:47:01.0 25.9 10.11 6.26 28 4000 3, 2, 8, 12, 17, 19, 24 9, 1, 12

BPC 10 B 2MASS J05015665+0108429 05:01:56.7 +01:08:43.0 25.9 12.87 7.68 11 4000

BPC 12 A HIP 23418aa 05:01:58.8 +09:58:59.0 33.2 11.67 6.37 20, 28 1000 10

BPC 14 A BD-21 1074b 05:06:49.5 -21:35:04.0 20.2 11.30 6.11 20, 28 6000 8 12, 9, 12

BPC 16 B 2MASS J05200029+0613036 05:20:00.3 +06:13:04.0 67.8 11.42 8.57 28 600 10 9

BPC 16 A RX J0520.5+0616 05:20:31.8 +06:16:11.0 71.0 11.64 8.57 28 600 10 9

BPC 16 C 2MASS J05195327+0617258 05:19:53.3 +06:17:26.0 71.0 18.31 12.41 11 600

BPC 19 A Beta Pic 05:47:17.1 -51:03:59.0 19.4 3.85 3.53 28 4500 7, 26, 3, 29

BPC 2 A GJ 3076 01:11:25.4 +15:26:21.0 19.3 13.96 8.21 20 5000 20

BPC 22 A TWA22 10:17:26.9 -53:54:27.0 17.6 13.89 7.69 28 5500 12, 7, 2 9, 12

BPC 26 A V824 Ara 17:17:25.5 -66:57:04.0 31.4 6.86 4.70 28 3100 23, 7, 2, 19, 24 25

BPC 26 B HD 155555 c 17:17:31.3 -66:57:06.0 31.4 12.89 7.63 28 3100 3

BPC 28 A GSC 08350-01924 17:29:20.7 -50:14:53.0 66.3 12.96 7.99 20, 28 350 10

BPC 3 A Barta 161 12 01:35:13.9 -07:12:52.0 37.9 13.43 8.08 20, 16 2500 20

BPC 3 B 2MASS J01354915-0753470 01:35:49.2 -07:53:47.0 37.9 13.79 9.81 11 2500

BPC 30 A HD 161460 17:48:33.7 -53:06:43.0 71.0 8.99 6.78 28 600 10, 7 22

BPC 30 B 2MASS J17483374-5306118 17:48:33.8 -53:06:12.0 71.0 13.65 9.27 11 600

BPC 31 A HD 164249 18:03:03.4 -51:38:56.0 48.1 7.01 5.91 28 2000 7, 26 12, 9, 11, 12

BPC 31 C 2MASS J18011138-5125594 18:01:11.3 -51:26:00.0 48.1 14.79 11.27 11 2000

BPC 36 A 2MASS J18420694-5554254 18:42:06.9 -55:54:25.0 51.9 13.54 8.58 20 500 20

BPC 36 B 2MASS J18420483-5554126 18:42:04.8 -55:54:13.0 51.9 15.11 9.85 11 500

BPC 37 A HD 172555 18:45:26.9 -64:52:17.0 28.5 4.80 4.30 28 3500 7, 3, 2, 29, 26, 24

BPC 37 B CD-64 1208 18:45:37.0 -64:51:46.0 28.5 9.97 6.10 28 3500 24, 7, 2, 19 22

BPC 39 B Smethells 20 18:46:52.6 -62:10:36.0 52.4 12.20 7.85 20, 28 2000 10, 3 27, 9

BPC 39 A 2MASS J18480637-6213470 18:48:06.5 -62:13:47.0 52.4 7.29 6.14 11 2000

BPC 4 B HIP 10679 02:17:24.7 +28:44:30.0 27.3 7.78 6.26 28 2500 3, 5 25

BPC 4 A HD 14082 02:17:25.3 +28:44:42.0 34.5 7.04 5.79 28 2500 25

BPC 4 C 2MASS J02160734+2856530 02:16:07.3 +28:56:53.0 34.5 15.74 11.61 11 2500

BPC 41 A PZ Tel 18:53:05.9 -50:10:50.0 51.5 8.42 6.37 28 1900 3, 24, 19 12, 12

BPC 42 A TYC 6872-1011-1 18:58:04.2 -29:53:05.0 82.6 11.73 8.02 20, 28 300 10 11

BPC 42 B 2MASS J18580464-2953320 18:58:04.6 -29:53:32.0 82.6 12.85 8.76 11 300

BPC 43 A CD-26 13904 19:11:44.7 -26:04:09.0 78.9 10.24 7.37 28 600 10 9, 11

BPC 44 A Eta Tel 19:22:51.2 -54:25:26.0 48.2 5.17 5.01 28 2000 23, 18, 3, 6, 29

BPC 44 B HD 181327 19:22:58.9 -54:32:17.0 51.8 7.05 5.91 28 2000 7, 3 9, 12

BPC 47 B UCAC3 116-474938 19:56:02.9 -32:07:19.0 58.4 13.27 8.11 20, 28 1800 3, 4 27, 20, 11

BPC 47 A TYC 7443-1102-1 19:56:04.4 -32:07:38.0 56.3 11.78 7.85 20, 28 1800 8, 3, 4 27, 9, 11

BPC 52 C AU Mic 20:45:09.5 -31:20:27.0 9.8 8.80 4.53 28 10000 23, 15, 2, 8, 17, 14, 3, 5, 24 12, 9, 1, 12
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ID Comp. Common ID R.A. DEC. Dist. V K Mem. ref. 2MASS lim. AO refs. RV refs.

hh:mm:ss.s dd:mm:ss (pc) (mag.) (mag.) (′′)

BPC 52 B AT Mic S 20:41:51.1 -32:26:10.0 9.5 10.89 4.94 28 10500 24, 2, 19 1, 12

BPC 52 A AT Mic N 20:41:51.2 -32:26:07.0 10.2 10.89 4.94 28 10500 23, 15, 2, 3, 19, 24 1, 12

BPC 55 A 2MASS J20434114-2433534 A 20:43:41.1 -24:33:53.0 45.1 14.45 7.76 20 2200 20

BPC 55 B 2MASS J20434114-2433534 B 20:43:41.1 -24:33:53.0 45.1 14.45 7.76 28 2200 20

BPC 57 A HD 199143 20:55:47.7 -17:06:51.0 45.7 7.33 5.81 28 1200 23, 21

BPC 57 B AZ Cap 20:56:02.7 -17:10:54.0 45.7 10.62 7.04 20, 28 1500 23, 24, 19 9

BPC 6 B BD+30 397 b 02:27:28.1 +30:58:41.0 40.0 12.39 7.92 28 2400 5 11

BPC 6 A AG Tri 02:27:29.3 +30:58:25.0 40.0 10.15 7.08 28 2400 5 11, 1

BPC 63 A WW PsA 22:44:58.0 -33:15:02.0 23.6 12.10 6.93 28 4800 8 9, 20, 1

BPC 63 B TX PsA 22:45:00.0 -33:15:26.0 20.1 13.35 7.79 28 4800 8, 10, 3 9, 1

BPC 65 C G 271-110 01:36:55.1 -06:47:38.0 29.5 . . . 8.86 20 4100 4

BPC 65 B 2MASS J01373545-0645375 01:37:35.4 -06:45:38.0 24.0 7.68 5.75 11 4100 14, 24, 17 12

BPC 65 A 2MASS J01334282-0701311 01:33:42.8 -07:01:31.0 29.5 5.77 4.26 11 4100 27

BPC 68 A 2MASS J14142141-1521215 14:14:21.4 -15:21:21.5 30.2 10.39 6.60 20 3200 7 27, 20

BPC 68 B 2MASS J14141700-1521125 14:14:17.0 -15:21:13.0 30.2 15.60 8.82 11 3200

BPC 69 B 2MASS J21212873-6655063 21:21:28.7 -66:55:06.3 30.2 10.66 7.01 20 3200

BPC 69 A 2MASS J21212446-6654573 21:21:24.5 -66:54:57.0 30.2 9.00 6.40 11 3200 15

BPC 70 A 2MASS J20100002-2801410 20:10:00.0 -28:01:41.0 48.0 15.13 7.73 20 2700 4 20

BPC 70 B 2MASS J20085122-2740536 20:08:51.1 -27:40:54.0 48.0 16.27 11.78 11 2700

BPC 8 A EXO 0235.2-5216 02:36:51.7 -52:03:04.0 28.6 12.07 7.50 20, 28 3500 23, 6 27, 20

BPC 9 A HD 29391 04:37:36.1 -02:28:25.0 29.4 5.22 4.54 28 3400 26, 3, 13

BPC 9 B 2MASS J04373746-0229282 04:37:37.5 -02:29:28.0 29.4 10.64 6.41 11 3400 8, 15 27, 9, 1, 12

Bailey et al. (2012): 1, Biller et al. (2007): 2, Biller et al. (2013): 3, Bowler et al. (2015): 4, Brandt et al. (2014): 5, Chauvin et al. (2003): 6, Chauvin et al. (2010): 7, Delorme et al. (2012): 8,

Elliott et al. (2014) – Chapter 2: 9, Elliott et al. (2015) – Chapter 3: 10, Elliott et al. (2016) – Chapter 4: 11, Elliott et al. in prep.: 12, Heinze et al. (2010): 13, Janson et al. (2013): 14,Kasper

et al. (2007): 15, Kraus et al. (2014): 16, Lafrenière et al. (2007): 17, Lowrance et al. (2005): 18, Masciadri et al. (2005): 19, Malo et al. (2014): 20, Metchev and Hillenbrand (2009): 21,

Messina et al. (2010): 22, Neuhäuser et al. (2003): 23,Nielsen and Close (2010): 24, Nordström et al. (2004): 25, Rameau et al. (2013): 26, Kordopatis et al. (2013): 27,Torres et al. (2006):

28, Vigan et al. (2012): 29

aThe ”ID” column + ”Comp.” column is a unique identifier for resolved targets. This unique identifier links this Table to Table 5.2, this avoids any confusion for targets with multiple unresolved

components.
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FIGURE 5.2: Kernel density estimations for the period versus companion-star fre-
quency. The dashed and dash-dotted grey lines represent median detection proba-
bilities (averaged over mass-ratio) with and without dynamical stability considerations,
respectively. The red dashed line is the raw sample analysed in the body of this chapter

and the blue line is the detection-probability corrected distribution.

5.5 Defining wide multiple systems in the young mov-

ing groups

Wide components are usually identified from the galactic motion (the quantity used, at

least in initial identification, is proper motion) they share with their associated primary.

With the proper motion, radial velocity and either a photometric or kinematic distance,

the 3D kinematics can be derived. However, young moving group members are also

classified on this basis, i.e. looking for collections of objects sharing the same galactic

motion. Therefore we need to clarify what is a component in a multiple system and

what is another moving group member.

To investigate this we looked at the different scales of physical clustering within the
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BPMG. We cannot use projected separations from spatial positions for this analysis

as the proximity of the stars means the group has significant depth (in galactic co-

ordinates: X≈160, Y≈100, Z≈45 pc). We can, however, use the derived photometric

distances to known members and perform queries in a 3-dimensional volume. This

is similar to the analysis presented in Larson (1995) and Bate et al. (1998) where the

authors identified a break in the density of objects as a function of angular separation

in various star-forming regions, including Taurus (58′′, ≈8000 au). However, as the

distance to Taurus is larger (≈140 pc) an angular query was used, assuming a fixed

distance to all sources.

For our analysis we queried a 30 pc volume around each bonafide member of the

BPMG using the derived X , Y and Z galactic positions. We calculated the magnitude of

the distance difference
√

(X1 − X2)2 + (Y1 − Y2)2 + (Z1 − Z2)2 between the considered

bonafide member and any other member in this volume. For wide components that

share statistically similar radial velocities and proper motions and without X , Y and

Z values, the distance magnitude was computed from the angular separation of the

components and the distance to the bonafide member.

We collected all of these distance magnitudes together and then calculated the volume

density of stars (ρ) in shells of 0.25 log (pc) using the spatial volume and dividing by the

total number of stars. Figure 5.3 shows the result of this procedure. We consider two

potential physical clustering scales: at 1 pc (left panel) and between 0.02-0.2 pc, where

there is an apparent paucity of members (right panel). For each scenario we have

fitted, using linear-regression, two power-laws, considering where the potential break

occurs. The left panel shows that fitting the data considering a break at ≈1 pc results

in two power-laws that do intercept at ≈1 pc. The right panel shows that considering

a break between 0.02-0.2 pc does not affect the fitted power law of the inner region

significantly (-2.9 compared to -3.0 in left panel), however, the slope of the outer region

is significantly altered (-1.8 compared to -1.2). The point of interception also occurs

closer to 1 pc as opposed to between 0.02-0.2 pc. This apparent break in the typical

spatial density of members in BPMG is evidence that the population of identified wide

companions (100,000 au and smaller) is not just a continuation of clustering down to



Chapter 5. Higher-order multiplicity and wide binary formation 222

0.001 0.01 0.1 1 10
Distance (pc)

10−6

10−4

10−2

100

102

104

106
ρ

(p
c−

3 )

γ=-1.2
γ=-3.0

0.001 0.01 0.1 1 10
Distance (pc)

10−6

10−4

10−2

100

102

104

106

ρ
(p

c−
3 )

γ=-1.8
γ=-2.9

FIGURE 5.3: The volume density of members in the BPMG (red markers), densities
have been calculated in annuli of 0.25 log(pc). Black dotted and dot-dashed lines
represent power laws fitted to the data for breaks at 1 pc (left panel) and between 0.02-
0.2 pc (right panel). The grey shaded areas represent the physical distances of the

considered breaks in self-similarity.

smaller scales. These wide companions form a distinct population, their separation

distribution is a result of a different physical process.

It must be said that the moving groups are far from complete and, therefore, it is hard

to produce a definitive answer at this time as to the true physical clustering scale,

especially given the paucity of sources between 0.02-0.2 pc. However, our analysis

supports the break in physical clustering occurring beyond 100,000 au (≈0.5 pc).

5.6 Results

In the following section we present analysis using the multiplicity frequency (MF) and

the companion-star frequency (CSF), equations 1.1 and 1.3.

Additionally we use the physical separation (a proxy for the semi-major axis) versus

CSF which allows us to investigate the dynamical evolution of multiple systems.
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TABLE 5.2: The properties of multiple systems used in this chapter.

