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Abstract

It is a well-established result that many stars do not form in isolation; young
stars are usually found to be members of clusters. But little is known or
understood about the origin of these clusters. In particular, evidence that pre-
main sequence stars of intermediate (2-10 Mg) and higher masses are found
in clusters has been found in several studies, at both optical and infrared
wavelengths. Additionally, there has been an increased interest in the study of
intermediate-mass stars, such as the Herbig Ae/Be stars, in the past ten years.
These stars represent the most massive objects to experience an optically
visible pre-main sequence phase, bridging the gap between low- and high-

mass stars.

Studies in the nineties into the occurrence of young stellar clusters around
Herbig Ae/Be stars concluded, based on near-infrared imaging data, that there

was a difference in clustering properties between low and high mass stars.

Following the ideas included in those studies, the work in this thesis inves-
tigated the presence of clusters around 269 known Herbig Ae/Be stars, with
the detailed astrometric data offered by the second Gaia data release with a
novel clustering detection algorithm (CEREAL), which was developed for this
task during this project. CEREAL is available from https://github.com/
yumiry/CEREAL, along with several examples of its use for cluster classifica-

tion.

Prior to the work included in this thesis, only 15 Herbig Ae/Be stars have been
found to be in a cluster but, with CEREAL, it was possible to find clusters around
76 (28%) Herbig Ae/Be stars, which represents a significant improvement in

the number of clusters found around Herbig Ae/Be stars.

In parallel to this, the results obtained with CEREAL were compared with other

density-based clustering algorithms, where it was demonstrated that CEREAL


https://github.com/yumiry/CEREAL
https://github.com/yumiry/CEREAL

was a simple and powerful, algorithm that could find clusters, of any size, from

any sample.

In addition, the work included in this thesis has proved that clusters around
the Herbig Ae/Be does not just appear for the sub spectral type range from
B7 and earlier; this work has shown it is possible to find clusters around all

the sub-spectral types of B stars.

This work then concluded through a comparison between the clusters found
with CEREAL, around the Herbig Ae/Be stars, with Monolithic collapse and
Competitive Accretion models from the literature which the aimed to evaluate
whether the clusters around the massive stars appear to follow any of these
models. The result of this comparison is that neither of these models appeared
to fully describe the observed clustering behaviour of the Herbig Ae/Be stars
observed by CEREAL; although, elements of the behaviours expected by both
models were observed, which raises the possibility that a combination of both

models may be required to fully explain massive star formation.
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Chapter 1

Introduction

'El destino se lo forja uno a golpes y trabajo, yo haré con mi existencia lo que me de la

gana... siempre que salgo vivo y pueda volver a casa’

— El plan infinito, 1sabel Allende.

1.1 Overview

The pioneering works of Hartmann (1904) and Trumpler (1930) showed that the space
between the stars is not empty, but consists of a low-density interstellar medium (ISM),
this is composed of 99 % gas and 1% dust. The ISM is very diverse and shows a wide
range of densities (from 1073 to 103 particles per cm3) and temperatures (from 10 K to
106 K, McKee & Ostriker, 1977; Schulz, 2005). The ISM can be generally classified
into three phases: a hot phase (made up of coronal gas and shocked gas from supernova
explosions), a warm phase (primarily atomic and ionized hydrogen) and a cold phase
(containing both molecular and atomic hydrogen, along with dust; McKee & Ostriker,
1977; Schulz, 2005); molecular clouds can be found within the cold regions and these
represent the densest parts of the ISM. Molecular clouds are complexes of interstellar
material with temperatures between 10-50 K with typical densities > 102 particles per
cm? (Schulz, 2005).



1.1 Overview

A molecular cloud collapses when the gravitational force exceeds the combined forces,
of the thermal pressure of the gas, the turbulent movements of the material and the
magnetic fields, that all act against this collapse (Hartmann, 2009). As the collapse
progresses, the cloud decreases in size and becomes more dense, dividing into smaller
parts (fragmentation). The force of the gravitational attraction compacts the material in
the centre in each fragment on time scales of a few thousand years. These fragments
or dense cores are the protostars (which is the final stage before the formation of the
star. Prialnik, 2000, See figure 1.1). This process of fragmentation implies that the new
stars usually appear in clusters, which are a set of stars whose formation appears to have
been related (Bennett et al, 2011; Lada & Lada, 2003; Ward-Thompson & Whitworth,
2011). These clusters have been found to possess as few as 10 members or as many as
107 (Ward-Thompson & Whitworth, 2011). An advantage of studying clusters is that the
stars share a common origin and the cluster members therefore have the same general
properties, such as distance, chemical composition, kinematic properties (proper motion,

parallax and radial velocity) and age.

Figure 1.1: A schematic of the fragmentation process. In (A) parts of the cloud fractionalize
into cores, which then begin to collapse (B) into protostars (C). The latter evolve (D)
towards the main sequence. Figure taking from Schulz (2005).
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The Hertzsprung-Russell diagram (HRD), or its observational equivalent, a Colour-
Magnitude diagram (CMD), are an indispensable tool in the study of stars formed in
clusters and their stellar evolution (Lada & Lada, 2003). Figure 1.2 shows an example of
how a variety of young stellar objects in different mass ranges can be identified in a HRD,
together with theoretical evolutionary tracks which indicate these objects are young and
still approaching the main sequence. Figure 1.2 also shows a representation of several
clusters of different ages (Garcia, 2011; Kutner, 2003)

There has been an increased interest in the study of intermediate-mass stars in the
past ten years, these are stars with a mass range between 2-10 Mg (Waters & Waelkens,
1998, references therein). Herbig Ae/Be stars (HAeBe stars) are pre-main sequence
(PMS) stars of intermediate-mass between 2-10 M. These represent the most massive

objects known to experience an optically visible PMS phase, they can therefore be con-
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Figure 1.2: Hertzsprung-Russell diagram. Left: Location of young stellar objects in HRD.
Shown are sub-stellar T Tauri stars, classical T Tauri stars (CTTSs), weak-line T Tauri
stars (WTTSs), Herbig Ae stars and Intermediate-mass T Tauri stars (IMTTSs). Zero-age
main sequence (ZAMS, long-dashed line), evolutionary tracks (solid lines, labeled by the
corresponding stellar mass in solar masses), and isochrones (dashed lines, corresponding
to 0.3, 1, 3, 10, and 30 Myr from top to bottom). Figure taken from Carcia (2011). Right:
Schematic HRD for various galactic clusters. Figure taken from Kutner (2003)
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sidered to bridge the transition between low- and high-mass stars (Gomez et al, 1993;
Mendigutia et al, 2012; Testi et al, 1997).

It is a well-established result that many stars do not form in isolation; young stars
are usually found to be members of clusters (Lada et al, 1993; Zinnecker et al, 1993).
But little is known or understood about the origin of these clusters. In recent years, the
evidence that the clustering effect begins, at intermediate mass level has been found in
several studies at optical and infrared wavelengths.

This chapter will provide an overview of star formation relevant to the work that was
carried out in this study; which investigated the presence of clusters around intermediate
mass stars, using the data available of the Gaia mission. This overview will start with the
theory of star formation, which is followed by a discussion about clusters and finally a
general picture about the theory of cluster formation. In addition, this chapter will provide
information about the Gaia mission with which the cluster analysis around the HAeBe
stars will be performed and then it will provide an outline of what is included in the thesis

to follow.