ID Comp. Struc. Hier. M1 M2 Sep. Typea Ref.
(M�) (M�) (au)

BPC 10 B A, B, * L1 0.70 0.30 81044 Cpm EL16
BPC 10 A Aa, Ab, A L11 0.70 0.30 0.26 s EL14
BPC 12 A A, B, * L1 0.50 0.40 46 v HIP
BPC 12 A Aa, Ab, A L11 1.00 0.95 0.10 S DE99
BPC 14 B A, B, * L1 0.60 0.50 122 v WDS
BPC 14 A Ba, Bb, B L12 0.30 0.20 13 v WDS
BPC 16 C A, B, * L1 0.70 0.70 39269 Cpm EL16
BPC 16 A Aa, Ab, A L11 0.70 0.20 28 v EL15
BPC 19 A A, B, * L1 1.40 0.01 7.78 v WDS
BPC 2 A A, B, * L1 0.10 0.07 5.79 v WDS
BPC 22 A A, B, * L1 0.10 0.10 1.76 v WDS
BPC 26 B A, B, * L1 1.30 0.40 1065 v AF15
BPC 26 A Aa, Ab, A L11 1.30 1.04 0.94 s WDS
BPC 28 A A, B, * L1 0.63 0.56 48 v EL15
BPC 3 A Aa, Ab, A L1 0.20 0.20 0.38 s MA14
BPC 30 A Aa, Ab, A L1 1.30 1.27 0.71 s ME10
BPC 31 B Aa, Ab, A L1 1.20 0.50 323 v WDS
BPC 36 B A, B, * L1 0.50 0.20 1138 Cpm WDS
BPC 37 B A, B, * L1 0.50 0.70 2035 v WDS
BPC 37 B Ba, Bb, B L12 0.70 0.10 5.71 v WDS
BPC 37 B Ba1, Ba2, Ba L121 0.70 0.70 0.86 s ME10
BPC 39 A A, B, * L1 1.30 0.70 28894 v AF15
BPC 39 A Aa, Ab, A L11 1.30 0.65 1.57 s MO13
BPC 4 B Aa, Ab, A L1 1.10 1.00 390 v WDS
BPC 41 A A, B, * L1 1.10 0.06 21 v WDS
BPC 41 A Aa, Ab, A L11 1.10 0.65 1.54 s NO04
BPC 42 B A, B, * L1 0.90 0.80 2290 Cpm AF15
BPC 43 A A, B, * L1 1.03 0.74 21 v EL15
BPC 44 B A, B, * L1 1.40 0.09 20072 Cpm WDS
BPC 44 B Aa, Ab, A L11 1.40 0.04 203 v WDS
BPC 47 B A, B, * L1 0.70 0.40 1488 Cpm WDS
BPC 47 B Ba, Bb, B L12 0.40 0.30 11 v WDS
BPC 47 B Ba1, Ba2, Ba L121 0.40 0.40 0.56 s MA14
BPC 52 C A, B, * L1 0.50 0.20 44377 Cpm EL16
BPC 52 C Ba, Bb, B L12 0.20 0.20 27 Cpm WDS
BPC 55 B A, B, * L1 0.60 0.60 4.51 v MA13
BPC 55 A Aa, Ab, A L11 0.60 0.30 1.35 s ELPP
BPC 57 B A, B, * L1 1.30 0.90 14764 Cpm WDS
BPC 57 A Aa, Ab, A L11 0.90 0.20 50 v WDS
BPC 57 B Ba, Bb, B L12 1.30 0.50 100 v WDS
BPC 6 B A, B, * L1 0.80 0.50 894 Cpm AF15
BPC 63 B A, B, * L1 0.30 0.20 681 Cpm SO02
BPC 65 C Ba, Bb, B L12 0.90 0.10 14635 Cpm WDS
BPC 68 B A, B, * L1 0.70 0.20 1905 Cpm WDS
BPC 68 A Aa, Ab, A L11 0.70 0.20 33 v WDS
BPC 69 A Aa, Ab, A L1 0.80 0.80 0.30 s TO06
BPC 70 A Aa, Ab, A L1 0.70 0.70 34 v WDS
BPC 8 A Aa, Ab, A L1 0.40 0.20 0.29 s ELPP
BPC 9 B A, B, * L1 1.40 1.11 1957 Cpm FE06
BPC 9 B Ba, Bb, B L12 0.67 0.44 8.83 V MO15

aCpm: Common proper motion companion, s: spectroscopic binary without orbital solution, S: spectro-
scopic binary with orbital solution, v: visual binary without orbital solution, V: visual binary with orbital
solution. HIP: Perryman et al. (1997), DE99: Delfosse et al. (1999), WDS: Mason et al. (2001), SO02:
Song et al. (2002), NO04: Nordström et al. (2004), Torres et al. (2006), ME10: Messina et al. (2010),
BA12: Bailey et al. (2012), MA13: Malo et al. (2013), MA14: Malo et al. (2014), EL14: Elliott et al. (2014)
– Chapter 2, EL15: Elliott et al. (2015) – Chapter 3, AF15: Alonso-Floriano et al. (2015), MO15: Montet
et al. (2015), EL16: Elliott et al. (2016) – Chapter 4, ELPP: Elliott et al. in prep.
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5.6.1 Linking multiplicity: young - old populations

The MF and CSF of the BPMG, shown in row four of Table 5.3, are incompatible with

that of the older field population, at > 5σ level. In contrast, our derived quantities are

compatible with those of extremely young Class 0 sources from the work of Chen et al.

(2013) (a ≈50-5000 au) and Tobin et al. (2016) (a ≈15-10,000 au). However, we are

sensitive to a much wider range of physical separations. Therefore, the apparent con-

servation of the MF and CSF values between these regions can be interpreted as an

evolution of the separation distribution. Assuming all considered regions have statis-

tically similar primordial multiple system populations (Kroupa, 2011), we investigate if

significant dynamical evolution from Class 0 (Perseus), to Class I/II/III (Taurus), to Class

III (BPMG), to main sequence (the field) populations can explain the derived quantities.

The top panel of Figure 5.4 shows the CSF as a function of physical separation for

Class 0 objects in Perseus (Tobin et al., 2016). We chose the Tobin et al. (2016)

sample as our main comparison to Class 0 sources as opposed to Chen et al. (2013)

because of its completeness and focus on one specific region, the Perseus region.

The main limitation of the observations of Perseus is the angular resolution (0.′′065,

≈15 au, grey line). However, we would not expect to find components smaller than this

separation due to the opacity limit, where the compression becomes approximately

adiabatic, of the initial cores (≈5 au, Larson, 1969). If components have undergone

significant dynamical evolution at this stage already (as suggested by Reipurth et al.,

2010) and are brought within this limit they would most likely have merged. Additionally

systems with separations greater than ∼5,000-10,000 au at these young ages, are

unlikely primordial (originating from different birth sites). We cannot assess whether

components are gravitationally bound however, as in Tobin et al. (2016), we treat all

identified components within 10,000 au as bound systems. The second panel shows

the distribution for the Taurus region (3-5000 au). We see that there is a wealth of

systems with separations <10 au and the overall number of multiple systems is still

very high.
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TABLE 5.3: A summary of the type and fraction of multiple systems samples analysed
in this chapter. S:B:T:Qu:Qi:Se represent system components from Equation 1.4.

Sample Ref. S:B:T:Qu:Qi:Se Total MFa CSFa

Class 0 regions 1 36:43:15:6:0:0 33 0.64+0.09
−0.05 0.91+0.15

−0.09

Perseus 2 43:23:17:7:7:3 30 0.57+0.06
−0.11 1.20+0.27

−0.32

Taurus 3 41:43:10:3:0:1 117 0.59+0.04
−0.04 0.78+0.09

−0.07

BPMG 4 35:35:24:6:0:0 49 0.65+0.06
−0.02 1.02+0.14

−0.06

BPMG (10,000 au) 4 44:42:11:3:0:0 57 0.56+0.07
−0.05 0.73+0.12

−0.08

BPMG (1000 au) 4 52:38:10:0:0:0 63 0.48+0.06
−0.07 0.58+0.08

−0.09

The field 5 56:33:8:3:0:0 454 0.44+0.01
−0.02 0.58+0.01

−0.04

The field 6 54:33:8:4:1:0 4847 0.46+0.01
−0.01 0.65+0.01

−0.01

a1σ confidence intervals from 1000 bootstrapped samples. Note, bootstrapped uncertainties are indis-
tinguishable from those calculated using binomial statistics for MF values in the majority of cases.
1: Chen et al. (2013), 2: Tobin et al. (2016), 3: Kraus et al. (2011), 4: this chapter, 5: Raghavan et al.
(2010), 6: Tokovinin (2014b)

For comparison with the BPMG (middle panel of Figure 5.4) we assume all wide sys-

tems are primordial.There is another mechanism to produce wide (non-primordial) sys-

tems (Kouwenhoven et al., 2010; Moeckel and Bate, 2010), which is discussed in Sec-

tion 5.8. At the same time as there being a wealth of systems with separations <10 au

in our sample there are also many objects with large separations (1000-100,000 au).

This stretching of the initial separation distribution to both smaller separations and

larger separations implies intense dynamical evolution.

5.6.2 The role of unfolding higher-order systems

Reipurth and Mikkola (2012) described a potential physical mechanism for the forma-

tion of wide and very wide binaries (≥1,000 au); through the dynamical unfolding of

primordial triple systems. The mechanism predicts:

• A preference for wide binaries to be in triple systems
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• These systems will have high (>0.9) eccentricities.

• The majority of wide components will be low-mass (these systems are likely un-

stable and therefore their lifetime is <100 Myr)

We note that although there should be a preference for wide binary systems to be

in triple systems we would not expect to find all systems in this configuration due to

previous mergers. Additionally that we cannot assess the eccentricity of the wide com-

ponents. This problem is discussed in more detail in Section 5.8.

5.6.2.1 Higher-order multiplicity in wide systems?

We found that for systems with companions >1000 au and >10,000 au, 11 / 14 (0.79+0.07
−0.14)

and 6 / 7 (0.86+0.05
−0.21) were part of triple or higher-order systems, respectively. In con-

trast, for systems with no components >1000 au we found 4 / 19 (0.21+0.12
−0.06) systems

were higher-order systems. The fraction of higher-order multiple systems is clearly a

function of the physical separation.

Additionally we looked at the separations of the inner components of the 11 systems

(8 triples, 3 quadruples, i.e. 14 inner components) with companions >1000 au. Of

these 14, 11 had separations smaller than the inner peak identified of the separation

distribution found in the Perseus region by Tobin et al. (2016). Again, this supports the

theory of migration via the interaction of multiple components.

Although there is no evidence for higher-order multiplicity amongst the 3 binary systems

(BPC 36,42,65) that have components >1000 au, that does not necessarily negate the

possibility, as few of the components have been observed with AO-imaging and have

multi-epoch radial velocity data, see Table 5.1.

5.6.2.2 Masses and mass-ratios

We studied the mass distribution within the 10 higher-order multiple systems with wide

components. For the triple systems we compared the mass-ratios of the inner binaries
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FIGURE 5.4: Physical separation versus CSF for four different samples. Top: Perseus
(15-10,000 au, Tobin et al., 2016), second: Taurus (3-5000 au, Kraus et al., 2011), third:
The BPMG sample, bottom: The BPMG sample, disrupted at 1000 au. The log-normal
field distribution derived in Raghavan et al. (2010) is over-plotted (black dotted line) in

all panels. Grey shaded areas represent parameter spaces not probed.
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and outer components. In the case of the quadruple systems we compared the mass-

ratios of each sub-system and each component with that of the primary. In neither

case we found a significant relationship between the system configuration and absolute

mass nor the mass-ratio. Our derived mass-ratio distribution was statistically similar to

a power-law with γ = 0 i.e. a flat distribution in the range 0.1-1.0.

5.6.3 Disruption of higher-order systems

In the framework of Reipurth and Mikkola (2012) we estimated the survival rate of the

identified triple systems, given their mass distribution.

Similar to Figure 3 of Reipurth and Mikkola (2012) we compared the mass sum of the

inner binary (Ma + Mb) to the mass of the outer companion (Mc) for wide triple sys-

tems. We show our results in Figure 5.5: star markers are BPMG triple systems with

at least one companion >1000 au, grey dots are field stars (Tokovinin, 2014b) meeting

the same criterion. Firstly we see that all BPMG systems are in the dominant binary

(red shaded area) regime. Secondly, we see that 5 / 8 of these systems occupy a

parameter space mostly uninhabited by very wide field systems. Reipurth and Mikkola

(2012) show that most systems in this parameter space are unstable and are disrupted

between the ages of 10-100 Myr. Therefore, our results imply that the majority of wide

triple systems in the BPMG are in the process of disintegrating/decaying without exter-

nal influence.

To investigate if the disruption of higher-order multiple systems in our sample could

“bridge-the-gap” between young populations rich in multiplicity and the older processed

field population we artificially disrupted our higher-order multiple systems at two phys-

ical separation limits (1000 au and 10,000 au)1. The first limit is a somewhat arbitrary

definition of a wide binary, the second is an approximation for the size of a hydrostatic

clump. We then calculated the MF and CSF, considering systems with components
1The multiplicity properties derived using a disruption separation anywhere between 3000-10,000 au

are unaffected.
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FIGURE 5.5: Inner binary (Ma + Mb) versus outer component (Mc) masses for BPMG
(stars) and field (Tokovinin (2014b), grey dots) wide systems. The blue and red shaded
areas highlight the dominant single and binary regimes, respectively. The dotted line

describes equal mass component systems (Ma = Mb = Mc).

wider than these limits as separate systems.The results are shown in Table 5.3. Con-

sidering the limit at 10,000 au, the MF and CSF values are within 2 σ and 1 σ , respec-

tively, of the field population (higher in value). For the limit at 1000 au both the MF and

CSF values are within 1σ ( the CSF now lower in value). In the same line, the MF and

CSF values of Taurus are compatible with the disruption of systems at 10,000 au in the

BPMG sample. This suggests that the majority of primordial systems with separations

somewhere between 1000-10,000 au and beyond have been destroyed or decayed in

older populations.

We also compared the CSF, as a function of physical separation distribution, for: the

original BPMG sample, the BPMG sample disrupted at 1000 au and 10,000 au and the

field. The results are shown in Figure 5.6. We split our samples at the mean of the

field distribution (≈50 au) and compared the different populations. We would expect

the distribution of inner separations to be very similar already at the age of the BPMG,

as demonstrated in Chapters 2 and 3.
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FIGURE 5.6: Cumulative separation distributions for four different samples. Labels
above each plot indicate the physical separation range. The p-value calculated from the
Kolmogorov-Smirnov test is shown in each panel. Field systems from from Raghavan

et al. (2010).

We can reject the null hypothesis when comparing the field with the original BPMG

sample (p-value 0.028, second panel of Figure 5.6) for separations >50 au, i.e. these

distributions are not likely to be realisations of the same parent distribution. However,

if we compare the BPMG sample disrupted at 1000 and 10,000 au (3rd and 4th panel

of Figure 5.6) to the field, we calculate p-values of 0.860 and 0.485, respectively (non

rejection).

The recent work of Parker and Meyer (2014) suggested that the primordial binary pop-

ulation is similar to the population we observe today and has undergone little dynamical

processing. Along with many previous works, Parker and Meyer (2014) have focussed

on binaries as opposed to higher-order multiple systems. However, our results indicate

that the disruption of primordial higher-order systems significantly shapes older, more

processed populations, such as the field. We outline a simple model for the contribution

of unfolding triple systems to the separation distribution in a population in Section 5.7.

5.7 A model for the dynamical evolution of triple sys-

tems

Below we collect together the physical mechanisms discussed in the previous sections,

along with additional physics, to briefly outline the separation evolution of higher-order

(in this case, specifically triple) systems in a population. Our simplified model is shown
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in Figure 5.7 in 3 stages.

Stage I: We approximate the initial distribution of separations within clumps using the

identified bimodal distribution of Tobin et al. (2016) (peaks; 75 and 3000 au). These

peaks have been attributed with typical scales for disc (∼100 au, Zhu et al., 2012) and

core (∼1000 au, Offner et al., 2010) fragmentation. No multiple systems can inhabit

the hatched region for separations <10 au due to the size of the first Larson core (a

pressure supported fragment) (≈5 au, Larson, 1969). The second hatched region

beyond ≈5000-10,000 au represents the initial size of the hydrostatic clump (Benson

and Myers, 1989; Motte et al., 1998; Pineda et al., 2011), i.e. by definition a primordial

multiple system at this stage cannot have components beyond this separation.

Stage II: The inner peak both broadens and shifts to closer separations through the

exchange of angular momentum with the outer component (components are now in

a hierarchical configuration, although potentially unstable, as Reipurth and Mikkola,

2012). This is supported by the conservation of the MF and CSF quantities in larger

separation ranges for Class 0 sources (15-10,000 au, Tobin et al., 2016), Class I/I-

I/III sources (3-5000 au, Kraus et al., 2011) and Class III sources (≈0.01-100,000 au,

this chapter). Additional migration to closer separations can also occur through gas-

induced orbital decay (Bate et al., 2002; Korntreff et al., 2012; Bate, 2012). Concur-

rently, through angular momentum exchanges, the outer components move to wider

separations. These wide components (red shaded area) are weakly bound, and some

will be in the process of decaying (so-called unfolding: Reipurth and Mikkola, 2012)

without any external influence. Others may be dynamically disrupted / destroyed by

external dynamics i.e. stellar encounters within a cluster. Our analysis in Section 5.6.3

indicates that most systems are in the process of decaying without external influence.

However, as this process is still taking place at the age of the BPMG, there is still a

significant population of wide systems.

Stage III: In loose low-density environments, such as the BPMG, the resultant distribu-

tion is double peaked. The inner peak is at a smaller separation than the original 75 au

(≈4 au for the higher-order multiple systems in our sample). The outer peak (≈8000 au
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FIGURE 5.7: A simplified model of the dynamical evolution of separations within a pop-
ulation of primordial triple systems. Regions of interest are annotated and processes

are described in detail in the text (Section 5.7).

in our sample) is smaller as some components have unfolded and decayed completely,

reducing the number of triples. However, a significant population still remains, due

to the lack of external dynamical perturbations. We have highlighted the region (gold

shaded area) where non-primordial wide multiple systems can be formed during the

cluster dissolution phase (Kouwenhoven et al., 2010, discussed in Section 5.8). In

the case of higher-density and older (≈100 Myr) environments, the secondary peak is

mostly destroyed and the contribution of primordial triple systems to the overall distri-

bution is small/negligible.
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5.8 Discussion and limitations

We have shown that the dynamical evolution of primordial higher-order multiple sys-

tems can reconcile the multiplicity properties of Perseus, Taurus, BPMG and the field.