1.2 Star formation

Star formation both regulates the evolution of galaxies, and is responsible for generating
the initial conditions that lead to the formation of planetary systems. The knowledge on
star formation has primarily focused on the formation of low mass stars (stars up to only
a few solar masses). This is as these stars dominate the total stellar mass of galaxies;
however, massive star formation is less well studied. Massive star (8M) formation is
key to fully understanding the evolution of galaxies, as massive stars have high impacts
on their galaxies due to their winds, outflows and supernovae which affect the chemistry,
morphology and nature of the molecular clouds, and the galactic superwinds (Frost et al.,
2021; Louvet, 2018, references therein). Understanding massive star formation is also
important for generating a more general theory of star formation, that can describe the

formation of stars of all masses in different formation environments (Tan et al, 2014).
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1.2.1 Low mass star formation

Star formation originates within giant molecular clouds (GMCs). GMCs are structures
supported against gravitational collapse by the combination of magnetic fields and the
thermal and turbulent pressure of the cloud (Hartmann, 2009).

These clouds have typical sizes on the order of hundreds of parsecs, typically contain
a total mass between 10* — 10° Mg, and have typical temperatures around 10K. The
main component from which GMCs are formed is molecular hydrogen (Hg; Carruthers,
1970) , and one definition of GMCs requires that these structures contain greater than
105 M of Hy (Solomon et al, 1980).

The magnetic fields within these structures prevent the charged particles from col-
lapsing; however, as the neutral molecules within the GMCs are not affected by this field,
these particles separate from the ionised particles. As the proportion of particles that
are ionized within GMCs is small this separation results in a loss of both magnetic and
turbulent support within the cloud. As this support is lost the neutral particles begin
to collapse into a pre-stellar core with the only force opposing this collapse being the
thermal pressure. During this collapse the behaviour of the cloud can be described using
virtal theorem: 2K + U = 0, where K is the kinetic energy and U is the potential energy;
for gravitationally bound systems at equilibrium, it can be shown that the kinetic energy
is one-half of the potential energy. This theorem describe the overall dynamic behaviour
of a large assembly of bodies, rather than the precise behaviour of any individual body
belonging to the assembly (Carroll & Ostlie, 2007; Harwit, 2006; Prialnik, 2000).

The GMC can be treated as a structure that is at equilibrium until any perturbation
arises. Such perturbations can then cause the GMC to either collapse under its own
gravity or begin to expand due to the gas pressure. There are many different processes
that can cause perturbations to the cloud. These can include the explosive shocks of a
supernova, stellar winds from nearby large (OB) stars or the effect of passing through the
spiral arms of the galaxy (Smith & Brooks, 2008). As mentioned earlier collapse of these
clouds can be described using virial theorem, using this equation it is then possible to
calculate the minimum mass at which the cloud can then collapse. This minimum mass is

known as the Jeans mass (M, Jeans, 1902) and is given by the following equation:
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In the equation 1.1 kp is the Boltzmann constant, T is the temperature, G is the
gravitational constant, p is the mean molecular weight, my is the atomic mass of hydrogen,
and p is the density of the cloud. If the mass is greater than M then cloud will collapse,
this collapse then occurs under gravitational free fall. As the collapse proceeds the
density increases which then itself causes M; to decrease further. Smaller areas of the
cloud can then additionally begin to collapse, the collapse of these regions is referred to
as fragmentation.

Collapse of the GMCs then continue in their densest regions, this leads to the forma-
tion of clumps and cores within these areas. The densest and largest clumps will then form
the basis for the formation of stellar clusters; the cores will instead lead to the formation
of individual stellar systems (Williams et al,, 2000). When the cores first become unsta-
ble and begin gravitational collapse gravitational potential energy is lost, this release of
potential energy leads to the luminosity of these objects. The release of energy from the
core leads to a maintenance of the temperature of the collapsing core, as such this initial
collapse can be considered to be isothermal.

As the collapse of the core continues the centre of the core becomes increasingly
opaque to the energy it releases. This increasing opacity stops the collapsing core from
effectively releasing the energy it is generating through gravitational collapse; this then
leads to a rapid increase in the temperature of the core until it approaches hydrostatic
equilibrium. Once the temperature of the core has elevated sufficiently (> 2000K) molec-
ular hydrogen (Hz) will begin to dissociate. Dissociation of molecular hydrogen is an
endothermic process and this removes energy that would otherwise support the cloud
against further gravitational collapse. Due to this removal of energy a second phase of
collapse occurs which leads to the formation of a protostar from the prestellar material.
This protostar does not contain all the material from the preceding core and the remain-
ing material is referred to as the protostars envelope. The protostars will then accrete
mass from its surrounding envelope. The effect of centrifugal forces on this envelope lead
to the formation of an accretion disk, as the centrifugal forces are stranger than gravity
at the equator. The formation of this accretion disk also helps to conserve angular mo-
mentum during the collapse. The temperature within the protostar will continue to rise
due to shocks from accreted material falling into the core. Once the core has contracted

significantly, it will be hot enough (10° K) to start nuclear burning of deuterium.
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After a significant amount of further accretion has occurred, the protostar ceases to
be convective and radiative processes begin to dominate the energy transfer within it.
Eventually after further accretion and contraction, the internal densities and temperatures
of the protostar will be so high that fusing hydrogen becomes the main source of the
object’s luminosity. Once hydrogen fusion takes over the object will stop contracting and
it can be considered to have reached the main sequence.

The different phases of the pre-stellar evolution, that are observed for low-mass stars,
are typically divided into sub classes (Class 0-11l) depending on the shape of their stellar
energy distributions (SED, Andre et al, 1993; Lada et al, 1993). A schematic that
represents the evolutionary sequence, from the molecular cloud to a protoplanetary disk,
of young low-mass stellar objects is shown as figure 1.3, this figure also presents the
typical stellar energy distributions for each of the four sub classes.

The youngest class of pre-stellar objects are Class 0; the peak emission of these
objects is observed in the submilimetre range with these emissions being dominated by
the black-body radiation from the dust. This phase of the evolution of a pre-stellar object
is relatively short and represents a rapid accretion phase and is typically believed to
last around 10 years. Class | objects predominantly emit in the far-infrared. This phase
represents the main accretion phase in the evolution for a pre-stellar object and typically
this lasts around 10° years. Class Il objects have an emission spectra with a dominant
peak in the the near-infrared and this occurs when the disk around the object is present;
the Class Il phase lasts around 10% years. The final phase, Class Ill, has a spectra similar
to that of a main sequence star; although, these objects still have remnant of circumstellar

dust around them that has yet to be fully dispersed by the stellar winds.

1.2.2 Massive Star formation

Although, massive stars (M, > 8Mg ) only represent a small portion of the total stellar
population (~1%), these objects have a dominant role in controlling the evolution and
structure of their galaxies. This effect is due to the fact that massive stars input so
much energy and momentum into the interstellar medium; this is through their large
stellar winds, outflows, radiation, gravitational interactions and supernovae affecting many
galactic phenomena such as the nature of the molecular clouds and the chemistry of the

ISM along with the morphology of the galactic super-winds (Frost et al,, 2021; Leitherer,
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Figure 1.3: Illustration of the low mass star formation from molecular cloud to planetary
disc. The figure shows the sizes, evolutionary class and typical formation times after
cloud collapse. The figure also shows the SED of each class adapted from Jonkheid
(2006). Image credit: Evans (2018).

1994). However, despite their importance to the understanding of galactic evolution these
objects are not as well understood as low mass stars, in particular there are still significant
uncertainties surrounding their formation (Louvet, 2018). There are several reasons that
lead to this and one of these, that massive stars tend to have very high extinctions due
to dust making observation of the early phases of their formation very difficult. This is as
massive stars are typically found to form within massive dense cores (~100 Mg within
~0.1 pc) that are themselves found within hyper massive and hyper dense clouds (Louvet,
2018). Additionally, massive stars evolve much more quickly than low mass stars (see,
e.g,, Shu et al,, 1987) and unlike low mass stars there is no well established observational
evolutionary sequence for high-mass star formation (Louvet, 2018).

Another factor that has inhibited their study is simply down to their scarcity coupled
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with their fast evolution meaning that there are very few examples. Generally, massive
stars are not seen to form in isolation and the proximity of other high mass stars along with
their high gravitational interactions, powerful stellar winds, outflows and radiation signif-
icantly affecting the local environment of the young or forming massive star. That massive
stars possess very high luminosities allowing them to be studied at larger distances than
low mass stars; although, very bright objects can mask the presence of less luminous
companions in their neighbourhood (Zinnecker & Yorke, 2007, references therein).

Massive star formation is therefore a very important area of study. Massive star
formation as with low mass stars, begins through their contractions during the collapse
of a molecular cloud; although these massive protostars have very high luminosities. A
massive protostars can be considered to be a large object > 8 Mg in which hydrogen
fusion has not yet begun to occur. As has been stated earlier the lifetime of these objects
in this phase are very short and they exist only briefly between the presence of an acreting
intermediate mass protostar and the presence of a massive star that is still accreting from
the cloud. It should be noted that these objects are not observationally distinguishable
from massive stars that have begun the process of hydrogen fusion (Zinnecker & Yorke,
2007, references therein). As these massive protostars contracts its temperature also
increases and these objects are seen to take a horizontal path on a Hertzsprung- Russell
diagram, following a Henyey track of increasing temperature this can be seen in figure
1.4.

As has been stated earlier the formation of massive stars happens on a much shorter
timescale than that of low mass stars. To better understand the time it takes for a
massive star to form the Kelvin-Helmholtz timescale can be used; this describes the
time it takes for a star to convert though contraction its gravitational potential energy
into luminosity. The Kelvin-Helmholtz timescale represents a reasonable proxy for the
formation timescale of a star. This timescale is shorter for massive stars, than the free-fall
time of the molecular clouds from which they form; this means that the massive protostars
form as deeply embedded objects in their molecular clouds and the entire process of
massive star formation can be obscured by the surrounding material.

Although they are obscured, a hydrostatic core will still form in the centre of the col-
lapsing cloud and this will still grow through accretion as was described for low mass star
formation earlier. But, due to their size massive star formation differs from that of low mass

star formation with hydrogen fusion beginning whilst accretion is still occurring during
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Figure 1.4: Hertzsprung-Russell diagram for stars with different masses, where the
Hayashi and Henyey tracks shows how the stars evolve into the main sequence. The
evolution tracks are also show. Image credit: Frost (2019).

the formation of massive stars. This occurs when the cores reach sufficient temperature
for hydrogen fusion to begin, with the larger denser cores reaching sufficient temperature
for hydrogen burning whilst accretion is still occurring.

As a result the massive stars still continue to grow after they have reached the main
sequence as they continue to gain mass (they can no longer be considered massive proto-
stars as they are burning hydrogen) which is markedly different to low mass stars which
stop accretion of mass and growth once they reach the main sequence. Additional in-
formation of massive star formation that covers both the theory of their formation and

observation can be found in the reviews by Zinnecker & Yorke (2007, references therein)
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and Motte et al. (2018, references therein)

The study of massive star formation is of great importance to the understanding of
galactic evolution and as has been described above the studying of young massive stellar
objects is complex as unlike low mass stars which lose their envelope early in their evo-
lution, massive stars remain deeply embedded during their formation. This is in addition
to these objects being scarce within the universe. One area of work in understanding the
formation of massive stars is through the study of large intermediate mass stars as proxies
for massive stars. One such type of intermediate mass stellar object are Herbig Ae/Be

stars.

1.3 Herbig Ae/Be stars

Herbig Ae/Be stars (HAeBe stars) are optically visible intermediate pre-main sequence
stars whose masses range from about 2 to 10M. These objects were originally identified
by Herbig (1960). During his work, he was searching for young pre-main sequence stars
which are the higher mass analogues to CTTs. To find these stars, the objects had to
meet the following criteria: spectral type A or earlier with emission lines; lies in an
obscured region; and the star illuminates fairly bright nebulosity in its immediate vicinity.
The first criteria is what defines these stars, while the other two are used to reduced the
contamination of the sample by stars which are not of PMS nature. The criteria for HAeBe
stars have been relaxed in more recent surveys attempting to find more candidate HAeBe
stars (de Wit et al, 2014; Hartmann, 2009; Hernandez et al., 2004, 2005; The et al., 1994;
Vieira et al,, 2003). These studies have considered other indicators associated with young
stars, in order to find more targets. For example, include stars with spectral type F (F5 or
earlier), the location of the HAeBe in region less obscured and the presence of infrared
excess and UV.

An important issue relating to the study of the intermediate mass stars is that there
is not a large number of those objects identified which makes the statistics non-robust.
This has led to an increase in interest in the study of intermediate-mass stars, with mass
range between 2-10 Mg (Waters & Waelkens, 1998, references therein). The lower limit
(2Mg) corresponds to the mass at which stars are radiatively stable when they begin
their contraction. The upper limit (10 Mg) corresponds to the mass above which stars

start burning hydrogen before they emerge from their contracting envelope. Therefore,
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intermediate-mass stars spend a relatively long time in the protostar contraction phase
(Waters & Waelkens, 1998, references therein). Stars like the HAeBe stars play an
important role in understanding massive star formation, because they bridge the gap
between low-mass stars whose formation is relatively well understood, and high-mass
stars whose formation is still unclear (Vioque et al, 2018, 2020; Wichittanakom et al,
2020). Recently, Vioque et al. (2020, see figure 1.5) obtained a new catalogue of 8470
new pre-main sequence stars where at least 1361 sources are potentially new Herbig
Ae/Be candidates according to their position in the Hertzsprung-Russell diagram.
Studies like Hillenbrand et al. (1995); Testi et al. (1997, 1998, 1999, 2000); Wang &
Looney (2007, see figure 1.6) on the infrared; the work carried out in this thesis, represents
the first steps in bringing together the study of the formation of intermediate mass stars

with the formation of high-mass stars.

Mg [mag]

Figure 1.5: Colour magnitude diagram of known Herbig Ae/Be stars (blue dots) and new
candidates to Herbig Ae/Be stars (red diamonds), corrected from interstellar extinction.
The Black contours trace Gaia sources within 500 pc with good astrometric solution. The
extinction vector corresponding to Ag = 1 is also shown. Figure 1.5 is taking from Vioque
et al. (2020).
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Figure 1.6: Examples of Herbig Ae/Be stars in rich and poor clusters. The figure represent
the K-band image, where the axes are the right ascension and declination for the 1950
epoch, of four Herbig Ae/Be stars which appear to be surrounded by a large number of
low mass companies (top panel) or single (bottom panel); Figure 1.6 is taking from Testi
et al. (1997, references therein).

1.4 Clusters

Prior to a detailed evaluation of the presence of stellar clusters it is important to precisely
define what a cluster is. There have been several reviews that have each provided their
definition of what a cluster is and how to differentiate it from other multiple populations
(Krumholz et al,, 2019, references therein). For example, one definition, taken from Porte-
gies Zwart et al. (2010), is that a star cluster is a set of stars that are gravitationally
bound to one another; while Lada et al. (1993) defines a cluster as a collection of stars

with a mass density large enough (> 1 Mg pc~3) to resist tidal disruption in Solar neigh-
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borhood conditions. With this in mind, a general definition for a stellar cluster can be,
the one offer by Krumholz et al. (2019, references therein) that a cluster is a group of at
least 12 stars with a mean density that is several times that of the background density,
such that the overdensity is then still statistically significant. In addition, it is also an
important characteristic of a stellar cluster that the stars contained within them need to
have been physically associated with each other during their formation (Krumholz et al,
2019; Lada et al, 1993; Trumpler, 1930, references therein).