Below we discuss the current limitations and prospects.

The mechanism of Kouwenhoven et al. (2010) and Moeckel and Bate (2010) is a po-

tential route to produce wide, non-primordial binaries in the cluster dissolution phase.

However, this mechanism predicts only one or two wide binaries (>1000 au) in a pop-

ulation of the size studied here, compared to the 14 identified. Additionally we have

shown how the decay of primordial higher-order systems can “bridge-the-gap” between

young and old populations. We do not claim the mechanism of Kouwenhoven et al.

(2010) is ineffective, rather that it is not the dominant mechanism in our sample. How-

ever, one also has to consider that binary formation and destruction is very stochastic.

N-body simulations of clusters with very similar initial conditions can produce resul-

tant distributions with different forms (Parker and Goodwin, 2012). Therefore, we must

conduct similar analysis on other nearby young moving groups in order to see if those

populations also have similar multiplicity properties to the BPMG.

A parameter that would help to determine the formation mechanism of wide multiple

systems is their eccentricity (e). A natural consequence of the Reipurth and Mikkola

(2012) mechanism is a distribution peaked at high eccentricities. Whereas the mecha-

nism of Kouwenhoven et al. (2010) predicts a flatter eccentricity distribution, see their

Figure 10. Tokovinin and Kiyaeva (2016) recently showed that wide binaries in the field

do not have a thermal eccentricity distribution and therefore are unlikely products of

either formation scenario. Given the predicted periods of very wide systems (&Myr)

determining their eccentricities is extremely challenging. However, the GAIA mission

(Lindegren et al., 2008) will provide extremely accurate astrometry (7-25 µas) that can

help. Face-on multiple systems of total mass 1 M�, at 40 pc, and with 20,000 au sepa-

ration, will have detectable movement at 3σ level using GAIA astrometry within 1 yr.
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The work of Reipurth and Mikkola (2012) used only three bodies within the original

clump to study the formation of wide binaries. However, the initial multiplicity is likely

to be a spectrum, which indeed is observed in young regions (Chen et al., 2013, Tobin

et al., 2016) where clumps contain up to six components. Higher-order systems would

be responsible for an even more chaotic start for components within the clump, likely

resulting in more ejections. Further studies of nearby young regions with instruments

such as ALMA and the VLA will provide further insight into the initial distributions of

hydrostatic cores. These can then be used as realistic starting points of N-body simu-

lations and evolved into older dynamically processed populations.

5.9 Conclusions

• Similar CSF values between the very young sources of Perseus and the BPMG

can be explained by dynamical evolution of the separation distribution of multiple

systems.

• The high fraction of wide (>1000 au, 11 / 14) and very wide (>10,000 au, 6 / 7)

systems in higher-order configurations supports the mechanism of Reipurth and

Mikkola (2012).

• There is no significant mass-ratio trend among inner and outer components in

wide higher-order systems.

• The separation distribution of the field and the BPMG (for separations >50 au)

are not realisations of the same parent distribution (p-value 0.03).

• The decay of primordial higher-order (triple and higher-order) systems can link

multiplicity in young regions to dynamically processed populations such as the

field, in opposition to the more static framework of Parker and Meyer (2014).

• The abundance and configuration of the wide systems in the BPMG favours the

Reipurth and Mikkola (2012) mechanism over that of Kouwenhoven et al. (2010).
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Conclusions

In the introduction to this thesis we outlined some important open questions regarding

multiplicity. We re-state them below.

• Are multiplicity properties universal, or do they depend on the native environment?

• How are spectroscopic binaries formed and what is the timescale for this formation?

• How are extremely wide systems formed and what is their fate?

• What effect does multiplicity have on disc evolution and planet formation?

These questions, especially the first, are very profound and to have conclusive answers

still requires further work. However, in this thesis we have, at least in part, addressed

the first three of these questions. Below we summarise how the analysis presented in

this manuscript has addressed each of these questions and what steps we are taking

for future analysis.

235



Chapter 6. Conclusions 236

Are multiplicity properties universal?

We have presented a whole host of results that support the universality of multiple

systems throughout this thesis, by comparing various derived properties with other

populations (spectroscopic binaries: abundance, visual binaries: abundance, occur-

rence in triple systems, mass-ratio, separation distribution, wide binaries: abundance,

higher-order configuration, mass-ratio). We reconciled the apparent excess of very

wide companions in the young groups compared to the field by comparing the abun-

dance of multiple systems to the very young region of Perseus, assuming significant

dynamical interaction and migration. This analysis indicates that the majority of low-

mass stars form in small groups of 3 or 4 components before dynamical interactions

facilitate significant migration.

A full statistical analysis of the young moving groups is under way and will be pre-

sented in future work. This analysis will include newly obtained observations and make

extensive use of the database outlined in Appendix A for ≈600 young targets.

Overall there is still a lot of work, both theoretical and observational, to be done to an-

swer this question. From a theoretical point view, the role of magnetic fields needs to

be explored further, as early results indicate they can significantly affect accretion rates

and resultant mass-ratios (Zhao et al., 2013). Another potential property that could af-

fect multiplicity properties is the opacity of molecular gas. Bate (2014) investigated this

by performing simulations of gas with different opacities, corresponding to a range in

metallicity of 0.01-3 Z�. He found no significant statistical differences in the multiplicity

properties, indicating that gas opacity does not play a strong role in observed statistical

properties.

Observationally we are starting to see great progress of Class 0 multiplicity e.g., Chen

et al. (2013) and Tobin et al. (2016). Further studies making use of millimetre facilities

such as the VLA and ALMA are likely to somewhat revolutionise our understanding of

primordial multiplicity thanks to their high resolution. In the closest star-forming regions

ALMA can resolve physical separations <10 au. It will also be able to dramatically in-

crease our knowledge of more distant, typical star-forming regions such as Orion. In
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addition to these studies of very young regions, for the T-Tauri stage and older popula-

tions, as ever, it is a case of increasing sample sizes and detection limits. With recent

developments in instrumentation we can extend detections of companions down to

lower masses including sub-stellar and even planetary mass objects. Such efforts are

long-term projects, however, significant progress is being made.

How are spectroscopic binaries formed and what is the time-scale
for this formation?

In Figure 5.7 we showed a schematic for the evolution of triple systems in a popula-

tion. In this framework the outcome is a population of hierarchical wide binary multiple

systems; tight inner binaries with wide companions. This is a potential formation chan-

nel for spectroscopic binaries. We found that 8/12 (67%) of the spectroscopic binaries

were in higher-order multiple systems. This is indicative of a preference for spectro-

scopic binaries to be found in triple of higher-order systems, similar to the results of

Tokovinin et al. (2006) (63%). However, it also appears that spectroscopic binaries can

also form without higher-order components in the system. The formation process is

likely a combination of orbital shrinkage via accretion and dynamical interactions (Bate

et al., 2002).

Our results along with many other studies (Raghavan et al., 2010; Nguyen et al.,

2012; Tokovinin, 2014b) indicate that the timescale of formation is shorter than ≈1 Myr.

Tokovinin et al. (2006) showed that the properties of spectroscopic binaries with tertiary

companions can evolve over long timescales, but the overall abundance after 1 Myr is

unchanged. In order to probe the timescale of formation, again, facilities such as ALMA

will be invaluable. The apparent theoretical limit of fragmentation (≈5 au) can be probed

for the closest star-forming regions to look for closely separated (.10 au) binaries that

would violate this limit. Thanks to the commissioning of the longest baselines, the high

resolving power of ALMA has recently been demonstrated, for the protoplanetary disc

of HL Tau; resolving features as small as 3.5 au (ALMA Partnership et al., 2015). From

our results; the agreement between the CSF in the β-Pic moving group and that of
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Perseus (Tobin et al., 2016), the formation timescale is somewhere between 0.1 Myr -

1 Myr.
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How are extremely wide systems formed and what is their fate?

The analysis presented in Chapter 5 supports the mechanism of Reipurth and Mikkola

(2012); wide binaries are the result of dynamical interactions between components of

non-hierarchical protostar systems, in the young moving groups. These results are

based on small number statistics but combined with the rate of higher-order multiplicity

in young Class 0 regions the results are promising. The higher-order multiplicity of 50

identified wide binary systems is the subject of a proposal submitted for observations

to take place between October-April 2016/17.

Regarding the fate of these systems, this analysis indicates that many of the identified

systems are in the process of decaying. By the time these systems are ≈100 Myr in

age they will disintegrate, without external perturbation from other stars. A possible

comparison for future analysis is with the AB Doradus moving group (100-150 Myr), to

see if there is a significantly lower number of wide binary systems, compared to the

younger β-Pic moving group population.

Distinguishing between the different formation channels of wide binaries is extremely

challenging due to the limitations of observability. Potentially the eccentricities of these

wide systems could shed light on their formation mechanism, but, due to the long orbital

periods of very wide systems periods and current instrumentation, we are severely

limited to deriving the eccentricities of closer companions. GAIA (Lindegren et al., 2008)

could potentially help with the derivation of eccentricities of such wide systems. Due

to its extremely high astrometric accuracy (7-25 µas) significant orbital motion of even

extremely wide binaries could be detected. The final data release of GAIA, with the

highest astrometric accuracy, is scheduled for 2022.
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What effect does multiplicity have on disc evolution and planet for-
mation?

This question has not been directly addressed in this thesis, however, in the introduc-

tion we have briefly discussed the theoretical and observational results that show the

significant effect of companions on disc evolution and planet formation. This field of

research is still very much in its infancy but it is advancing fast.

In the future we will combine our multiplicity knowledge with both disc detections and

planet detections for these young objects. We are yet to perform a statistical analysis

comparing multiplicity properties with disc properties of the young moving groups, simi-

lar to that of Rodriguez et al. (2015). However, we have much of the information needed

for such an analysis compiled and have applied for further observations of newly iden-

tified targets. We want to study both the abundance and properties of these discs. The

properties of the dusty discs can be probed with mid-infrared spectroscopy (observa-

tions have already been taken), to look for differences in dust evolution in multiple and

single star systems.

We also want to extend this analysis of disc properties to planet formation and abun-

dance. We plan to do this by combining observations taken with deep AO imagers

such as SPHERE/VLT (Beuzit et al., 2008) and GPI/GEMINI (Macintosh et al., 2014)

and near-infrared spectrographs such as CSHELL/IRTF (Anglada-Escudé et al., 2012),

GIANO/TNG (Oliva et al., 2006) and CRIRES+/VLT (Dorn et al., 2014). Up until very

recently observational studies searching for planets around young stars have been

limited to AO imaging techniques. However, there have been advancements in near-

infrared spectrographs and reduction techniques, which facilitate exoplanet detections

around young, active stars via radial velocity jitter. This is demonstrated in the recent

works Gagné et al. (2016) and Carleo et al. (2016). The long-term radial velocity pre-

cisions are estimated at 5-10 ms−1 which would allow super Earth detections in the

habitable zone of young mid-M dwarfs.

By combining all of this information together we can make strong links between multi-

plicity, disc evolution and planet formation/abundance for these young stars.
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Handling and manipulating large

datasets

The analysis presented in this thesis is based on a large number of objects. Firstly, it

is important to handle the data in such a way that the statistics that are produced are

free of user-induced errors. Secondly, this analysis is part of a larger ongoing project

and, therefore, it is very important that this data is accessible and stored correctly. The

data structure and methods that produce the statistics need to be able to handle newly

incorporated data efficiently.

In August 2015 I spent one week at the Cerro Tololo Inter-American Observatory

(CTIO) in La Serena, Chile, working with Dr. Andrei Tokovinin1. Dr. Tokovinin has

published a huge number of papers based on the statistics of multiple systems in the

nearby field population. Two of the most recent papers (Tokovinin, 2014a,b) are based

on the statistics of over 4800 stars and, therefore, he is extremely experienced with

the data structure and techniques needed to handle such large datasets and produce

statistics.

This visit highlighted the importance of data organisation and structure and drove me

to start building my own database, with a basic structure similar to that shared with
1http://www.ctio.noao.edu/~atokovin/
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me by Dr. Tokovinin. The database I created uses the Structured Query Language2

(SQL), combined with methods created in python3. This combination is very effective

and allows fast access to, and easy manipulation of, the data.

Below I outline the structure of the database, based on that of Dr. Tokovinin’s own IDL

structures, and an example of one method that calculates the detection probability for

companions around a target.

A.1 Database structure

Figure A.1 shows the basic structure of the database. The ncomp table is in bold text

because this is the table where the unique identifier is introduced. The unique identifier

is a combination of a system id such as ”BPC 10”, for a member of the β-Pic moving

group, and a component, for both single and multiple systems, such as ” A”, making

”BPC 10 A”. The unique identifier applies to a resolved target in our sample. In this

case resolved means resolved by typical all sky surveys (2MASS – Cutri et al., 2003,

WISE Wright et al., 2010, TYCHO – Høg et al., 2000). A consequence of that, is that

one unique identifier may actually refer to an unresolved multiple system, for example,

a spectroscopic binary. However, one wants to keep the information of the multiple

system separate from the observational information. That is because the information

of the system is physical, such as the period and the mass of the components.

The data in each table shown in Figure A.1 is outlined below.

• assoc: The name of each association with an age estimation that is used in

model-based masses of targets.

• ncomp: Observational information of resolved targets in our sample such as its

co-ordinates, proper motion, magnitude, spectroscopic emission features, mem-

bership status.
2http://www.w3schools.com/sql/
3https://www.python.org/

http://www.w3schools.com/sql/
https://www.python.org/
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• 2m sources: Basic properties of all 2MASS sources within a field of a view equiv-

alent to 100,000 au, given the target’s distance. There can be 10,000s of entries

for one target.

• wds local: A local version of the WDS (Mason et al., 2001) catalogue containing

previous potential detections and notes.

• systems: Properties of all identified multiple systems including flags for uncon-

firmed systems.

• excess: Individual photometric entries at multiple wavelengths to investigate po-

tential non-photospheric emission around stars.

• detec: Detection limits for targets from either spectroscopic, AO-imaging or direct

imaging data.

• individ ao: Individual AO-imaging data contrast curves (magnitude versus angu-

lar separation) for each separate observation.

• individ rv: Individual radial velocities with modified Julian dates for each previous

observation.

The information in the sample is constantly evolving, for example, with new age esti-

mations of the associations, new observations of individual targets and new detections

of companions. Therefore, the stored data and the statistics produced need to be

easily manipulated. The structure outlined above combined with the custom methods

developed in python makes this process quick and simple. Below is an example one

particular method that is used to calculate the detection probabilities. This example

highlights both the complexity of the method behind the scenes and how simply it is

executed by the user.
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FIGURE A.1: The basic structure of the SQL database created to handle the data
presented in this thesis and ongoing work. The boxes represent the tables and have
their respective names. The labels on the left show the column that links the data from

one table to the other.

A.2 Object-orientated approach to data manipulation

Many of the techniques used in the statistical analysis are repeatable from object to

object. In other words, no aspect of the analysis needs to be tweaked in any special

way, and, therefore, exactly the same steps of analysis can be applied to each target.

Using object-orientated custom methods in python in combination with SQL one can

execute complex analysis with very little user input.

First a class of object was created which, for the database used here, is called Sys-

tem mss. This refers to one multiple stellar system (mss), which can contain more than

one resolved component. An instance of this class is created by giving the system id

of one specific system as a string. A series of self-built methods then act upon this

instance and perform different tasks. An example of one such task is discussed below.