Clusters are born in molecular clouds, specifically in high density concentrations
(clumps) within giant molecular clouds with typical masses up to 106 M (Krumholz
et al, 2019, references therein). Figure 1.7 shows a variety of clusters which have a
wide range of ages from ~1 Myr to > 10 Gyr, and with masses ranging from ~ 102 -
105 Mg, (Krumholz et al, 2019, references therein). Star clusters can be characterized
as gravitationally bound or unbound; however, young clusters can be a mixture of both
bound and unbound. Bound clusters can be categorized as either open clusters (OCs)
or globular clusters (GCs); the most massive and young OCs are sometimes referred to
as young massive clusters (YMCs, Krumholz et al, 2019, references therein). Unbound
clusters can also be described as associations, these associations can then be sub-divided
into OB associations (Wright, 2020), which are regions which contain an excess density
of spectral type O and B stars; and, T associations, formed by T Tauri stars (Herbig,
1962; Janes, 2001). Although, the stars in these unbound associations will disperse after
a short period of time as the associations lose their identities, these stars will still have
almost identical velocities; as these stars will still retain very similar movements whilst

spreading out through space (Janes, 2001).

1.4.1 Massive star Clusters

The process of star formation from GMCs has been described earlier in this description
the composition of these GMCs has been described. Where these GMCs are observed
they contain both dense gas and evidence of the initiation of star formation. This leads
to the reasonable conclusion that dense cores form very rapidly after the dense GMCs
form from the less dense and diffuse ISM, star formation itself proceeds after the formation
of these dense cores. In more detail, the GMCs are gravitationally bound systems that

form from the ISM, these systems have motions within them that contain very turbulent
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Figure 1.7: Collection of stellar clusters. This figure shows that, in general, clusters can
have different masses, size, and density scales. The cluster represent in the figure are:
Orion Nebular Cluster (ONC), Arches cluster, NGC265, Hyades, Collinder 261, NGC6535,
47 Tuc and NGC1252. NGC1252 was previously classified as a cluster but now is know
as an asterism. Figure taking from Krumholz et al. (2019, references therein).

flows, and are stabilized against collapse by their turbulent pressure. Several numerical
simulations of GMCs have been carried out that show that supersonic turbulent flow
conditions produce collisions and shocks that dissipate energy within the clouds. These
collisions can then lead to the formation of dense cores which are then gravitationally
unstable and decoupled from the turbulent flows of the GMCs. These decoupled dense
cores within the GMC represent the potential sites for cluster formation (Lada et al,
1993).

YMCs are dense aggregates of young stars and are sometimes referred to as young
globular clusters; although, it is actually not known that these systems will evolve into
clusters like the GCs that are currently observed. YMCs have traditionally been defined
as those that have masses > 10* M and ages < 100 Myr; there are several examples
of YMCs in the Milky Way Galaxy and within the Local Group, but are predominantly

observed in starbursts and interacting galaxies (see figure 1.8, Bastian, 2016).
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Figure 1.8: Colour composition image of Young Massive clusters Cep OB3b (4-5 Muyr),
part of the Cep OB3 molecular cloud complex. The image was created using three colour
images from Spitzer (3.6(blue), 5.8 (green), and 24 um (red)). Figure taking from Krause
et al. (2020).

Although, a minimum mass and age limit was given above for YMCs there is no strict
definition of what is a YMC and these limits are not based on a physical properties of the
clusters themselves. This type of clusters can be considered to be one of the fundamental
building blocks of galaxies.

As a result, a significant amount of recent research has focused on YMCs; of this a
large amount of work has focused on the question of whether at least some of the YMCs
that have been associated with the most violent starburst events in the local Universe
will evolve into equivalents of the GCs that are common place within our local universe
and which are observed in almost all of the local galaxies (de Grijs, 2010). YMCs tend to
be formed in some of the more massive GMCs. The largest and most massive GMCs are
often (and its reasonable to expect them to be) found within gas rich regions for instance
in starbursts or forming galaxies (Krumholz et al, 2019, references therein).

The study of YMCs is of additional importance as the clustering properties of massive
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stars are still not fully understood. It is known that the majority of massive stars that are
observed are part of, or are a 'runaway’ that has been ejected from a star cluster; however,
as it is more likely that massive stars will be found in clusters it is still unclear if this is
because massive stars form only or predominantly in clusters (Krumholz & Bonnell, 2007,
references therein).

There is still an important question around the formation of YMCs and how they get
to the sizes and shapes that we observe them to have. To attempt to solve this question
there have been several studies which have been both observational and modelling works
which have studied GMCs and these works have concluded that massive clusters are
formed along filamentary substructures within the clouds. These structures are small
scale with respect to the GMC on the order of <0.3 pc (Banerjee & Kroupa, 2017a).
Additional information of massive clusters formation can be found in the review of Motte
et al. (2018).

1.5 Theoretical models

As has been briefly discussed earlier work on studying massive star formation and the
formation of young massive clusters has not been merely observational; modelling studies
have also been carried out to investigate the origins and properties of these systems. In
particular, models of cluster formation have shown that the formation of gravitationally
unstable clumps within the turbulent flows of a GMC, can be followed by these clumps
fragmenting hierarchically into smaller systems (clusters) that eventually merge to form
large stellar systems (Bonnell et al,, 2003; Krumholz & Bonnell, 2007, references therein).
These results have been supported by observations, where the fragmentation of filamentary
structures within infrared dark clouds has been shown to be linked to the formation of
stellar clusters.

Within the computational studies of the dynamics of star formation numerical simu-
lations have shown the importance of the multiple factors, including the turbulence and
collapse of the cloud, along with the following fragmentation, accretion and other interac-
tions (Bonnell et al, 2003). These simulations are very useful in their ability to highlight
the importance of certain physical processes within star formation; however, these models
are reliant on highly idealised behaviours and conditions and as such are not necessarily

fully representative of real (and often very non ideal) systems (Smilgys & Bonnell, 2017).
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The models for massive star formation have to differ from those of low mass star for-
mation; this is in particular due to the fact that the intense radiative pressures associated
with the massive stars mean that no star over 40 Mg can form via spherical accretion
(Kahn, 1974). In addition, high mass stars can not sustain a magnetic field during forma-
tion, as energy transfer through the envelopes of massive stars is radiative as opposed to
convective as is the case for low mass stars. Two main theoretical approaches have been
taken to describe massive star formation, and these approaches are referred to monolithic

collapse and competitive accretion (Bonnell et al,, 2003).

1.5.1 Monolithic collapse or Core Accretion model

The core accretion model (which is also referred to as monolithic collapse) is a general
model of star formation, that attempts to explain the formation of both low and high
mass stars. This model predicts that stars form via a fragmentation process, whereby the
molecular cloud breaks down sequentially into smaller and then even smaller parts, due
to factors related to their turbulence and magnetic fields along with their gravitational
forces during the collapse of the cloud. This fragmented collapse process continues until
the formation of parts that no longer undergo any further fragmentation prior to their
collapse to stellar densities, these parts are referred to as cores (see figure 1.9, Krumholz

& Bonnell, 2007, references therein).

Figure 1.9: Representation of the Monolithic collapse or core accretion scenario. The
fragmentation of the core is halted, allowing the formation of a single massive (or a few)
objects. According to this model, the massive stars are born in isolation or accompanied
by other massive stars, rather than with a low-mass stellar cluster inside the core. Figure
taking from Rivilla et al. (2013).
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This model can be seen as an adapted version of the model of low mass star formation
which has been developed to account for observed differences between the formation of low
mass stars and massive stars. Within this model a single massive core leads to a single
massive star and the initial mass of the clump within which this massive core is located
is a significant factor in the final stellar mass of the star formed through this model. This
means that the mass function that describes the central pre-stellar core should follow the
initial mass function of a stellar object, this effect has been observationally seen by André
et al. (2010). This has the caveat that in the case of close multiple stellar systems these
protostars may compete with each other over the material they accrete.

Within this general set of models is the turbulent core model (McKee & Tan, 2003),
which treats the clumps as structures at quasi-equilibrium formed as a result of the frag-
mentation. Within this model the quasi-equilibrium state of these clumps is maintained
through kinetic energy released from outflows and accretion shocks from the pre-stellar
cores. These pre stellar cores themselves have a density much greater than the clumps
within which they are located and they have pressures much higher than both the average
of the ISM and the cloud. Within this model the cores can be treated as supersoni-
cally turbulent as in fact there is no requirement within this model for them to become
subsonically turbulent prior to the initiation of star formation.

This model produces a resultant timescale for the formation of massive stars on the
order of 10° yrs, this timescale is only weakly dependent on the stellar mass (to<!\/L1k/4)
but, is very sensitive to the surface density of the initial clumps (toc 2&3/4). The accretion
rate from the clump to the core is of the same magnitude as the rate at which material is
processed into the star itself, and the accretion rates are expected to grow with time. The
accretion rate is expected to peak at 1073 My yr_;.

The core accretion model for massive star formation will lead to an initial slow increase
in stellar density over the first 4x10° years, this will then be followed by a gradual loss
in stellar density at larger ages. This model predicts that massive stars will form with
a single massive core that then leads to the formation of a single massive star, that can

then be surrounded by many low mass stars (Bonnell et al, 2003).
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1.5.2 Competitive Accretion model or Hierarchical collapse

A separate approach to modelling massive star formation is the competitive accretion
model (also referred to as hierarchical collapse, Bonnell & Bate, 2006; Bonnell et al,
1998). In this model it is predicted that the fragmentation of the cloud into cores is
a relatively inefficient processes and that it therefore leads to the formation of many
cores that are still surrounded by a large amount of material that they can accrete. This
material continues to be affected by gravitational effects and this leads to a distribution of
gas within the cloud that is more centrally dense. This leads to the cores that are nearer
to the centre of the cloud accreting more than those in the outer areas. In addition, as
there are multiple cores competing with each other to accrete material, it is the earliest
and largest of the cores that are formed within the cloud that will grow to become the
largest stars in this model. Although the material that results in the formation of an
individual massive star can come from different parts of the cloud (see figure 1.10).

The model assumes that the parental molecular cloud fragments into several conden-
sations with masses around the Jeans mass and relies on the fact that nearly all massive
stars are formed in stellar clusters with low-mass stars (Rivilla et al, 2013, references
therein).

One important difference in the evolution of massive stars by this model to that of
the core accretion model is that the initial mass of the clump will not be representative
of the final mass of the star once it reaches the main sequence. The accretion of matter

into the cores is governed by the Bondi-Hoyle law where the mass within the stellar

Figure 1.10: Representation of the Hierarchical or Competitive accretion scenario. The
core fragments into sub-cores producing a cluster of low mass stars; where a fraction of
the gas is incorporated into the low mass stars and the rest is distributed throughout the
core. This scenario produces a whole cluster of stars with different masses. Figure taking
from Rivilla et al. (2013).
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mass within the core being greater than the gravitational potential; this effect leads to
the early accretion process being relatively slow and limited to the material that is close
to the core. However, as the cores then increase in mass the area over which their mass
dominates also expands and they can accrete material from further away. As the cores
can accrete material from further away the rate of accretion increases leading to faster
increases in mass and the ability to accrete from even further away in a form of runaway
accretion.

In the competitive accretion model it is the location and time at which a core forms
within a clump that determines the final mass of the star that the core will form, not the
initial mass of the core. One prediction of this model is that the disks formed in this
model will be smaller than those expected from the core accretion model which predicts
much larger disks will form. This is because the large number of cores present in this
models interactions inhibit the formation of large disks. One important assumption of this
model is that in the initial conditions, the cloud is strongly gravitationally bound, whereas
observations appear to show that these clouds are primarily turbulently supported. Also,
the assumption of Bondi-Hoyle accretion rates may not accurately represent the true
accretion rates due to the presence of high relative velocities between the cores and the
turbulent gas of the cloud. In addition, it has been suggested that the objects formed
within this model are less resilient to the stellar radiative feedback (Krumholz et al,
2005).

However, in their subsequent work Bonnell & Bate (2006) find that even with initial
conditions with high turbulent energy that is of a similar strength to the gravitational
energy their results are still similar. They also stipulate that Larson’s law predicts that
stars and neighbouring gas have similar velocities. In addition, Bonnell & Bate (2006)
claim that in their critique of the competitive accretion Krumholz et al. (2005) did not
account for the local properties of the massive star forming cluster but instead used more
global parameters of the cloud. Bonnell & Bate (2006) argue that the initial mass function
formed through their competitive accretion model agrees well with those that are observed
around massive stars, and that this model accounts both for the mass segregation that is
observed in young clusters and the binary properties of stars that have been observed.

The most massive stars formed through this competitive accretion model will form
at the centre of the clumps and they will be formed with little motion compared to the

surrounding gas.
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1.6 Observational data

The purpose of this thesis is to perform an assessment of the clustering properties of
known Herbig Ae/Be stars. For this analysis, | use the data from the Gaia mission as the
main source of information of this thesis. In addition, | used the recent compilation of the
stellar parameters of the Herbig Ae/Be stars made by Vioque et al. (2018).

The main aim of the Gaia satellite is to measure the three-dimensional spatial and
velocity distribution of stars and to determine their astrophysical properties, improving
the results of the Hipparcos mission (ESA, 1997; Gaia Collaboration et al,, 2016b; Per-
ryman et al, 1997). Launched at the end of 2013, it provides highly accurate positions,
parallaxes and proper motions for ~ 1 billion of sources brighter than 20.7 magnitudes in
the photometric G band (Michalik et al, 2015). The astrometry data is complemented by
multi-colour photometry, measured for all sources observed by Gaia, and radial velocities
which are collected for stars brighter than G ~ 17 (Gaia Collaboration et al, 2016a).

The first data release, after 14 months of the mission, contains the astrometric dataset
~ 2 million sources in common between Hipparcos and Tycho-2 catalogues (TGAS; ESA,
1997; Gaia Collaboration et al, 2016a; Hog et al, 2000). The second release, 22 months
of observations made by the mission (Gaia Collaboration et al, 2018b, see figure 1.11),
include a five parameter astrometric solution for over 1 billion sources. This also includes
multi band photometry (in three bands for up to G <21 mag) and a large radial velocity
survey at the bright end (G < 13; Gaia Collaboration et al, 2018b). Recently, the
European Space Agency released a subset of the future Gaia data release 3 (Gaia eDR3)
planned to be available in 2022. Gaia eDR3, 34 months of observations made by the
mission, contains provisional astrometric and photometric data for ~ 1.8 billion sources in
the magnitude range G = 3 to 21 (Lindegren et al, 2020, 2021). The median uncertainty
in parallax and annual proper motion is 0.02-0.03 mas at magnitude G =9 to 15, and
around 0.5 mas at G = 20 (Lindegren et al, 2020, 2021). In this thesis, an analysis with
Gaia eDR3 was not performed, since this data was available after the analysis made in
this study.

The Gaia mission represents an innovation in astronomy, since new accurate data
has become available which can be used to identify and analyse a large number of low-,
intermediate- and high-mass stars (Wright, 2020) and, for example, to trace stars that are

now part of the field back to their birth places (Krumholz et al, 2019).
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Figure 1.11: Map of the total flux measured in the G, Ggp and Ggrp bands for the Gaia
DR2 sources. The colours represents the flux measured in the Ggp (blue), G (green) and
Grp (red). Figure taking from Gaia Collaboration et al. (2018b).