Appendix A. Data management and manipulation 245

A.2.1 A breakdown of the detection probability method

The text below shows the python code needed for the execution of the master prob

method on the system ”BPC 16 A”. The definition of the object and execution is only

two lines of python code. Therefore, it is easy to see that to perform this task on every

single system in the database, it is simply a case of looping over all possible system

ids and components.

obj = System mss("BPC 16") % object instance

obj.master prob("A", "plot name.pdf") % execution on comp. A

Figure A.2 shows a breakdown of the master prob method that calculates the prob-

ability of detecting a companion on a grid of mass-ratio (q) values from 0.01-1 and

periods (p) 1-1010 day. This method needs quite a lot of parameters from different ta-

bles in the database to produce the final output; an array of periods, mass-ratios and

detection probabilities. Below I outline how this method operates. Figure A.2 showing

a schematic of the steps involved.

prob sb: First of all the individual radial velocities (rv) and their respective modified

Julian dates (mjd) are collected. From these, the N, T and sigma parameters are cal-

culated, where N is the number of observations, T is the time between the first and the

last observation and sigma is the standard deviation of all rv values. These parame-

ters are combined with the primary mass (m1) parameter from the ncomp table. The

formulae defined in Tokovinin (2014a) are used to calculate the probability of detection,

using these parameters and many thousands of simulated binaries. An array of p, q

and probability is outputted.

prob ao: The individual AO detections are collected from the individ ao table. These

detections are always stored as two arrays of 5 elements, one array for the angular

separations (sep 1, 2, 3, 4, 5) and one for the delta magnitude (dm 1, 2, 3, 4, 5) value,

along with the wavelength (wlen) of observation. First of all, for each observation, the

delta magnitude values are combined. As the delta magnitudes can refer to different

wavelengths of observation these delta magnitudes are all converted to the Ks band
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FIGURE A.2: Structure of master prob python method. Blue and red boxes represent
tables and outputs, respectively. Labels next to each table refer to the parameters

collected and used in the method. See text in Section A.2.1 for further details.

using the evolutionary models of Baraffe et al. (2015) and distance of the system from

the ncomp table. From these individual arrays a master array is created that is the

deepest (has the highest contrast) observation at each element of angular separation.

This is the array that is then stored in the detec table. This array is retrieved and

combined with the primary mass value from the ncomp table. Using thousands of

simulated binaries (by converting their masses to magnitudes) and observing them

with the master contract curve, an array of p, q and probability is outputted.

prob 2m: The max ang parameter is retrieved from the detec table. This parameter

was derived using the analysis presented in Chapter 4 and is the angular separation

to which we defined our sensitivity to wide visual companions. As this analysis was

based on 2MASS photometry the 10 σ limits (J=15.8, H=15.1, K =14.3, Cutri et al.,

2003) were used in the calculation. These values were combined with the evolutionary
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models of Baraffe et al. (2015), and distance to the target, to calculate the minimum

mass of a detectable companion. This information is then combined with the primary

mass value and again, thousands of simulated binaries are observed. An array of p, q,

and probability is outputted.

The arrays outputted from prob sb, prob ao and prob 2m are combined using the equa-

tion:

proball = 1−
i∏

(1− probi) (A.1)

where probi is the probability from the individual technique, i.e. either from spec-

troscopy, AO-imaging or direct imaging.

This is very important in the cases where the target is close enough that the parame-

ters of detectable companions from AO-imaging and spectroscopy can overlap. Addi-

tionally, for almost every object, the direct imaging and AO-imaging parameter spaces

overlap (typically where the AO observational field of view is >3′′). Therefore, the re-

sultant probability needs to reflect the probability given the information from two obser-

vational sources. For objects that do not have detection limits from one (or potentially

all) techniques described above, an array of zeros is outputted i.e. a zero probability of

detection.

The master output (proball) is then stored in the detec table and a plot is made for each

target (see Figure 1.3 for an example).

For every system id + component in our database we have an individual detection

probability and this is crucial for producing our statistics. These detection probabilities

can be averaged, thanks to all the probabilities being calculated on the same grid of

period and mass-ratio values. Therefore, producing population detection probabilities

across 10 orders of magnitude in period (1-1010 day) and from mass-ratios 0.01 to 1

is very simple (see Figure 5.1 for an example). Additionally, updating the detection

probabilities is merely a case of adding the data to tables individ rv and individ ao and

re-running the method on those particular objects.
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Successful proposals

This Appendix collates the observational proposals written by the author of this the-

sis1 (during Nov 2012–April 2016) that were rewarded telescope time. Before each

proposal we present the scientific goal, the instrument (and telescope) and the total

amount of observation time. We then include the scientific rationale and immediate

objectives of each proposal in their original format.

1The proposal Determining dynamical masses of nearby pre-main sequence multiple stellar systems
was submitted by Amelia Bayo as PI although the scientific case was adapted from a science case
written by the author of this thesis. This is due to allocation of telescope time from Chilean institutions.
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B.1 P93, NACO & UVES

Title: Is multiplicity universal?

Scientific goal: Collect more high resolution spectra and AO imaging data of con-

firmed young moving group members

Instrument / Telescope: NACO/VLT, UVES/VLT

Number of hours: 10.3, 21.2



European Organisation for Astronomical Research in the Southern Hemisphere

OBSERVING PROGRAMMES OFFICE • Karl-Schwarzschild-Straße 2 • D-85748 Garching bei München • e-mail: opo@eso.org • Tel. : +49 89 320 06473

APPLICATION FOR OBSERVING TIME PERIOD: 93A

Important Notice:

By submitting this proposal, the PI takes full responsibility for the content of the proposal, in particular with regard to the
names of CoIs and the agreement to act according to the ESO policy and regulations, should observing time be granted.

1. Title Category: C–7
Is Multiplicity Universal?

2. Abstract / Total Time Requested

Total Amount of Time:
The multiplicity surveys conducted during the last couple of decades have revealed that the fraction of multiple
systems among the T-Tauri stars is similar or 2 times higher than that of Main Sequence (MS) stars by
Duquennoy & Mayor, but what is dominant e↵ect for these fractions in young Pre-MS stars: mass, age or
environment? Preliminary results of the close-companion frequency of the SACY sample show no relationship
with spectral type, i.e. mass, di↵ering greatly to their young higher-mass equivalents. Coeval loose associations
show a dramatic di↵erence in frequency, Columba having potentially 0+4%, compared to that of Carina, 14+9

�4%.
These preliminary conclusions challenge the universality of the multiple system fraction among young stars.
We propose continuing towards a comprehensive multiplicity frequency of the SACY associations, taking full
advantage of the proximity of these targets, by probing a continuous range of orbital separations.

3. Run Period Instrument Time Month Moon Seeing Sky Mode Type
A 93 UVES 21.2h any n n THN s

B 93 NACO 10.3h any n 1.0 THN s

4. Number of nights/hours Telescope(s) Amount of time
a) already awarded to this project: UT2/UT4 90h/33h during P88 and P89
b) still required to complete this project: UT2 10h

5. Special remarks:

Excellent filler for bad weather conditions. This proposal is part of Ph.D. thesis (Is Multiplicity Universal?,
Paul Elliott) which started in November 2012.

6. Principal Investigator: pelliott

6a. Co-investigators:

C. Torres 1599

C. Melo 1261

N. Huelamo 1456

M. Sterzik 1261

Following CoIs moved to the end of the document ...
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7. Description of the proposed programme

A – Scientific Rationale:
It is now accepted that multiplicity is a product of star formation, however the processes creating these primor-
dial multiple systems are currently not well understood. Previous work such as Duquennoy & Mayor (1991)
focused on older, Main Sequence (MS), dynamically evolved stars in the solar neighborhood. However, with
such a sample, we cannot be certain if we are observing multiple systems created from dynamical encounters or
those that were created at birth; we need to not only study younger populations (⇠10 Myr), but study them in
a range of environments in order to disentangle the two processes and observe environmental e↵ects.
In the last couple of decades sensitive infra-red detectors have allowed multiplicity studies focused on younger
populations of stars (e.g., Ghez et al. 1993, 1997; Leinert et al. 1993; Kraus & Hillenbrand, 2007). These
surveys revealed that the binary fraction of T-Tauri stars is similar or 2 times higher than that of MS stars
(Duchêne 1999; Duchêne et al. 2007) and multiplicity frequency increases with primary mass (Raghavan et
al. 2010; Kouwenhoven et al. 2007). However, these results have been obtained from the population of young
clusters. These young clusters are normally located at distances larger than ⇠100pc (in some cases much larger)
and still embedded in their parental clouds. Both e↵ects put caveats and biases in the determination of the true
multiplicity fractions, potentially leading to incompleteness and di�cult cluster-cluster comparisons. We need
to try and better constrain this observable as a function of mass, age and environment; is multiplicity universal?
What is the SACY sample and how can it help? In 2001 our team undertook the titanic task of carrying
out spectroscopic observations of 1500 late-type, potentially young stellar optical counterparts of ROSAT X-ray
sources. Five years later, the SACY (Search for Associations Containing Young stars) survey (Torres et al.
2006, 2008) has changed our vision of local star formation. Nine young (age⇠1-70 Myr), nearby (d⇠20-110pc)
associations (containing ⇠450 stars) have been identified. Due to their proximity, we can probe a continuous
range of orbital separations using spectroscopic techniques and AO-imaging to obtain a comprehensive mul-
tiplicity fraction for these young stars. Their range of ages provides us with invaluable laboratories to study
recent star formation, and in addition to this, their low spatial density makes dynamical encounters extremely
improbable; we can probe primordial multiplicity.
Multiplicity trend as a function of mass: With data collected along several periods, our group is conducting
a systematic multiplicity study of these 9 young associations. We are obtaining very interesting preliminary
results regarding the close-companion frequency, derived from existing UVES and FEROS data (shown in the
left panel of Fig. 1, and compared to other populations). This fraction is the combination of both multiple-lined
spectroscopic (SB2) systems (where two, or more, peaks are seen in the cross-correlation function, 15 systems)
and single-lined spectroscopic (SB1) systems (from large radial velocity (RV) variations between di↵erent data
epochs, 4 systems) for all 9 associations. These results, after accounting for biases, imply that close-companion
multiplicity is not a function of spectral type i.e. mass, in this range. This di↵ers significantly when compared
to higher mass stars where studies have shown much greater fractions as well as a strong dependence on mass,
see the left panel of Fig. 1 (Chini et al. 2012) for close-companion multiplicity.
Multiplicity with environment and age: If multiplicity is in fact universal, i.e. onsets at the earliest
stages of star formation, we would expect that a loose collection of stars of approximately the same age would
have statistically indistinguishable fractions of multiple systems. The right panel of Figure 1, however, shows
how di↵erent the fractions can be with coeval low spatial-density populations (Columba (COL), Carina (CAR)
and Tucana-Horologium (THA) are ⇠30 Myr). COL currently shows 0+4% of multiple systems which appears
anomalous when compared to all other 8 associations. Such a result implies there are other factors at play
between coeval groups of stars causing variability in the multiplicity fraction. However we must be very careful
when dealing with low number statistics which leads us to the next point:
The need for further data: Run A of this proposal is mainly concerned with Columba (COL) and AB
Doradus (ABD) - see the right panel of Fig. 1, highlighted with crosses. As mentioned above it is crucial
for us to obtain more data of COL to better constrain this null multiplicity rate. Observing 11 targets (9 of
which currently only have one/zero data epochs (vastly limiting analysis) from the total 44 previously observed
members of COL would greatly improve our statistics on this anomalous association. ABD is the oldest of our
associations (⇠70Myr) and should show us that the close-companion frequency is not significantly a↵ected by
age, as the majority of data in the right panel of Fig. 1 shows. We can investigate this using the high number
of sources in ABD (⇠80 solar spectral type pre-main sequence stars). With new data we can probe 25 new
targets for SB1 systems from RV variations and vastly improve our ability to see SB2 systems from 30 targets.
Run B is concerned with the remaining targets that are possible to observe with NACO, in order to maximise
this unique dataset. So far, data from Eta Chamaeleon (ECH) and � Pictoris (BPC) has been analysed in
search of visual companions. The results show a possible 15 and 50 visual companions respectively, ranging
from ⇠10-300 MJup. Although the AO part of the work is very preliminary NACO is the perfect instrument to
carry it out, therefore this last set of observations is really necessary before its imminent removal from UT4.
Multiplicity across a continuous range of orbital separations: Consider an idealised binary system of
two 1M� stars at 70 pc (the average distance for the SACY sample), eccentricity=0, vrad=10kms�1. AO, NACO
with an angular resolution of <0.400, FOV 2700x 2700, gives a separation range of 28 - 700 A.U. Spectroscopic,
UVES using 3 times the velocity accuracy, for this work, of ⇠1kms�1 gives a separation range of 4 - 45 A.U.
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7. Description of the proposed programme and attachments

Description of the proposed programme (continued)

P91 comments The OPC commented that no analysis had been conducted on the existing data. Since P91,
work is fully underway, the preliminary results are discussed and presented (Fig. 1) in this proposal, and a paper
of close-companion frequency is in preparation. Once complete, the data of visual companions (NACO data)
will be analysed more fully and combined to produce the overall multiplicity frequency of the SACY sample.

References
Duquennoy & Mayor 1991, A&A 248, 485
Ghez et al. 1993, AJ 106, 2005
Ghez et al. 1997, ApJ 481, 378
Leinert et al. 1993, A&A 278, 129.
Kraus & Hillenbrand, 2007, ApJ, 662, 413
Duchêne 1999, A&A 341, 547
Duchêne et al. 2007, A&A 476, 229
Shatsky & Tokovinin, 2002, A&A, 382, 92

Raghavan et al. 2010, ApJS, 190, 1
Kobulnicky & Fryer 2007, ApJ, 670, 747
Kouwenhoven et al. 2007, A&A, 474, 77
Torres et al. 2006, A&A 460, 695
Torres et al. 2008, Handbook of Star Forming Regions, Volume
II, The Southern Sky ASP Monograph Publications, Vol. 5, ed.
Bo Reipurth, 757
Chini et al. 2012, MNRAS, 424, 1925

B – Immediate Objective:
Here we propose to carry out AO-assisted observations and multiple spectroscopic visits to make a complete
census of the binary population
Run A - UVES: In total we need 3 separate data epochs, therefore we propose to take up to 3 high-resolution
spectra of each target, depending on the number of existing obsrvations, in this period. Radial velocities and
V sin i will be determined by applying the cross-correlation technique to these spectra as calculated for the
previous data. Objects showing a double-lined cross-correlation function or showing significant radial velocity
variations will be selected for a further radial velocity follow up in order to derive orbital parameters.
Run B - NACO: We propose to obtain high-angular resolution observations of the SACY sample not yet
found in the NACO archive, for 31 targets, observable on even periods from Paranal. The main goal is to
take di↵raction-limited observations of the targets in order to look for new stellar companion candidates. The
targets have been selected based on the following criteria: i) be members of one SACY association, ii) have
d ⇠< 100 pc; iii) be younger than Pleaides (i.e., 100Myr) based on its Li content; iv) spectral type later than G5
and V>9; v) not observed in a similar survey (e.g., by Zuckermann et al. 2004 or Masciadri et al. 2005. They
will be observed in the K-band with NACO. They are all bright enough to be used as reference stars. We will
use the S27 objective which provides a FOV of 2700⇥ 2700, su�cient to find companions up to distances up to
⇠ 1000from the central source. We will also use the S13 objective for the brightest targets to avoid saturation.
We will integrate a total of 5-10 minutes on-source, to reach �K deep enough to look for stellar companions.
An astrometric calibrator (⇥1 Ori C) will be observed to calibrate the plate scale and orientation of CONICA.

Attachments (Figures)

Fig. 1: Left Panel: The multiplicity fraction for the SACY sample (filled circles); High mass stars (O-B), Chini et al. 2012; Nearby

solar type stars, Duquennoy & Mayor 1991; Nearby M Dwarfs, Fischer & Marcy 92; Nearby star-forming regions, Nguyen 2012, as

a function of spectral type, O-M. The explicit fraction of multiple systems in each mass bin is shown for the SACY data. Right

Panel: The multiplicity fraction as a function of age for the SACY associations and nearby star-forming regions, Nguyen 2012,

crosses indicate associations with many observation targets in this proposal.
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B.2 P95, UVES

Title: Are there true differences in the fraction of spectroscopic binaries within the

SACY sample?

Scientific goal: Collect more high resolution spectra to investigate differences in spec-

troscopic binary fractions

Instrument / Telescope: UVES/VLT

Number of hours: 75.7



EuropeanOrganisation for Astronomical Research in the SouthernHemisphere

OBSERVING PROGRAMMES OFFICE • Karl-Schwarzschild-Straße 2 • D-85748 Garching bei München • e-mail: opo@eso.org • Tel. : +49 89 320 06473

APPLICATION FOR OBSERVING TIME PERIOD: 95A

Important Notice:

By submitting this proposal, the PI takes full responsibility for the content of the proposal, in particular with regard to the
names of CoIs and the agreement to act according to the ESO policy and regulations, should observing time be granted.