1.7 Thesis outline

The absence of a statistically meaningful sample of intermediate mass stars in clusters
is what motivated this project. Adapting the ideas proposed by Testi ef al. (1997, 1998,
1999), this thesis will describe work carried out to detect and analyse the presence of
stellar clusters around known Herbig Ae/Be stars, with the astrometric data that became
available through the first two data releases from the Gaia satellite. In order to use
the astrometric data to find the relationships between the Herbig Ae/Be stars and their
possible low mass companies a new clustering algorithm was developed, CEREAL.

The next part of this thesis will describe CEREAL and will then evaluate its ability to
find low mass companions around stars in known clusters, using the data available from
the first Gaia data release (Gaia DR1, Chapter 2). The following step was then to perform
the reverse, analysing the presence of clusters for a given Herbig Ae/Be star and identify
its low mass companions (Chapter 3). This was only possible using the data available
from Gaia DR2, where CEREAL was used to evaluate the presence of clusters around a
sample of 269 known HAeBe stars. The effectiveness of CEREAL was then assessed by

comparing it to the combined results of 3 density-based clustering algorithms which are
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a subset of machine learning algorithms for the study of overdensities on large data sets.
The results of this analysis were then used to produce a catalogue of objects found to be
in clusters by both techniques.

This thesis will then describe a more detailed examination of the clusters that were
found (Chapter 4). This assessment will focus on the impact of spectral type (and sub
spectral type) on the likelihood of a Herbig Ae/Be star to be found to be in a cluster
by CEREAL. In addition, an examination to determine if spectral type was related to the
likelihood of the Herbig Ae/Be star to be in the centre of the cluster that it was associated
with.

The results found by CEREAL for the clusters found around B type stars were then
used to examine if there were any observable trends in the stellar density of these clusters
with age, and if these results were in agreement with the models of massive star formation
(Chapter 5).

The final chapter (Chapter 6) summarizes the results of the previous ones and suggests
areas of interest for future work that were raised during the work that is described in this

thesis.
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Chapter 2

ClustER detEction ALgorithm: CEREAL

'Every adventure requires a first step’

— The Cheshire Cat, Alice's Adventures in Wonderland.

The ClustER detEction ALgorithm (CEREAL) was created with the aim of detecting and
analyzing the presence of clusters around intermediate mass stars using data from Gaia.
Specifically, CEREAL searches for clusters around HAeBe stars, where it is expected that
any companions surrounding these stars will both share similar astrometric information
and be located nearby to the HAeBe stars.

Gaia data had been presented to the scientific community through three releases. The
first, Gaia Data Release 1 (Gaia DR1), was based on the data collected during the first
14 months of the mission lifetime (Gaia Collaboration et al, 2016a). This release con-
tains astrometry, G-band photometry, and a modest number of variable star light curves.
The astrometric dataset, which contains the positions, parallaxes, and proper motions;
is formed by >1 billion stars, with ~ 2 million sources in common between Hipparcos
and Tycho-2 catalogues (ESA, 1997; Caia Collaboration et al, 2016a; Hag et al, 2000).
This dataset represents the realization of the Tycho-Gaia astrometric solution (TGAS;
Gaia Collaboration et al,, 2016a), where the typical uncertainty is about 0.3 mas for the
positions and parallax, and about 1 mas yr~! for the proper motions (Gaia Collaboration
et al, 2016a). CEREAL uses TGAS as a training set to evaluate the functionality of the

code.
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The second data set was the Gaia Data Release 2 (Gaia DR2), which became avail-
able in April 2018 and was based on the data collected during the first 22 months of the
mission lifetime (Gaia Collaboration et al, 2018b). Gaia DR2 represented a major ad-
vancement with respect to the work presented in Gaia DR1 (or TGAS; Caia Collaboration
et al, 2016a), via the inclusion of a high-precision parallax and proper motion catalogue
for over 1 billion sources, supplemented by precise and homogeneous multi band all-sky
photometry and a large radial velocity survey at the bright end (G < 13; Caia Collab-
oration et al, 2018b). However, it is also important to note that Gaia DR2 does not
incorporate any astrometric information from Hipparcos and Tycho-2 (ESA, 1997; Hag
et al, 2000; Lindegren et al, 2018b; Perryman et al, 1997), which made it independent
from these catalogues. All the sources in Gaia DR2 are treated as single stars and thus
representable by five astrometric parameters (Lindegren et al,, 2018b). The typical median
uncertainty for sources with five-parameter astrometric solutions, in parallax and position,
at the reference epoch J2015.5, is about 0.04 mas for bright (G < 14 mag) sources, 0.1
mas at G = 17 mag, and 0.7 mas at G = 20 mag. From the proper motion components
the corresponding uncertainties are 0.05, 0.2, and 1.2 mas yr—!
et al., 2018b).

The third data set represent a subset of the future Gaia data release 3 (Gaia eDR3)

, respectively (Lindegren

which became available in 2022. Gaia eDR3 contains astrometric and photometric data
for ~ 1.8 billion sources in the magnitude range G = 3 to 21 (Lindegren et al, 2020,
20217), with uncertainties of 0.02—0.03 mas at magnitude G = 9 to 14 and around 0.5 mas
at G = 20, for the parallax and uncertainties of 0.02—0.03 mas yr—! for G<15 and 0.5
mas yr—! at G = 20 for the proper motion (Lindegren et al, 2020, 2021). In this thesis,
an analysis with Gaia eDR3 was not performed, since this data was available after the
analysis made in this study.

During the period of this work, CEREAL was a code under continued development via
multiple updates. The first version implemented worked with Gaia DR1 (TGAS); later
versions worked with Gaia DR2 data’.

This chapter is organised as follow: section 2.1 will describe how the data was gath-
ered from the Gaia archive and then pre-processed before CEREAL evaluated the presence
of clusters in the sample. Section 2.2 describes an example of the analysis made by

CEREAL for a group of known open clusters, chosen from the literature.

"The current version of CEREAL is available at https://github.com/yumiry/CEREAL
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2.1 How does the algorithm work?

2.1.1 PRE-CEREAL

The data for each target was gathered directly from the Gaia archive using the astroquery
Galia package (Segovia, 2016) and a search radius angle; which was defined as angle =
(2.5/Distance) x (180/II), where the value 2.5 refers to the radius of an open cluster
for which the typical diameter was 5 pc (Janes, 2001). The distance was obtained from
Vioque et al. (2018).

Vioque et al. (2018) calculated the distance following the methodology of Luri et al.
(2018) on how to manage the parallax from Gaia, and estimate the distance by applying
a simple exponentially decreasing prior (Vioque et al, 2018, references therein). For
those stars without a distance reported, the angle was set equal to one degree; using
one degree as the default value allows the selection of all the possible clusters members
around the HAeBe star.

In addition, a selection was applied to "clean” the sample from the Gaia DR2 catalogue.
The method used is called re-normalized unit weight error (RUWE). It was previously
defined in Lindegren et al. (2018a). The targets were selected with RUWE< 1.40, which
improved the selection of data and provides a smaller, but more reliable, sample. RUWE
has been demonstrated previously to be a reliable indicator of the astrometric solution.

After gathering the data for each target in the Gaia archive, a final file was created
with the essential information for the objects, such as position, parallax, proper motion,

magnitude, etc; that would be used by CEREAL to begin the analysis of the data.

2.1.2 CEREAL

CEREAL begins the inspection of the data, for each of the stars to be analyzed, by dis-
playing different plots to represent the data from Gaia; as shown in figure 2.1, where
selections over the parallax and proper motions, within the input data, were made to find
possible clusters around objects.