1. Title Category: C–7
Are there true differences in the fraction of spectroscopic binaries within the SACY sample?

2. Abstract / Total Time Requested

Total Amount of Time:
Characterising the fraction and properties of multiple systems in a stellar population can tell us a great deal
about the environment in which they formed. If populations of stars form in a similar way across a wide param-
eter space we would not expect to find significant differences in their multiplicity properties. The most ideal
populations to test this hypthesis are young (∼10 Myr) to probe more directly the outcome of star formation,
with little effect of N-body dynamics. We have recently derived the fraction of spectroscopic binaries (SBs) in
the SACY associations (Elliott et al. 2014). We found that some associations have 0+4% of SBs where others
have 14+9

−4%. We propose to investigate whether this discrepancy arises from low-number statistics or reflects
a true difference in the binary populations. Additionally we will complete the spectroscopic observations of
SACY and increase the number of targets with both UVES and adaptics optics-assisted data by ∼20%.

3. Run Period Instrument Time Month Moon Seeing Sky Mode Type
A 95 UVES 58.0h any n n THN s

B 95 UVES 17.7h any n n THN s

4. Number of nights/hours Telescope(s) Amount of time
a) already awarded to this project: UT2/UT4 33h: P88 and P89, 21.2h: P93
b) still required to complete this project:

5. Special remarks:

Excellent filler for bad weather conditions.
This proposal is part of Ph.D. thesis (Is multiplicity universal?, Paul Elliott) which started in November 2012.

6. Principal Investigator: pelliott

6a. Co-investigators:

A. Bayo 1842

C. Melo 1261

C. Torres 1599

N. Huelamo 1456

Following CoIs moved to the end of the document ...
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7. Description of the proposed programme

A – Scientific Rationale:
It is now observationally confirmed that multiplicity is a product of star formation, and, therefore, studying
and characterising multiplicity properties can tell us a lot about how the stars formed. However, processes
that create these primordial multiple systems and the relationship with the primary mass are currently not
well understood. Works such as Raghavan et al. 2010; Tokovinin 2014 focus on older, main sequence (MS),
dynamicaly evolved stars in the solar neighbourhood. With such a sample we cannot be certain if we are
observing multiple systems created from dynamical encounters or those that were created at birth; we need
to not only study younger populations (∼10 Myr), but study them in a range of environments in order to
disentangle the two processes and observe environmental effects.

In the last couple of decades sensitive infra-red detctors have allowed multiplicity studies focused on younger
populations of stars (e.g., Ghez et al. 1993, 1997; Leinert et al. 1993; Kraus & Hillenbrand, 2007). These surveys
revealed that the binary fraction of T-Tauri stars is similar or 2 times higher than that of MS stars (Duchêne
1999; Duchêne et al. 2007) and multiplicity fraction (Fm) increases with primary mass (Raghavan et al 2010;
Kouwenhoven et al. 2007). However, these results have been obtained from the population of young clusters.
These young clusters are normally located at distances larger than ∼100 pc (in some cases much larger) and
still embedded in their parental clouds. Both effects put caveats (extinction, sensitivity) in the determination
of the true Fm, potentially leading to incompleteness and difficult comparisons between clusters. We need to
better constrain Fm as a function of mass, age and environment; is multiplicity universal?

What is the SACY sample and how can it help? In 2001 our team undertook the titanic task of carrying
out spectroscopic observations of 1500 late-type, potentialy young stellar optical counterparts of ROSAT X-
ray sources (Torres et al. 2006; 2008). Nine young (age∼1-70 Myr), nearby (d∼20-110 pc) loose associations
(containing ∼450 stars) have been identified. These populations have stars all over the southern sky; tens of
degrees can contain less than 100 members, however they do not belong to any nearby cloud regions. Due to
their proximity, we can probe a continuous range of orbital separations using spectroscopic (Elliott et al. 2014),
interferometric and AO-imaging (Elliott et al. in prep.) techniques to obtain a comprehensive multiplicity
fraction for these young stars; breaking down the barrier between observational techniques to provide the
systems’ properties i.e. their masses and orbital separations. Their range of ages provides us with invaluable
laboratories to study recent star formation, and in addition to this, their low spatial density makes dynamical
encounters extremely improbable. The SACY sample is a truly unique dataset to produce comprehensive
statistics of pre-MS stars; we can probe primordial multiplicity.

Current results with high-resolution spectra: We have recently refined the membership list of the SACY
associations and determined the fraction of spectroscopic binaries (SBs) using previous UVES/FEROS observa-
tions, archival data and available data/information in the literature (Elliott et al. 2014), see Fig. 2 for fractions
of each association. We found the fraction of SBs is statistically indistinguishable from the fraction found in
the field and nearby star-forming regions (SFRs) (Nguyen et al. 2012), as we would expect if these stars formed
in similar environments. However, from Fig. 2 it is clear that by no means is the fraction of spectroscopic
systems constant for all nine associations, are the differences just the result of low-number statistics? There are
three associations that have no known spectroscopic binary systems using all available high resolution spectra
available the fractions are currently: Argus: 0/33, Tuc-Hor: 0/33 and TW-Hydrae: 0/11.

How do the proposed observations help us? The observations we propose here could produce a highly
significant difference between some associations (i.e. β-Pic moving group and Argus) if some of these associations
truly have no SBs. On the other hand it could reconcile these three associations with the other six, producing
a much more uniform distribution of the fraction of SBs in the SACY associations as we would expect from
the similar environment in which the stars formed. The objects presented in Run A currently do not have any
high-resolution spectra available and therefore at this time we cannot say anything at all about whether they
are SBs. They make up approximately 25% of our overall sample, which is a huge proportion of our targets
missing from our spectroscopic census. In addition to those objects, the objects presented in run B have partial
data available (1 or 2 previous observations) however for those with only 1 observation our sensitivity to SB1
systems is 0% and from previous work 50% of SBs we identified were of type SB1 (Elliott et al. 2014). We
are currently missing a substantial part of data if we wish to derive accurate fractions of SB systems for these
populations of pre-MS stars.

Breaking down the observational barrier: We are not only interested in the fraction of SB systems; we
want to characterise the multiplicity of the whole sample. Analysis of visual binaries (VBs), using NACO/Lick
AO-imaging, is in its final stages. The observations proposed here would add another 40 targets to have both
high-res. spectra and AO-assisted imaging which would increase the sample observed using both methods by ∼
20%. The statistics produced from our AO analysis will be combined with our analysis of SBs in conjunction
with interferometric data. This will cover systems from ∼0.1 au - 1000 au and where available, this orbital range
will be continuously covered. Using our derived average fractions of SBs and VBs and those expected in SFRs
(King et al. 2012) we will have ∼40 SBs and ∼150 VBs in our pre-MS population. Such a substantial number
of close-by characterised pre-MS multiple systems, with a range of masses is invaluable to the community of
star formation and planetary research.
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7. Description of the proposed programme and attachments

Description of the proposed programme (continued)

References:
Raghavan et al. 2010, ApJS, 190, 1
Tokovinin 2014, AJ, 147, 86
Ghez et al. 1993, AJ 106, 2005
Ghez et al. 1997, ApJ 481, 378
Leinert et al. 1993, A&A 278, 129

Kraus & Hillenbrand, 2007, ApJ, 662, 413
Duchêne 1999, A&A 341, 547
Duchêne et al. 2007, A&A 476, 229
Kouwenhoven et al. 2007, A&A, 474, 77
Torres et al. 2006, A&A 460, 695

Torres et al. 2008, Handbook of Star
Forming Regions, Volume II, 757
Elliott et al. 2014, A&A, 568, A26
Nguyen et al. 2012, ApJ, 745, 119
King et al. 2012, MNRAS, 421, 2025

B – Immediate Objective:
Run A: Here we propose to carry out multiple spectroscopic visits for those SACY targets that currently have
no high-resolution spectroscopic data. In total we need 3 separate data epochs to have good sensitivity to
spectroscopically bound systems, of both type SB1 and SB2.
Run B: We propose to carry out observations for those targets currently with only 1 or 2 observations in
order to increase our sensitivity to longer-period spectroscopic systems (SB1 systems; Fig. 1, middle panel) and
potentially missed SB2 systems from previous observations with poor phase coverage.
RVs and v sin(i) will be determined by applying the cross-correlation technique to these spectra, Fig. 1. Objects
showing a double-lined cross-correlation function (Fig. 1, right panel) or showing significant RV variations (Fig.
1, middle panel) will be selected for a further radial velocity follow up in order to derive orbital parameters.

Attachments (Figures)
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Fig. 1 Examples of the cross-correlation output for three different types of systems, within each panel the different lines represent

different data epochs. Left: a single system (no significant variation), middle: an SB1 system (significant temporal variation), right:

an SB2 system, two clear peaks indicating two sources of flux with different RV values.
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Fig. 2 The SB fraction as a function of age for the SACY sample. Fractions derived using our UVES/FEROS observations are

red, those derived additionally using literature values are white, fractions of SFRs are gold.
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B.3 P96, NACO

Title: Is multiplicity universal? Confirming visual pre-main sequence binaries in the

SACY associations

Scientific goal: Obtain a second epoch of AO imaging data for previously identified

candidate multiple systems

Instrument / Telescope: NACO/VLT

Number of hours: 11.3



European Organisation for Astronomical Research in the Southern Hemisphere

OBSERVING PROGRAMMES OFFICE • Karl-Schwarzschild-Straße 2 • D-85748 Garching bei München • e-mail: opo@eso.org • Tel. : +49 89 320 06473

APPLICATION FOR OBSERVING TIME PERIOD: 96A

Important Notice:

By submitting this proposal, the PI takes full responsibility for the content of the proposal, in particular with regard to the
names of CoIs and the agreement to act according to the ESO policy and regulations, should observing time be granted.

1. Title Category: C–7
Is multiplicity universal? Confirming visual pre-main sequence binaries in the SACY associations

2. Abstract / Total Time Requested

Total Amount of Time:
Characterising the nature of multiple systems in a given population of stars can tell us a great deal about their
initial conditions. If populations of stars form in a similar way across a wide parameter space we would not
expect to find significant differences in their multiplicity properties. The most ideal populations to study are
young (∼<100 Myr) and have low stellar density; to probe more directly the outcome of star formation, with little
effect of N-body dynamics. We have recently derived the properties (multiplicity fractions, mass-ratios, physical
separations) of a statistical sample of visual multiple systems in the SACY associations. However, many of the
these bound systems are not confirmed, their classification is based on statistical analysis of their observables.
This can lead to mis-classification which leads to significantly different derived properties and conclusions about
our sample. To produce a robust results we need to confirm identified sources using proper motion analysis.

3. Run Period Instrument Time Month Moon Seeing Sky Mode Type
A 96 NACO 6.1h any n 1.0 THN s

B 96 NACO 5.2h any n 1.2 THN s

4. Number of nights/hours Telescope(s) Amount of time
a) already awarded to this project: UT2/UT4 33h during P88 and P89
b) still required to complete this project: UT1 50h

5. Special remarks:

Run B is an excellent filler program as the required seeing is only ≈1.2′′.
This proposal is part of Ph.D. thesis (Is multiplicity universal?, Paul Elliott) which started in November 2012
and has a planned defence date in early 2016.

6. Principal Investigator: pelliott

6a. Co-investigators:

N. Huelamo 1456

A. Bayo 1842

C. Melo 1261

C. Torres 1599

Following CoIs moved to the end of the document ...
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7. Description of the proposed programme

A – Scientific Rationale:
It is now observationally confirmed that multiplicity is a product of star formation, and, therefore, studying
and characterising multiplicity properties can tell us a lot about how the stars formed. However, processes that
create these primordial multiple systems are currently not well understood. Works such as [1] and [2] focus
on older, main sequence (MS), dynamically evolved stars in the solar neighbourhood. With such a sample we
are observing multiple systems that have been severely dynamically processed and therefore the population’s
properties and abundances do not reflect the original outcome of star formation. For studies of primordial
multiplicity we need to study young (∼<100 Myr), low-density populations.
In the last couple of decades sensitive infra-red detctors have allowed multiplicity studies focused on younger
populations of stars (e.g. [3],[4],[5],[6],[7]). These surveys revealed that the binary fraction of T-Tauri stars
is similar or 2 times higher than that of MS stars ([8]) and multiplicity fraction (Fm) increases with primary
mass ([9],[1]). However, these results have been obtained from the population of young clusters. These young
clusters are normally located at distances larger than ∼100 pc (in some cases much larger) and still embedded
in their parental clouds. Both effects put caveats (extinction, sensitivity) on the determination of the true Fm,
potentially leading to incompleteness and difficult comparisons between clusters. We need to better constrain
Fm as a function of mass, age and environment; is multiplicity universal?
What is the SACY sample and how can it help? In 2001 our team undertook the titanic task of car-
rying out spectroscopic observations of 1500 late-type, potentialy young stellar optical counterparts of ROSAT
X-ray sources ([10], [11]). Nine young (age∼5-100 Myr), nearby (d∼20-110 pc) loose associations (containing
∼450 stars) have been identified. These populations have stars all over the southern sky; tens of degrees can
contain less than 100 members, however they are not associated with cloud regions. Due to their proxim-
ity, we can probe a continuous range of orbital separations using spectroscopic ([12]), interferometric and AO-
imaging (Elliott et al. submitted) techniques to obtain comprehensive multiplicity statistics for these young
stars; breaking down the barrier between observational techniques to provide the systems’ physical properties
(mass-ratios and orbital separations). Their range of ages provides us with invaluable laboratories to study
recent star formation, and in addition to this, their low spatial density means they have undergone little dy-
namical processing. The SACY sample is a truly unique dataset to produce comprehensive statistics of PMS
stars; we can probe primordial multiplicity.
Current project status: We have determined the fraction of spectroscopic binaries (SBs) in the SACY
associations ([12]). We found the fraction of SBs is statistically indistinguishable from the fraction found in the
field and nearby star-forming regions (SFRs). Such systems have incredibly high binding energy and therefore
are essentially free of dynamical processing. This result supports the idea that these populations had statistically
similar primordial binary populations (in separation range ∼0.01-1 au). We have now extended this analysis to
visual systems (Elliott et al. submitted) in the separation range 3-1000 au, however, we need to confirm our
identified multiple systems to improve our derived statistics.
Results with AO-assisted data: We have analysed NACO data (from P77, P81, P88 and P89). The data
taken in P81 was the second epoch for P77 targets, and therefore we used astrometic analysis to determine
whether sources are bound, as shown in Figure 2. However, the targets imaged in P89 were not follow-up
observations of P88 targets and therefore we could only base our bound-probability estimate on the properties of
confirmed and rejected bound systems from previous runs. From the analysis of our data so far, we have identified
many similarities between SACY and the SFR Taurus, indicative of similar primordial binary distributions. The
multiplicity fractions are 25% and 26% for SACY and Taurus, respectively, for systems in the separation range
10-1000 au. This is a factor ≈1.5 higher than the field, due to the low-density nature of these environments.
We also find a flat mass-ratio distribution in line with results from Taurus ([6, [7]).
Current limitations of statistics: The set of identified multiple systems is dominated by single-epoch
data and therefore potentially we are mis-classifying companions as bound / not-bound. To highlight this, in
Figure 3 we show the separation distributions for SACY, and 3 other populations, considering companions with
probabilities (p) ≥0.95 and ≥0.50. If we only consider systems with p≥0.95 our distribution is very narrow,
double peaked and differs at ∼2σ level to the other populations. However, considering systems with p≥ 0.50
the distribution is single peaked and agrees with the 3 other distributions. These two distributions lead to
completely different conclusions about the physical nature of multiple systems in SACY. The only way we
can confirm our single-epoch detections is with a further epoch, to analyse the relative astrometry
of the companions.

B – Immediate Objective: We propose to obtain a second epoch of high-angular resolution data for visual
binary candidates in the SACY sample. The selected targets have multiple point sources around the primary
target, potential bound systems, identified from previous NACO observations in P88 and P89. Our targets are
nearby and have high proper motions and given the difference in time (now 3 yr) the relative astrometric motion
of the sources will be large (∼10 times larger than measurement uncertainties), the example in Figure 2 shows
the successful application of this method for data separated by <2 yr. The targets will be observed in the Ks

band with NACO. They are all bright enough to be used as reference stars. We will use the S13 objective which
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7. Description of the proposed programme and attachments

Description of the proposed programme (continued)

provides a FOV of 13 ′′ × 13′′, sufficient to find image all previous identified sources. We will integrate for 5-10
minutes on-source, to reach ∆Ks deep enough to identify sub-stellar companions, see Figure 1.
We split our targets into two runs according to the angular separation (ρ) of the sources in the FOV (A: ρ <0.5′′,
B: ρ ≥0.5′′). This way we can loosen the constraints on the seeing (from 1.0 to 1.2′′) for targets in run B.
An astrometric calibrator (Θ1 Ori C) will be observed to calibrate the plate scale and orientation.

References: [1] Raghavan et al. 2010, ApJS, 190, 1 [2] Tokovinin 2014, AJ, 147, 86 [3] Ghez et al. 1993, AJ 106, 2005 [4] Ghez et al. 1997, ApJ 481, 378 [5]

Leinert et al. 1993, A&A 278, 129 [6] Kraus et al. 2011, ApJ 731, 8 [7] Daemgen et al. 2015, ApJ 799, 155 [8] Duchêne et al. 2007, A&A 476, 229 [9] Kouwenhoven

et al. 2007, A&A, 474, 77 [10] Torres et al. 2006, A&A 460, 695 [11] Torres et al. 2008, Handbook of Star Forming Regions, Volume II, 757 [12] Elliott et al.

2014, A&A, 568, A26 [13] Baraffe et al. 1998, A&A, 337, 403

Attachments (Figures)

Figure 1: The average sensitivity in the Ks band for observations of target from P88 and P89. The dotted line represents the

mass of a potential companion using an average SACY target (distance: 70 pc, abs. Ks: 3.5 mag, age: 30Myr.) as the central

source and the evolutionary tracks of [13].

Figure 2a: One epoch of NACO data for a target that has two additional point sources in its FOV, labelled 2 and 3.

Figure 2b: The black markers and dotted line represent the relative movement from the central source one would expect from a

background source from observation 1-2. Source 2 shows no relative movement, meaning it is a bound (BND) companion whereas

source 3 shows movement compatible with that of a background (BKG) source.

Figure 3a: Separation distribution for 4 populations; SACY, Taurus E (extended population of Taurus, age ∼20Myr, [7]), Taurus

Y (young population, age ∼2Myr, [6]) and the Field ([1]), considering companions with probabilities ≥ 0.95 for SACY.

Figure 3b: The same as Figure 3a, however, considering companions with probabilities ≥0.50.

- 3 -

Appendix B. Successful proposals 260



Appendix B. Successful proposals 261

B.4 P97, NACO

Title: Peculiar multiplicity or incomplete census? Looking for companions around

newly identified members in the Octans association

Scientific goal: Investigate the apparent over-abundance of visual multiple systems in

the Octans young moving group

Instrument / Telescope: NACO/VLT

Number of hours: 12.4



European Organisation for Astronomical Research in the Southern Hemisphere

OBSERVING PROGRAMMES OFFICE • Karl-Schwarzschild-Straße 2 • D-85748 Garching bei München • e-mail: opo@eso.org • Tel. : +49 89 320 06473

APPLICATION FOR OBSERVING TIME PERIOD: 97A

Important Notice:

By submitting this proposal, the PI takes full responsibility for the content of the proposal, in particular with regard to the
names of CoIs and the agreement to act according to the ESO policy and regulations, should observing time be granted.

1. Title Category: C–7
Peculiar multiplicity or incomplete census? Looking for companions around newly identified members in the
Octans association

2. Abstract / Total Time Requested

Total Amount of Time:
Stellar multiplicity is intimately linked to the processes of star formation and different environments could alter
the resulting multiplicity properties. With this proposal we want to confirm whether we are witnessing this effect
or if our previous multiplicity results in the Octans were dominated by low number statistics. So far we have
conducted an analysis of tight (<1 au) and wider visual systems (10-1000 au) in 9 loose associations (collections
of pre-main sequence stars) in our solar neighbourhood. One of the most interesting yet under-studied of these
associations is Octans. We recently discovered it has an unusually high number of visual binaries, however this is
based on low numbers. Here we propose observations that would increase the number of objects with AO data by
>300% (from 11 to 49). These observations would allow us to determine whether Octans really has an unusual
multiple system population and additionally provide resolved photometry for age/distance determination.

3. Run Period Instrument Time Month Moon Seeing Sky Mode Type
A 97 NACO 12.4h any n 1.2 THN s

4. Number of nights/hours Telescope(s) Amount of time
a) already awarded to this project:
b) still required to complete this project:

5. Special remarks:

Excellent filler program as the required seeing is only ≈1.2′′.

6. Principal Investigator: pelliott

6a. Co-investigators:

S. Murphy 1139

A. Bayo 1842

C. Melo 1261

C. Torres 1599
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7. Description of the proposed programme

A – Scientific Rationale: Multiple systems are a natural outcome of star formation processes since we
find significant numbers in young (1-2 Myr) star-forming regions (SFRs) such as Taurus, 42±8% ([1]) as well as
in the older field population, ≈50% ([2,3]). Therefore, one can assume that key ingredients of those processes
are hard-coded in the final multiple products, and differences in, for example, multiplicity rates of populations,
could point towards different natal conditions. These differences dilute with time (due to dynamical processing),
so one should look at the youngest possible populations.

One problem of studying PMS multiple systems in their typical cradle environments (nearby embedded clus-
ters) is the lack of overlapping parameter space from sample to sample due to differing distances and extinction
properties of the clusters that are generally studied. An alternative population of stars that can be used is the
SACY sample (Search for Associations Containing Young stars), originally presented in [4] and [5], and with
recent revised and updated solutions (Torres et al. 2015, in prep). This sample is made up of nine distinct
associations of stars. In total, ≈450 stars, <200 pc in distance, between the ages of 10-100 Myr and free of
extinction. These loose associations most likely formed in low-density environments and therefore make a good
comparison to denser SFRs. The members are extremely nearby and allow a very large orbital parameter space
to be probed when combining different observational techniques (spectroscopy, interferometry, AO- and direct
imaging) with little effect from N-body dynamics due to their youth.

Project status: One of the most interesting yet under-studied of the nine associations is the Octans association
(distance range: 80-180 pc, age: ≈40 Myr). In [6], [7] we recently derived the fraction of spectroscopic binaries
(SBs) and the fraction and physical parameters of visual binaries (VBs) in the SACY sample, respectively.
The Octans association has a compatible SB fraction with the other associations and that of the field and the
SFR Taurus, as we would expect from a universal model of star formation. However, in [7] we found that
Octans has a high VB fraction in the range 3-1000 au (55%). In Figure 1 we show the individual multiplicity
fractions (MFs) for each association. Additionally we show the 1σ MF space (blue shaded area) considering all
associations together except Octans. There is a 2.6σ discrepancy between the MF of Octans and that of the
other populations grouped together. It is this discrepancy that we want to investigate further.

Why we need these observations: We are investigating whether or not stellar populations always have
statistically similar initial multiple system distributions. This question is directly linked to the hypothesis of
star formation being a universal process. These nearby associations (<200 pc) offer us the opportunity to fully
characterise (across many orders of magnitude; 10−2–105 au) the multiple system population. Therefore, we
need to investigate any significant discrepancies between populations to make sure they are not just effects of
low number statistics but real products of their star formation history. At the moment, the number of members
the statistics for Octans were derived on is small (11) and therefore we need larger numbers to confirm whether
this is a truly physical over-abundance or not.

New data for Octans: [8] recently doubled the number of known members in this association from ≈30 to 60
stars using spectroscopy to derive spectral types, kinematics, youth signatures (Lithium equivalent width, Hα)
and identify spectroscopic binaries (SBs). A colour-magnitude diagram (CMD) of Octans members is shown
in Figure 2. Several of the K- and M-type members from [8] are suspected binaries, based on their elevated
position near the equal mass binary locus, or broad (but still unresolved in R ≈ 7000 spectra) cross-correlation
functions. In this proposal we aim to observe the remaining original members currently without AO imaging
and the newly discovered members (red markers in Figure 2) with NACO. This would significantly increase the
observed number of systems from 11 to 49. These observations will:

a) Vastly improve our multiplicity statistics for this association and allow us to see if the over-abundance of
VBs is real or not (reduction of statistical uncertainties from 14% to 5%).

b) Provide resolved photometry for newly discovered tight multiple systems.

How will these observations specifically help us: [8] derived the kinematic distances for newly identified
Octans sources using the convergence method ([4]) and then combined these distances with photometry to
produce an HR diagram for the new and previously identified members (Figure 2). The ages of PMS populations
are very hard to constrain and the HR diagram is a very powerful tool in this analysis, especially by comparing
to isochrones from theoretical models ([9]). Since the resolution of 2MASS is ≈2′′, we are currently blind
to companions in multiple systems within 260 au of the primary (2′′× 130 pc = 260 au). Given the peak of
physical separations in the SACY associations is ≈50 au ([7]) and that we have discovered 6/11 stars in Octans
are multiple systems already (all 6 of those detections were within 2′′of the primary) it is very likely that the
photometry for many sources in Figure 2 is in fact blended with a close companion. If these components are
near equal-mass the actual magnitude of the primary can be up to ≈0.75 mag fainter (e.g. for Octans target
2MASS J06033540–4911256 in [7] we calculated a resolved K magnitude of 9.81 mag compared to 9.08 mag
from 2MASS). With improved knowledge of the binary population and resolved photometry for many new VB
systems we can better populate the HR diagram of Octans. With this we will obtain a more robust age estimate
that we can compare with other dating techniques such as the lithium depletion boundary.

References: [1] King et al. 2012, MNRAS, 427, 2636 [2] Raghavan et al. 2010, ApJS, 190, 1 [3] Tokovinin 2014, AJ,
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7. Description of the proposed programme and attachments

Description of the proposed programme (continued)

147, 86 [4] Torres et al. 2008, Handbook of Star Forming Regions, Volume II, 757 [5] Torres et al. 2006, A&A, 460, 695

[6] Elliott et al. 2014, A&A, 568, A26 [7] Elliott et al. 2015, A&A, 580, A88 [8] Murphy & Lawson 2015, MNRAS, 447,

1267 [9] Baraffe et al. 2015, A&A, 577, A42

B – Immediate Objective: We propose to obtain AO direct imaging NACO data for previously unobserved
members of Octans (members from [4], [5], Torres et al. 2015 in prep. and [8]).
The targets will be observed in the Ks band with NACO. All the targets are bright enough (V < 16 mag. or
K<13 mag.) to be used as AO reference stars. For the reddest objects we will use the IR WFS with the N90C10
dichroic, otherwise we will use the visible wave-front sensor (VIS WFS). We will use the S13 objective which
provides a field of view of 13 ′′ × 13′′ and integrate for 5-10 minutes on-source, to reach ∆Ks deep enough to
identify stellar/sub-stellar companions (∆Ks ≈6 mag. at 0.3′′).
An astrometric calibrator (Θ1 Ori C) will be observed to calibrate the plate scale and orientation.

Attachments (Figures)
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Figure 1: Age versus multiplicity frequency, for the separation and primary mass range 3-1000 au and 0.2-1.2 M�,
respectively. The blue shaded area represents the 1σ uncertainty of the multiplicity fraction considering all
associations as one population excluding Octans.
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Figure 2: CMD of Octans members. The solid line is a cubic fit from [8], ostensibly tracing single stars or high
mass ratio binaries. The dotted line (0.75 mag. brighter) shows the presumed position of equal-mass binary
systems. NACO data of single and identified multiple systems from [7] is shown as diamonds and triangles.
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B.5 P97, UVES

Title: Investigating the widest binaries in young moving groups: Is there an over-

abundance?

Scientific goal: Spectroscopic confirmation of wide companion candidates identified

from our photometric + proper motion search

Instrument / Telescope: UVES/VLT

Number of hours: 8.7



European Organisation for Astronomical Research in the Southern Hemisphere

OBSERVING PROGRAMMES OFFICE • Karl-Schwarzschild-Straße 2 • D-85748 Garching bei München • e-mail: opo@eso.org • Tel. : +49 89 320 06473

APPLICATION FOR OBSERVING TIME PERIOD: 97A

Important Notice:

By submitting this proposal, the PI takes full responsibility for the content of the proposal, in particular with regard to the
names of CoIs and the agreement to act according to the ESO policy and regulations, should observing time be granted.

1. Title Category: C–7
Investigating the widest binaries in young moving groups: Is there an over-abundance?

2. Abstract / Total Time Requested

Total Amount of Time:
Stellar multiplicity is a key aspect to understand star formation in general. Several aspects are still open
regarding multiplicity, one of them is what is the widest separation that two objects formed from a unique
core can hold in the first Myr’s of evolution? So far we have conducted analysis on tight systems (<1 au) and
wider visual systems (3-1000 au) in a loose associations (nearby collections of PMS stars believed to have formed
together) in our solar neighbourhood. We have recently developed a simple methodology to query public surveys
for photometry (2MASS) and proper motions (UCAC4, PPMXL and NOMAD) to identify wide binaries. From
this query we have identified 27 wide (500-10,000 au) candidate companions around bona-fide members of loose
associations. To confirm the youth and membership of these wide binary companions we require 2 epochs of
high resolution spectroscopy.

3. Run Period Instrument Time Month Moon Seeing Sky Mode Type
A 97 UVES 8.7h any n 1.4 THN s

4. Number of nights/hours Telescope(s) Amount of time
a) already awarded to this project:
b) still required to complete this project:

5. Special remarks:

This proposal is part of Ph.D. thesis (Is multiplicity universal?, Paul Elliott) which started in November 2012
and has a planned defence date in 2016.

6. Principal Investigator: pelliott

6a. Co-investigators:

A. Bayo 1842

C. Melo 1261

C. Torres 1599
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7. Description of the proposed programme

A – Scientific Rationale: Multiple stellar systems can be found in many different populations in our
galaxy. For example, 46±2% solar-like field stars ([1], [2]) have at least one companion. We also find significant
numbers in younger star-forming regions (SFRs) such as Taurus, 42±8% ([3]) indicating that a large number of
multiple systems are the outcome of star formation. Therefore the study of young, pre-main sequence (PMS),
multiple systems can provide us with clues about star formation processes.

One problem of studying PMS multiple systems in their typical cradle environments (nearby embedded clus-
ters) is the lack of overlapping parameter space from sample to sample due to differing distances and extinction
properties of the clusters that are generally studied. An alternative population of stars that can be used is the
SACY sample (Search for Associations Containing Young stars), presented in [4] (to be updated in Torres et al.
2015, in prep). This sample is a collection of ≈450 stars <150 pc in distance, between the ages of 10-100 Myr,
free of extinction. These loose associations most likely formed in low-density environments and therefore make a
good comparison to denser SFRs. The members are extremely nearby and allow a very large orbital parameter
space to be probed when combining different observational techniques (spectroscopy, interferometry, AO- and
direct imaging) with little effect from N-body dynamics due to their youth.

Project status: So far we have identified spectroscopic binaries (SBs) ([5]) and close (3-1000 au) visual binaries
(VBs) ([6]) in the SACY sample. We have produced robust statistics and derived many properties of the sample
(SB fraction, VB fraction, VB fraction with primary mass, physical separation and mass-ratio distribution). We
have compared our results to other PMS populations such as Taurus and the older, more processed population,
the field. We found many similarities between the SACY sample and Taurus, however we are currently limited
to small portions of parameter space due to observational techniques. We are now in the process of collating all
the available detections / detection limits (from spectroscopy, interferometry, AO-imaging) in the literature and
performing our own direct imaging analysis (using 2MASS and the proper motion catalogues UCAC4, PPMXL
and NOMAD) to continuously probe 10 orders of magnitude (1-1010 day) in orbital period space for as many
stars as possible. With these results we will give complete answers to the questions on how many and at which
separations multiple systems occur in the SACY sample, a proxy for the larger/more general question of what
multiple systems look like in all environments.

Identifying new wide binary candidates: Our direct imaging and kinematic analysis lead us to identify
new candidate members in these loose associations. In this analysis we query a field of view (FoV) around every
source in our sample equivalent to 10,000 au in physical separation, (the angular query depends on the target’s
distance). We then created two HR diagrams H-K, K and J-K, K (see Figure 1) to test if the photometry is
compatible with the theoretical isochrone ([7]) and the target’s age based on its membership to an association
([4], [8]). The uncertainties on the photometry were derived statistically from our overall sample of primary stars
(Elliott et al. in prep.). If a target has compatible photometry we then query UCAC4, PPMXL and NOMAD
for proper motion values to test if they are also compatible with the primary source within 3σ limits. Figure
1 shows an example for a target in our sample, the green marker shows the companion that has compatible
photometry and proper motion and the black markers incompatible sources in the FoV. This query produced 33
compatible sources from an original 9,000 sources in the FoV. Of these 33 sources 6 already had high resolution
spectroscopy and all 6 have compatible radial velocities and youth signatures. We are therefore confident that
our simple method has a low false-positive rate. In this proposal we plan to observe the visible targets currently
without high resolution spectroscopy.