In figure 2.1 the top panel presents the histogram distributions of the parallax (w;
mas) and proper motion in both RA (uq+; mas/yr) and DEC (us; mas/yr); and the density
profile distribution for the given star. The density profiles were constructed by measuring

the local density of the source in an annular radius from the position of the target, as
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Figure 2.1: Example of CEREAL plots. This shows the input data from Gaia DR2 selected
with a search radius angle (describe in § 2.1.1) of 0.046 degrees around the Herbig Ae/Be
star HD96042. The top panel presents the histograms for the parallax, proper motion
in RA and proper motion in DEC and the density profile distribution. The black dashed
vertical line shows the known value of the parallax and proper motion of the Herbig Ae/Be
star. The bottom panel presents the spatial distribution, the proper motion distribution and
the colour-magnitude diagram (CMD). The parallax values are presented via the colour
of the objects in the lower graphs, where the coloured bar to the right provides the scale
for this. The purple stars represent the Herbig Ae/Be star position in each bottom figure,
which might be hidden behind the small coloured dots.

was done by Testi et al. (1997). The bottom panel, presents the spatial distribution, the
proper motion distribution and the Colour-Magnitude diagram (CMD).

The assumption made is that for a cluster the low mass companions around a HAeBe
star will share similar properties, like their parallax and proper motion, with the rest of the
cluster members. Therefore, it is expected that the presence of a cluster can be observed
by finding a distinctive broad peak around the known value of the parameter; where, the
known values were the literature value of each parameter for the HAeBe star. Figure 2.2
gives a representative example of peaks in parameters around the known value from the
HAeBe star when a cluster was present.

The selection process is started by setting the limits around the parallax and proper

motion using knowledge of the known values for each parameter to set the ranges. These
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Figure 2.2: Example of peaks in parameters around the known value from the HAeBe
star when a cluster was present. The panels show the histograms for the parallax, proper
motion in RA and proper motion in DEC. The black dashed vertical line shows the known
value of the parallax at 0.83 mas and proper motion in RA and DEC at —4.42 mas/yr and
1.57 mas/yr, respectively, of the Herbig Ae/Be star HUCMa.

ranges are interactively chosen by the user of the code using their judgment. The proce-
dure starts by analysing the parallax, followed by the proper motion in RA, and finally,
the proper motion in DEC. The evaluation of the presence of clusters around an object is
then continued until the user of the code is satisfied with the results.

The presence of clusters can be inferred when representative peaks are visible in
the histograms of the parallax and proper motions, like in figure 2.2. Additionally, the
presence of a cluster can be inferred, for example, when a group of stars (the possible low
mass companions of the Herbig Ae/Be star) are located nearby the Herbig Ae/Be star
and share similar parallax to it; or, by using the density profiles (Testi et al,, 1997).

At the end of the evaluation of the target, the user can make decisions on whether
the target is in a cluster or not, before starting the analysis of the next object. For this,
a system was created to classify the targets whereby: if the star is considered to be in a
cluster the flag is set equal to 1, which means yes; if the flag is equal to 2, this means
maybe, the star could potentially be in a cluster; and if the flag is equal to 0, this means
no, the star is not in a cluster. The code created a file for each star with all the data from
the selections.

In addition, the mean value of each parameter was also reported with its respective
associated error. The error was calculated using the weighted mean equation (Wall &

n w;*X;

Jenkins, 2003). The weighted mean equation is defined as X,, = ijl S where the
j=1Wj
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weights are given by w; = 0%2 and UJZ- is the reciprocal of the sample variances. The best

estimation of the variance of the weighted mean equation is 02 = <zt — 02, = wi
i=152 J
J

(Wall & Jenkins, 2003).
A schematic representation of the step-by step process on how CEREAL finds clusters

around the objects of interest using Gaia data is shown in the appendix A.

2.2 Studying known clusters using Gaia DR1 data

It was not possible to evaluate the presence of clusters around HAeBe stars using Gaia
DR1, because Gaia DR1 only contained an astrometric dataset for ~2 million stars (Caia
Collaboration et al,, 2016a) with which it was not possible to find lower mass companions
around the HAeBe stars; Gaia DR1 did not have a sufficiently complete catalogue that
covered the possible clusters members around the HAeBe stars, in particular this catalogue
is incomplete at the bright end and has an ill-defined faint magnitude limit and these
values depended on the position of the objects (Gaia Collaboration et al, 2016a). This
would be possible with the future data release Gaia DR2 which offered an independent
astrometric dataset from Gaia DR1 for 1 billion sources (Gaia Collaboration et al.,, 2018b).

To evaluate the ability of CEREAL to asses the presence of clusters, a sample of
known clusters was studied with data taken from Gaia DR1 (specifically TGAS, Caia
Collaboration et al., 2016a).

The sample of known open clusters was chosen randomly from the literature (See
table 2.1; Gaia Collaboration et al., 2017) for which their positions, parallaxes and proper
motions were known, as well as the total number of members found by previous studies
(Gaia Collaboration et al, 2017).

Table 2.1: Parameters of known clusters

Cluster RA DEC w La* s nMemb
deg deg mas mas yr—! mas yr—!
NGC6475 268530 -34.849 3.57+0.02 3.1040.06 —-5.32+0.04 78

Blanco1 0.855 -30.079 4.34+0.11 1820£0.12  2.66+0.11 43
1C2602 159.809 -64.496 6.74+0.05 —17.67+0.09 11.06+0.13 66
o Per 52.069 49.060 5.91+£0.03 23.06+£0.06 —25.36+0.07 116
Data taken from table 6 in Gaia Collaboration et al. (2017).
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A step-by-step manual selection process was performed on the TGAS data for the
selection of known cluster members. To begin the evaluation with CEREAL, data was
selected from TGAS in a circular area with a radius of ~3 degrees around the central
position of the cluster. This large radius was used to ensure that all the possible members
of the cluster were chosen. However, this introduced a contamination of the sample through
the selection of foreground and background stars.

During the selection process with CEREAL it was expected that a representative peak
around the known value of each parameter would be found. Those known value were
obtained from Caia Collaboration et al. (2017) and are presented in table 2.1.

The cluster NGC6475 is a well known cluster and as such it makes a good example
case to test the code. NGC6475 has an estimated age of 200 to 260 Myr (van Leeuwen,
2009, references therein) and a distance of 280 pc (Gaia Collaboration et al, 2017). van
Leeuwen (2009) determined the cluster members through their proper motions and radial
velocities.

Figures 2.3, 2.4 and 2.5 show the progression of the selection process over the parallax
and proper motion used to find the cluster candidates for NGC6475 with CEREAL. In these
examples, it can be seen that as each selection was made, the number of objects was
reduced, whilst those objects that remained were distributed as a distinctive peak about
the known value. It should be noted, that in some cases when the number of objects was
reduced there was not an easily distinguishable peak, a cluster could still be found using
the proper motion distribution or the density profile.

In addition, these figures show a characteristic peak at zero in both distributions of
parallax and proper motions. This appears in all the input samples because regardless of
how the data is selected, there are more objects at large distances and as a consequence,
more objects with smaller values for the parallax and proper motions.

The mean values found by CEREAL for each parameter of the cluster NGC6475 were
3.60 4 0.04 mas for the parallax, 3.26 & 0.01 mas yr~! for the proper motion in RA and
—5.3740.01 mas yr~! for the proper motion in DEC. These results were in good agreement
with those reported by Gaia Collaboration et al. (2017, see table 2.1), where the values
found were 3.57 & 0.02 mas for the parallax, 3.10 & 0.06 mas yr—! for the proper motion
in RA and —5.32 £ 0.04 mas yr~! for the proper motion in DEC.