What would these observations tell us? The purpose of this proposal is twofold. Firstly, to characterise
potential companions in the wide binary parameter space (500-10,000 au). In the field the separation distribution
is approximately Gaussian and peaks at separations <100 au. However, there are theories that postulate that
in young loose associations one would expect to see a relative over-abundance of systems in this region due to
their youth and initial low-density ([9]), see Figure 2. If this over-abundance were to be observed it would have
huge consequences regarding star formation and dynamical evolution. We therefore need as much information
as possible for such systems and to eliminate false positives.

Secondly, we can potentially confirm new PMS members in these loose associations, improving their census.

What specific information do we get from these observations? Currently without high resolution spec-
troscopy we cannot characterise the youth nor the full kinematics of these objects. We therefore propose 2 UVES
observations for each target that will provide us with this information, specifically: radial velocities which holds
vital kinematic information as mentioned previously (we need two separated by ∼ months in order to iden-
tify potential movement from a companion, i.e. a single-lined spectroscopic system), lithium equivalent widths

(6708 Å) which is related to youth and both permitted and forbidden emission lines. These emission lines
trace activity, accretion and mass-loss processes. Specifically, permitted emission lines of He I (6678 Å) and

Hα (6563 Å) are characteristics of classical T Tauri stars and trace accretion processes, although they are also
known to be signposts of chromospheric activity ([10, 11, 12, 13]). They can be used with empirical calibra-
tions to assess youth in the critical M-type range ([14]). Forbidden emission lines of [OI] (5577, 6300, 6364 Å),

[SII] (6717, 6731 Å) and [NII] (6548, 6581 Å) have been attributed in the literature to low density regions such
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7. Description of the proposed programme and attachments

Description of the proposed programme (continued)

as winds, and are therefore a tracer of the mass-loss process ([15, 16, 17]).
References: [1] Raghavan et al. 2010, ApJS, 190, 1 [2] Tokovinin 2014, AJ, 147, 86 [3] King et al. 2012, MNRAS, 427,

2636 [4] Torres et al. 2008, Handbook of Star Forming Regions, Volume II, 757 [5] Elliott et al. 2014, A&A, 568, A26

[6] Elliott et al. 2015, A&A, 580, A88 [7] Baraffe et al. 2015, A&A, 577, A42 [8] Torres et al. 2006, A&A, 460, 695 [9]

Reipurth & Mikkola 2012, Nature, 492, 221 [10] Natta, A. et al. 2002, A&A, 393, 597 [11] Testi, L. et al. 2002, ApJ,

571, L155 [12] Barrado y Navascués, D. & Mart́ın, E. L. 2003, AJ, 126, 2997 [13] White, R. J. & Basri, G. 2003, ApJ,

582, 1109 [14] Schmidt et al. 2015, AJ, 149, 158 [15] Shu, F. H. et al. & Lizano, S. 1994, ApJ, 429, 797 [16] Hartmann,

L.et al. 1994, ApJ, 426, 669 [17] Hartmann, L. 1999, Physics Today, 52, 60

B – Immediate Objective: We propose to obtain 2 epochs of high resolution spectra for newly identified
candidate members in loose associations using the red arm of UVES with cross disperser CD#3 (5000-7050 Å,
covering the lithium and emission line regions). We will derive spectral types, radial velocities, lithium and
emission-line equivalent widths and confirm whether or not these sources are compatible with the membership
properties of their primary stars and parent populations.

Attachments (Figures)
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Figure 1: Left panel: H-K vs. K magnitude for sources in the FoV of HD 16760. The circular markers represent
sources with both compatible proper motion and colours. Their projected physical separation is shown in au
(743), the crosses are likely unrelated sources (not fulfilling one or more of the two criteria). The dotted black
line is the isochrone from [7] for the estimated age of the primary, given its association membership. Right
panel: Same as left, but for J-K, K magnitude.
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Figure 2. The distribution of multiple systems in the field and predicted by [9] in young moving groups. The
arrows indicate the space that the current observations would probe and their diagnostic capabilities.
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B.6 P97, PIONIER & NACO

Title: Complete multiplicity survey of pre-main sequence stars: connecting the dots

with VLTI/PIONIER and NACO/SAM

Scientific goal: To search for companions in a parameter space only accessible using

interferometric techniques around bona-fide members of the young moving groups

Instrument / Telescope: PIONIER/VLT, NACO/VLT

Number of hours: 28, ≈38



EuropeanOrganisation for Astronomical Research in the SouthernHemisphere

OBSERVING PROGRAMMES OFFICE • Karl-Schwarzschild-Straße 2 • D-85748 Garching bei München • e-mail: opo@eso.org • Tel. : +49 89 320 06473

APPLICATION FOR OBSERVING TIME PERIOD: 97A

Important Notice:

By submitting this proposal, the PI takes full responsibility for the content of the proposal, in particular with regard to the
names of CoIs and the agreement to act according to the ESO policy and regulations, should observing time be granted.

1. Title Category: C–7
Complete multiplicity survey of pre-main sequence stars: connecting the dots with VLTI/PIONIER and
NACO/SAM.

2. Abstract / Total Time Requested

Total Amount of Time:
Characterising the multiplicity properties of stellar populations provides us with many clues related to star
formation. However, complete studies across large parameter spaces are hard to obtain. Fortunately we have a
collection (≈500 stars) of pre-main sequence stars on our doorstep. This population is ideal as they originated
in low-density regions and have undergone little dynamical processing in their lifetime. Their proximity allow
us to probe a continuous range of physical separations once spectroscopy, interferometry and adaptive-optics
imaging are combined, which is not possible for more distant populations. We propose VLTI/PIONIER and
NACO/SAM observations to “bridge the gap” between spectroscopy and AO-imaging. This will yield detections
of new companions, robust confirmation of single stars and potentially resolve spectroscopic binaries. All
detections and non-detections will be used to produce statistics of this population in relation to star formation.

3. Run Period Instrument Time Month Moon Seeing Sky Mode Type
A 97 PIONIER 28h any n 1.2 THN s

B 97 NACO 4n sep n 0.8 THN v

4. Number of nights/hours Telescope(s) Amount of time
a) already awarded to this project:
b) still required to complete this project:

5. Special remarks:

This proposal is part of Ph.D. thesis (Is multiplicity universal?, Paul Elliott) which started in November 2012
and has a planned defence date in 2016.
The proposed observations would link the two previously published results of Elliott et al. 2014 (spectroscopy)
and Elliott et al. 2015 (AO-imaging), bringing the whole thesis together.

6. Principal Investigator: pelliott

6a. Co-investigators:

S. Ertel 1261

X. Haubois 1261

A. Bayo 1842

C. Melo 1261

Following CoIs moved to the end of the document ...
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7. Description of the proposed programme

A – Scientific Rationale: It is now observationally confirmed that multiplicity is a product of star forma-
tion. Therefore, studying and characterising multiplicity properties can tell us a lot about how the stars formed.
However, processes that create these primordial multiple systems are currently not well understood. Works such
as [1] and [2] focus on older, main sequence (MS), dynamically processed stars in the solar neighbourhood. With
such a sample one can only constrain the architecture of multiple systems that have originated from a range
of environments and have been severely dynamically processed. These populations provide robust statistics
however the population’s properties and abundances do not reflect the original outcome of star formation. For
studies of primordial multiplicity we need to study young (∼<100 Myr), low-density populations.

In the last couple of decades sensitive infra-red detectors have allowed multiplicity studies focused on younger
populations of stars (e.g. [3],[4],[5],[6],[7]). These surveys revealed that the binary fraction of T-Tauri stars is
similar or 2 times higher than that of MS stars ([8]) and multiplicity fraction (Fm) increases with primary mass
([9],[1]). However, these results have been obtained from the population of young clusters which have many
problems. These young clusters are located at distances larger than ∼100 pc (in some cases much larger) and
still embedded in their parental clouds. Both effects put caveats (extinction, sensitivity, angular resolution) on
the determination of the true multiplicity properties, leading to a reliance on incompleteness factors. We need
to better constrain multiplicity properties as a function of mass, age and environment; is multiplicity universal?

What is the SACY sample and how can it help? In 2001 our team undertook the titanic task of carry-
ing out spectroscopic observations of 1500 late-type, potentially young stellar optical counterparts of ROSAT
X-ray sources ([10], [11]). Nine young (age∼5-100 Myr), nearby (d∼10-200 pc) loose associations (containing
∼450 stars) have been identified from the original 1500, this is the SACY (Search for Associations Containing
Young stars) sample. The stars in these populations are distributed all over the southern sky; tens of degrees
can contain less than 100 members, and they are not associated with cloud regions. Due to their proximity,
we can probe a continuous range of physical projected separations using spectroscopic (<1 au, [12]), long base-
line interferometry (0.001-0.1 au), sparse aperture masking (SAM) (0.05-5 au), AO imaging (3-1000 au, [13]),
and direct imaging (>200 au) and produce comprehensive multiplicity statistics for these young stars. This
combination of techniques breaks down the observational barrier, i.e., instead of purely labelling systems as
spectroscopic binaries (SBs) or visual binaries (VBs) we can provide the systems’ physical properties (Single
observation: model-based masses, mass ratios, physical separations. Multi-epoch observations: inclinations,
dynamical masses and orbits). Their range of ages provides us with invaluable laboratories to study recent star
formation, and in addition to this, their low spatial density (�1 star / pc3) means they have undergone little
dynamical processing. The SACY sample is a truly unique dataset to produce comprehensive statistics of PMS
stars; we can probe primordial multiplicity. Once primordial multiplicity is well understood, it can be used
as initial conditions for n-body simulations that will try to reproduce the environments of denser star-forming
regions (SFRs) where in fact most stars form.

Current project status: So far we have determined the properties of SBs and VBs in the SACY associations
([12], [13]). We have found many similarities (mass-ratio and physical separation distribution, binary frequency,
triple frequency) between these associations and more typical low-density SFRs such as Taurus. This result
supports the idea that these populations had statistically similar primordial multiple system populations. We
are currently extending this analysis to include information on the entire sample of stars including all available
detections / non-detections in the literature. However, for the vast majority of stars the problem still remains
that without interferometric observations there are still unreachable angular separations. The left panel of
Figure 1 highlights how dramatically the interferometric observations can change our detection probability
(blue is 0% probability of detection, red 100%), adopting the limits of [14] - a multiplicity study of massive O
and B type stars. Without these observations we cannot release the full potential of this youthful sample of stars.

Previous studies using interferometry: The science case of [14] is very different to that presented here,
however, they demonstrated how powerful using both PIONIER and SAM is for detecting companions, see right
panel of Figure 1 for individual detections and derived limits. Utilising both of these techniques we can ”bridge
the gap” between spectroscopy and direct AO-imaging. We have already analysed NACO data for 113 objects
in our sample and are currently compiling all available detections and detection limits in the literature (sample
size: 300-400 objects).

Detections and non-detections: Assuming a field-like distribution ([1,2]) of multiple systems we would
expect a detection rate of ≈30% for the observations proposed here. However, both the detections and non-
detections are equally useful for our science case. Non-detections when combined with radial velocity and
AO-imaging provide us with very good constraints on the target’s multiplicity (see Figure 1 for detection prob-
ability for one target) and therefore we can identify truly single stars (when we combine information from
other observational techniques). Covering this parameter space continuously also provides extremely precious
detection limits which, when producing statistics using maximum likelihood estimation (MLE) technique for
different models, are vital (see appendix of [2]).

Choosing a representative sample for observations: The sample of targets presented here has primary
masses in the range 0.8-1.2 M�, estimated using the evolutionary tracks of [15]. We have chosen the targets
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7. Description of the proposed programme and attachments

Description of the proposed programme (continued)

blindly with respect to their multiplicity i.e. they could be part of wider multiple systems, spectroscopic binaries
or thought to be single stars. This is to avoid any inherent bias in our statistics. Our sample size is 28 targets;
a compromise between large numbers to derive meaningful statistics and time constraints. We chose this
primary mass range as it is representative of our overall sample (250 targets have primary masses in this range).
Narrowing the range of primary masses is crucial because the fraction of stars with at least one companion (the
multiplicity fraction) is a strong function of primary mass, ranging from 20% to 100% for M stars and O stars,
respectively (see Figure 1 of [16]). Therefore, one can only derive meaningful statistics with a constraint on the
primary mass. Assuming a 30% detection rate we would derive multiplicity fractions in this parameter space
to approximately 8% accuracy, and any deviation from this is a result in itself, tracing the dynamical evolution
of multiple systems in the field population. We can apply the derived fractions to the majority of our sample.

B – Immediate Objective:
We propose to obtain interferometric data for a sub-sample (28 targets) of the SACY dataset with PIONIER
and NACO/SAM. The targets have been selected based on their RA and DEC, magnitude (all brighter than 7
mag. in H) and primary mass estimation (0.8-1.2 M�), for reasons explained in the previous section.
These observations should yield a detection rate of ≈30% (assuming a field-like distribution [1,2]) in a parameter
space that is unreachable with spectroscopy or AO-imaging techniques. We will be able to calculate multiplicity
fractions in this currently unexplored parameter space to an accuracy of 8% and also derive robust detection
limits which can be applied to our overall sample (continuously covering 7 orders of magnitude of physical
separation).

The proposed observations when combined with existing data using other observational techniques would provide
the best multiplicity constraints on a PMS population of solar-mass stars to date. Only the study of young
associations offers the opportunity to derive complete multiplicity statistics for a PMS population across such a
wide parameter space. The derived statistics would provide insights into the formation of these nearby, young,
low-density associations.

References: [1] Raghavan et al. 2010, ApJS, 190, 1 [2] Tokovinin 2014, AJ, 147, 86 [3] Ghez et al. 1993, AJ 106, 2005 [4] Ghez

et al. 1997, ApJ 481, 378 [5] Leinert et al. 1993, A&A 278, 129 [6] Kraus et al. 2011, ApJ 731, 8 [7] Daemgen et al. 2015, ApJ

799, 155 [8] Duchêne et al. 2007, A&A 476, 229 [9] Kouwenhoven et al. 2007, A&A, 474, 77 [10] Torres et al. 2006, A&A 460, 695

[11] Torres et al. 2008, Handbook of Star Forming Regions, Volume II, 757 [12] Elliott et al. 2014, A&A, 568, A26 [13] Elliott et

al. 2015, A&A, 580, A88 [14] Sana et al. 2014, ApJ, 215, 15 [15] Baraffe et al. 2015, A&A, 577, A42 [16] Duchêne & Kraus 2013,

ARAA, 51, 269 [17] Lacour et al. 2011, A&A, 532, A72

Attachments (Figures)

Figure 1: Left panel: The probability of companion detection for a target in our sample (blue = 0%, red 100%)
using spectroscopy, AO- and direct imaging data. The white solid and dotted line represent the detection limits
derived in [14], and also shown in the right panel, for PIONIER and SAM, respectively. Right panel: Individual
detections and detection limits from using PIONIER, SAM (NACO) and direct imaging (NACO) from the work
[14] (originally their Figure 7).

- 3 -

Appendix B. Successful proposals 272



Appendix B. Successful proposals 273

B.7 CNTAC 2016A, MagAO

Title: Determining dynamical masses of nearby pre-main sequence multiple stellar

systems

Scientific goal: To gain another epoch of accurate astrometry and photometry for 2

low-mass tight binaries

Instrument / Telescope: MagAO/Clay (Las Campanas)

Number of hours: 0.4 nights (4.3)



Prop. #:

Panel: G

Semester 2016A CHILEAN NATIONAL TAC

Deadline: October 13, 2015, 13:59

Submit your proposal at http : //www.das.uchile.cl/cntac/form prop cntac.php

1. Title

Determining dynamical masses of nearby pre-main sequence multiple stellar systems

2. Abstract

We have a collection (∼500 stars) of pre-main sequence (PMS) stars on our doorstep that are yet to be fully
characterized in terms of their multiplicity; this is the SACY sample. In a recent work we identified 38 visual
multiple systems (with ages between 10-100 Myr) from NACO data of 113 of the targets in SACY.
A subset of these systems, five systems, have estimated orbital periods small enough to be fully characterized
on the time-scale of yrs (we have already observed orbital motion in some systems in 2 yr).
With this proposal, a pilot study, we seek to further constraint the orbits of two of those systems. From the
orbital solutions we will be able to calculate the system mass which when combined with multi-wavelength
photometry and resolved high resolution spectroscopy will provide five new benchmark systems for compar-
isons with theoretical PMS models.
In particular, we propose MagAO observations to obtain another epoch of data to constrain, in total, 50%
orbital phase coverage and provide color information using J, H, Ks and L’ photometric bands for two PMS
low-mass binaries.

3a.Number of requested nights, or hours, on each telescope/radiotelescope (see also #15)

CTIO

Blanco SOAR 1.5m 1.3m 0.9m LCO-
GTN PROMPT KASI SARA

LCO

Baade Clay

0.4n

du Pont Swope Warsaw

National Telescopes

Arma
zones Danish EULER REM TAROT ESO-

Schmidt
TRA-

PPIST
MPG
2.2m

mini-
TAO

Radio

ASTE NAN-
TEN2

3b.Instrument(s) requested/
Minimum time requested

MagAO/0.4n

4. Principal investigator

Name Amelia Bayo

e-maila amelia.bayo@uv.cl

Phone (+56 32) 250 8426

Institute Universidad de Valparaiso

Address Instituto de F́ısica y Astronoḿıa, Universidad
de Valparáıso, Chile

aInstitutional e-mail required

^
Status (A,S,V): A 5. Co-investigators (names and institutions)

Paul Elliott (ESO, Chile / University of Exeter)^
Claudio Cáceres, (UV, Chile)^
Claudio Melo (ESO, Chile)
Carlos Torres (MCT, Brazil)
Nuria Huélamo (ESAC, Spain)
Hervé Bouy (ESAC, Spain)
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12. Description of the programme (1 page of text and up to 2 pages for references, tables and figures.)

A) Scientific rationale Multiple stellar systems are abundant in our galaxy. For example, ∼50% of solar-like field
stars ([1], [2]) have at least one companion. Binaries provide the only model independent means to estimate
stellar masses, which are among the most fundamental parameters in stellar astrophysics. Currently the mass-
luminosity (M/L) relationship is a huge limitation for a number of topics such as the initial mass function
(IMF) and exoplanet population studies. We need more binaries providing direct mass measurements in order
to calibrate the M/L relationship as a function of age, where the PMS stage is a particularly uncertain territory.
Our PMS parent sample: The SACY sample (Search for Associations Containing Young stars), originally
presented in [4], and with recent revised and updated solutions (Torres et al. 2015, in prep) is a collection (∼500
stars) of nearby (<200 pc) young (10-100 Myr) stars, free of extinction. Due to the proximity of these targets
a very large and continuous orbital parameter space can be probed when combining different observational
techniques (spectroscopy, interferometry, AO- and direct imaging), which is not possible for more distant regions
(>200 pc). A dedicated proposal for interferometric observations has been submitted in this period to bridge the
gap between the two studies described below. This population is ideal for statistical studies and more focussed
target studies such as this one.
Project status: So far we have identified spectroscopic binaries (SBs) ([5]) and close (10-1000 au) visual
binaries (VBs) ([6]) in the SACY sample. We have produced robust statistics and derived many properties of
the sample (SB fraction, VB fraction, physical separation and mass-ratio distributions). We have compared
our results to other PMS populations such as Taurus and the older field population and generally found good
agreement between the regions. We are investigating those features that do not agree in dedicated proposals
submitted to not-CNTAC facilities.

B) Scientific aim Following up identified close VBs to get dynamical masses: In [6] we analyzed NACO
data for 113 members of the SACY sample and identified 44 companions around 38 stars. As mentioned
previously, one of the great advantages of the SACY sample is its proximity and, therefore, there is a subset
of identified systems that should show observable orbital motion on the time-scale of ∼ yr. This opens up the
doorway for astrometric monitoring; to obtain their full orbital solutions. In this proposal we aim to obtain new MagAO
observations for two out of five visual binaries identified in [6], for which we estimate noticeable orbital motion in
our observing timeline, in order to further cover the orbital phase of these valuable systems. We selected systems
with periods <16 yr and at least two previous observations so that the full orbital solutions can be determined
in the near future. Fig. 1 shows an example of one of our targets displaying orbital motion (a change in position
angle of 50◦) between epochs just 2 yr apart.
What data is currently available and what else do we need: We have checked the archives of NACO, NIRC2
(Keck observatory) and UVES, cross-matched with [4] and [5] and searched the literature. Table 1 shows the
data we recovered. We have elected to perform the proposed observations in four bands to provide resolved color
information. We will require ∼7 epochs of data in total to obtain the full orbital solution (not necessarily multiple
bands). Here we propose to gather the third epoch of the two (out of five) systems achievable within the time
slot for Chilean time.The orbits of VBs provide the system mass (m1+m2), not individual component masses
(see Fig. 2, originally from [8]). With photometry in multiple bands we can compare system masses derived
from resolved photometry in numerous near-IR bands (IR observations calibrated with age and distance values)
to direct system masses calculated from the orbital solution. We will also make use of existing unresolved high
resolution spectra (4000-7000 Å range) with two goals. Firstly, radial velocity (RV) estimates provide further
constraints on the orbital fit (we already have these estimates for multiple epochs). Secondly, we can use
multicomponent fitting (similar to [11]) to derive individual spectral types, effective temperatures and log(g)
using the effectively extinction-free spectral library of the young region Collinder 69 [12] and models. We must
note that our multi-component fitting doesn’t have the limitation of unknown multiplicity since we have resolved
the components in our AO images (if there is no significant improvement in the fit with two components of
different fundamental parameters we know it is an equal mass system).
The need for direct masses of PMS stars: As mentioned previously, stellar evolutionary codes are still far from
accurate predictions of masses (highest empirical accuracy ∼5% using eclipsing binary systems), especially at low
masses (<0.6 M�), see Figs. 5, 6 and 7 of [13] for examples of evolutionary traces with and without magnetic
fields. As most PMS stars reside in clusters (>140 pc in distance) very few PMS binaries with orbital solutions
exist due to the long orbital periods. Most VBs with orbital solutions are nearby main sequence field stars. The
targets proposed here are therefore extremely valuable and full orbital solutions combined with spectroscopy will
provide very good young calibrators for comparison with PMS stellar evolution theory, as in the work of [8].
Future observations: The observations proposed here will not provide sufficient coverage to derive the full
orbital solution for our systems. However, they will help to constrain the parameters of the orbit, vastly helping
to plan future observations and additionally providing resolved photometry in 4 bands (J, H, Ks, L) for all
systems. In the future we will apply for additional data (also on the three targets not overvable in this period of
Chilean time) to further constrain and produce the full orbital solution.
In short: We propose to obtain AO direct imaging MagAO data for previously identified young multiple stellar
systems to improve the existing orbital phase coverage. The targets will be observed in 4 bands (J, H, Ks, L’)
with the Clio2 imager. All the targets are bright enough (V < 12 mag.) to be used as AO reference stars. We
will use the narrow camera (field of view: 16” × 8” and integrate for 5-10 minutes on-source.).
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ID Period Age Mass:m1,m2 Previous Phase coverage AO obs. AO obs. High res.
(yr) (Myr) (M�) AO obs. w.r.t. Feb/Mar 2016 band ref. spectra

2MJ023032 14.6 35 0.81,0.57 2010,2012 0.36, 0.25 J, H, Ks, Kp, Lp A, [5] 2
CD-27 11535 15.6 22 1.01,0.97 2008,2012 0.50, 0.23 IB 2.27, Ks A, [5] 2
GJ 4231 11.4 100 0.50,0.39 2008,2012 0.65, 0.32 J, Kp, Ks [9], A 2
BD-18 4452 B 15.5 38 0.29,0.28 2006,2008 0.63, 0.50 NB 2.17, IB 2.27 [5], [5] 1
CD-53 544 5.9 33 0.51,0.51 2007,2008 0.41, 0.23 Ks, Lp [5], [5] 3

Table 1. Full sample of five targets with predicted significant orbital motion within our observing time line. Only two are
easily doable during the four-night Chilean-time slot of the semester with MAGAO. Notes. A: Keck archive
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Appendix C

Paranal observatory project

In April 2014 I spent one week at the Paranal observatory in Chile. The aim of this

visit was to work with the instrument scientist for FLAMES/VLT (Dr. Dimitri Gadotti)

and create a code that could estimate the signal-to-noise ratio and, produce basics

statistics of FLAMES/VLT (in MEDUSA mode) data as observations were being taken,

a so-called on-the-fly estimation. Below I outline the FLAMES instrument and typical

observational data. I then describe exactly how the code estimates the statistics on the

raw observational data.

C.1 An outline of FLAMES/VLT instrument

The FLAMES1 instrument (Pasquini et al., 2002) is a multi-object intermediate and

high-resolution optical spectrograph mounted on UT2 at the Paranal observatory. It

can either feed the UVES or GIRAFFE spectrograph and, in this project the data

being analysed was that of GIRAFFE. This spectrograph is medium–high resolution

(R ∼5500-65000) in the wavelength range 3700–9000 Å. For this spectrograph there

are a number of different modes depending on the goal of the observations. The most

commonly used is the fibre-fed MEDUSA mode. In this mode up to 132 fibres can be
1http://www.eso.org/sci/facilities/paranal/instruments/flames.html
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used for simultaneous observations of targets within a 25′ diameter field of view. This is

ideal for spectroscopic observations of clusters (minimum angular separation of targets

11′′), such as the large VLT-FLAMES Tarantula survey (Evans et al., 2011).

GIRAFFE has a 2000 x 4000 pixel CCD with separate spectra from individual fibres

spanning the x-direction and wavelength dispersion in the y-direction. Due to the align-

ment between the wavelength dispersion and its x position on the chip it is very simple

to crudely identify separate spectra. This is very useful in producing the statistical

estimates as explained in the next section.

C.2 Calculating statistics of the raw data

Below is a breakdown of the code explaining exactly how the estimates are made.

References are made to Figure C.1 which shows the graphical output of the code for

the user.

• First of all the code attempts to identify spectra resulting from individual fibres on

the CCD. It does this by using the bias value to try and distinguish between areas

of the CCD that have no astronomical signal (in other words a count approxi-

mately equal to the level of the bias) and areas with significantly higher counts.

• The median value of each collection (with significant signal) of pixels is then taken,

on the condition that the signal spans at least 2-3 pixels (i.e. it is not a spurious

signal).

• The code iterates around certain bias thresholds and compares the number of

identified fibres to the number of expected fibres from the observational setup.

This information is outputted to the terminal for the user so they can see the

comparison for themselves. Additionally, a summary of the number of identified

fibres is shown in panel 4 of Figure C.1. Performing this procedure ensures that

spectra on the CCD that lie very close in x-direction still have a chance of being
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differentiated rather than counted as 1 very wide spectrum which could affect the

resultant statistics. The raw pixel counts are shown in the panel 2 of Figure C.1.

• Now for each identified fibre, the central region (pixel values 1500-2500 in the

y-direction) is selected. A cut of this region on the CCD is shown in panel 3 of

Figure C.1. This region is then chunked by 50 pixel intervals and the mean and

standard deviation is calculated in each chunk.

• The median value of the calculated mean and standard deviation values is taken.

This is to avoid strong emission lines being included that could skew the statistics

significantly. The resultant values are shown in panel 1 of Figure C.1.

• Users are normally concerned with the signal-to-noise around the central region

and therefore, the code also displays a more detailed analysis of this area of the

CCD. Five representative fibres are found by looking at the average value within

each fibre and taking 5 fibres around the median of this.

• Then, as before, the central region (1500-2500 in the y-direction is chunked in 50

pixel intervals). Instead of averaging over this region as before, the signal-to-noise

in each 50 pixel interval is displayed to the user, and a second-order polynomial

is fitted to the data. This gives the user an immediately viewable estimation, see

panel 5 of Figure C.1.

The code was used at the Paranal observatory over a one year period until a change

in python version prevented further use.
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FIGURE C.1: An example of the graphical output showing estimations the signal-to-
noise of raw FLAMES/VLT data in MEDUSA mode.
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Jordán, A., Brahm, R., Bakos, G. Á., Bayliss, D., Penev, K., Hartman, J. D., Zhou, G.,
Mancini, L., Mohler-Fischer, M., Ciceri, S., Sato, B., Csubry, Z., Rabus, M., Suc,
V., Espinoza, N., Bhatti, W., de Val-Borro, M., Buchhave, L., Csák, B., Henning, T.,
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Kellogg, K., Metchev, S., Gagné, J., and Faherty, J. (2016). The Nearest Isolated
Member of the TW Hydrae Association is a Giant Planet Analog. ApJ, 821:L15.



Bibliography 293

Kharchenko, N. V., Piskunov, A. E., Schilbach, E., Roeser, S., Scholz, R.-D., and Zin-
necker, H. (2009). VizieR Online Data Catalog: Integrated BVJHKs for 650 open
clusters (Kharchenko+, 2009). VizieR Online Data Catalog, 350:40681.

Kharchenko, N. V., Scholz, R.-D., Piskunov, A. E., Röser, S., and Schilbach, E. (2007).
Astrophysical supplements to the ASCC-2.5: Ia. Radial velocities of 55000 stars and
mean radial velocities of 516 Galactic open clusters and associations. Astronomis-
che Nachrichten, 328:889.

King, R. R., Goodwin, S. P., Parker, R. J., and Patience, J. (2012a). Testing the univer-
sality of star formation - II. Comparing separation distributions of nearby star-forming
regions and the field. MNRAS, 427:2636–2646.

King, R. R., Parker, R. J., Patience, J., and Goodwin, S. P. (2012b). Testing the uni-
versality of star formation - I. Multiplicity in nearby star-forming regions. MNRAS,
421:2025–2042.

Kiraga, M. (2012). ASAS photometry of ROSAT sources (Kiraga, 2012). VizieR Online
Data Catalog, 1206:20067.
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Padoan, P. and Nordlund, Å. (2004). The “Mysterious” Origin of Brown Dwarfs. ApJ,
617:559–564.

Parker, R. J. and Goodwin, S. P. (2012). The same, but different: stochasticity in binary
destruction. MNRAS, 424:272–281.

Parker, R. J., Goodwin, S. P., Kroupa, P., and Kouwenhoven, M. B. N. (2009). Do
binaries in clusters form in the same way as in the field? MNRAS, 397:1577–1586.

Parker, R. J. and Meyer, M. R. (2014). Binaries in the field: fossils of the star formation
process? MNRAS, 442:3722–3736.

Pasquini, L., Avila, G., Blecha, A., Cacciari, C., Cayatte, V., Colless, M., Damiani, F.,
de Propris, R., Dekker, H., di Marcantonio, P., Farrell, T., Gillingham, P., Guinouard,
I., Hammer, F., Kaufer, A., Hill, V., Marteaud, M., Modigliani, A., Mulas, G., North, P.,
Popovic, D., Rossetti, E., Royer, F., Santin, P., Schmutzer, R., Simond, G., Vola, P.,
Waller, L., and Zoccali, M. (2002). Installation and commissioning of FLAMES, the
VLT Multifibre Facility. The Messenger, 110:1–9.

Pecaut, M. J. and Mamajek, E. E. (2013). Intrinsic Colors, Temperatures, and Bolomet-
ric Corrections of Pre-main-sequence Stars. ApJS, 208:9.

Perryman, M. A. C., Lindegren, L., Kovalevsky, J., Hoeg, E., Bastian, U., Bernacca,
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Prša, A., Quinn, S. N., Ragozzine, D., Short, D. R., Torres, G., Winn, J. N., Doyle,
L. R., Barclay, T., Batalha, N., Bloemen, S., Brugamyer, E., Buchhave, L. A., Cald-
well, C., Caldwell, D. A., Christiansen, J. L., Ciardi, D. R., Cochran, W. D., Endl,
M., Fortney, J. J., Gautier, III, T. N., Gilliland, R. L., Haas, M. R., Hall, J. R., Holman,
M. J., Howard, A. W., Howell, S. B., Isaacson, H., Jenkins, J. M., Klaus, T. C., Latham,
D. W., Li, J., Marcy, G. W., Mazeh, T., Quintana, E. V., Robertson, P., Shporer, A.,
Steffen, J. H., Windmiller, G., Koch, D. G., and Borucki, W. J. (2012). Transiting
circumbinary planets Kepler-34 b and Kepler-35 b. Nature, 481:475–479.

Wenger, M., Ochsenbein, F., Egret, D., Dubois, P., Bonnarel, F., Borde, S., Genova,
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