CEREAL found 84 stars in the cluster NGC6475 compared with 78 stars reported

by Gaia Collaboration et al. (2017), of these, 67 stars were found in common in both
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Figure 2.3: Parallax selection steps for the cluster NGC6475 with the TGAS data. The
black dashed vertical line shows the known value for the parallax; and the red circle
shows the first hint of the peak around the known value. Each coloured box represents
how the parallax was affected during the different stages in the selection process made
by CEREAL. The coloured boxes represent the selection made in parallax (green), proper
motion in RA (light blue) and proper motion in DEC (light purple).

catalogues. Similar results were obtained for the other clusters analysed. CEREAL found
116 stars for the cluster aPer, 42 stars for Blanco1, 66 stars for IC2602; compared with
the 116, 43 and 66 stars respectively found by Gaia Collaboration et al. (2017). Again,
most of these stars were found to be in common in both catalogues, 88 stars for the cluster
aPer, 34 stars for the cluster Blanco1 and 53 stars for the cluster 1C2602.

Although the results are similar for all the clusters, there are some differences. The
differences between those reported by Caia Collaboration et al. (2017), and those found
here by CEREAL might be due to the selection process used for each study. The stars
were selected with CEREAL by choosing ranges around the known values for each param-

eter. Gaia Collaboration et al. (2017) estimated the cluster membership based on all the
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Figure 2.4: Proper motion in RA selection steps for the cluster NGC6475 with the TGAS
data. The black dashed vertical line shows the known value for the proper motion in RA;
and each coloured box represents how the proper motion in RA is affected during the
different stages in the selection process made by CEREAL. The coloured boxes represent
the selection made in parallax (green), proper motion in RA (light blue) and proper motion
in DEC (light purple).

coincidences within a volume around the position of the distance (which is calculated as
é) of the cluster centre; where the main uncertainties came from the parallax measured.
For more details see section 3 and appendix C from Gaia Collaboration et al. (2017).
Table 2.2 compares the results obtained by CEREAL with those obtained by Caia
Collaboration et al. (2017) and van Leeuwen (2009, using Hipparcos mission data). The
difference between the results of the code and the literature for each parameter were
very small and this is shown in figure 2.6. For example, for the cluster NGC6475 the
difference between the value found by CEREAL and those reported by Gaia Collaboration
et al. (2017) and van Leeuwen (2009) for the parallax were 0.03+£0.04 mas and 0.10+0.14

mas, respectively; for the proper motion in RA these differences were 0.16 £ 0.06 mas/yr
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Figure 2.5: Proper motion in DEC selection steps for the cluster NGC6475 with the TGAS
data. The black dashed vertical line shows the known value for the proper motion in DEC;
and each coloured box represents how the proper motion in DEC is affected during the
different stages in the selection process made by CEREAL. The coloured boxes represent
the selection made in parallax (green), proper motion in RA (light blue) and proper motion
in DEC (light purple).

and 1.20+ 0.17 mas/yr, respectively; for the proper motion in DEC these differences were
0.05 £ 0.04 mas/yr and 0.39 £ 0.10 mas/yr, respectively.

The agreement obtained from the analysis above with the literature Gaia Collabora-
tion et al. (2017); van Leeuwen (2009), showed that CEREAL could be an excellent tool
for the selection of candidate members of a cluster, while it could also provide a good

estimation of their parallax and proper motion.

Once Gaia DR2 was released, additional analysis was performed for the same known

clusters but using the newer Gaia release. With the improvement of the survey, CEREAL
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Table 2.2: Astrometric parameters of the known clusters

Cluster w Lo 145 Reference
mas mas yr—! mas yr—!
NGC6475 3.57+0.02 3.10£0.06 —5.324+0.04  Gaia Collaboration et al. (2017)
3.70£0.14 2.06£0.17 —4.98 £0.10  van Leeuwen (2009)
3.61£0.04 3.08+0.06 —5.4240.05  CEREAL'
Blanco1 4.34£0.11 18.20+£0.12 2.66 £0.11 Gaia Collaboration et al. (2017)
4.83+£0.27 20.11+£0.35 2.43+£0.25 van Leeuwen (2009)
419£0.06 18.62+0.15 2.68+0.15 CEREAL'
1C2602 6.74+£0.05 —17.67+£0.09 11.06+£0.04 Gaia Collaboration et al. (2017)
6.73£0.09 —-17.02+£0.24 11.15+0.23 van Leeuwen (2009)
6.75£0.05 —-17.69+0.15 10.77+0.13 CEREAL'
a Per 5.91+£0.03 23.06+0.06 —25.36 £0.07 Caia Collaboration et al. (2017)
5.80+0.09 22.73+0.17 —26.51+£0.17 van Leeuwen (2009)
5.74+£0.04 23.10+0.11 —25.2540.09 CEREALf
1 Errors were calculated using the standard error equation: SE = M\/%emmon; where
N is the total number of objects in the sample.
71 L @ Gaia Collaboration et al. 2017 @
. 204 2 101 van Leeuwen 2009
2 & y g 10 g o )
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; ¢ ;? —10+ :
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w CEREAL Uqax CEREAL Us CEREAL

Figure 2.6: Comparison of the astrometric parameters from Caia Collaboration et al.
(2017), van Leeuwen (2009) and those obtained with CEREAL. The panel on the left shows
the parallax, the panel in the middle the proper motion in RA and the panel on the right
the proper motion in DEC. The straight line in the plots represents the least squares best
fit of a line to the data points. These values are represented in Table 2.2.
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was, again, able to find a large number of companions around the known clusters (230
stars around NGC6475, 198 stars around Blanco1, 157 stars around 1C2602 and 302 stars
around « Per) compared with the companions found with Gaia DR1 for the same known
clusters (84 stars around NGC6475, 42 stars around Blanco1, 66 stars around 1C2602
and 116 stars around « Per); however, these were not as large as the ones reported by
Gaia Collaboration et al. (2018a, 952 stars around NGC6475, 493 stars around BlancoT,
490 stars around 1C2602 and 745 stars around « Per). These differences may again be
due to the specific selection process used by each method.

It was clear, that with the update of the survey, that CEREAL would not be restricted
only to improving the results for the analysis of known clusters, but would have the ability

to assess the presence of clusters around new targets.

2.2.1 Quantitative analysis

A detailed quantitative analysis of the over-densities in the samples was performed on
the results obtained with CEREAL for the Gaia DR1 and Gaia DR2 datasets. This analysis
was carried out on the known clusters and a subset of the Herbig Ae/Be stars that will

be studied further in the following chapters.

30 method

This analysis is focused on the determination of the radius at which the density of the
stars is significantly higher than the density of the background (3¢). The density profiles
obtained by CEREAL in the previous section are used as a starting point for this analysis.
The analysis was only carried out using the stellar density profiles and did not include
any of the astrometric parameters (parallax and proper motions) provided by Gaia. As
a consequence the results determined in this section will differ from those presented in
section §2.2.

The first step in the assignment of the radius of the over-density, was to evaluate
the background density of each density profile of the stars. The background region was
assigned as the area where the density appeared to be constant; the over-density (possible
cluster) was expected to be located within the region where the density deviates from this
constant value. Figure 2.7 shows an example of the possible location of the background

and the over-density (possible cluster) for the known cluster aPer.

36



2.2 Studying known clusters using Gaia DR1 data

AlphaPer

141 14
--o- Cluster --e- Background
12 12
—~ (A) (B)
T, 104 10
8 ') [ )
28114 811
© \ 1
g ! \
3 st 611
= \ 1
§ 41 + 4 +
D \\ \\
et 21
\ +_* \ +\+_*
of  TMhenmmmienl o e,
0 2 4 6 8 10 0 2 4 6 8 10
Distance (pc) Distance (pc)

Figure 2.7: Background selection with Gaia DR1 data for the known cluster a.Per. Panel
(A) shows the density profile obtained by CEREAL previously (dark blue filled circles)
where the possible location of background is shown in the red box. This area, which
starts at ~ 6pc, was used in the first evaluation of the background. Panel (B) is the same
density profiles where the anticipated location of the cluster (light red filled circles) and
background (purple filled circles) are shown.

The background density was then calculated by adding all the stars located within
the selection region (e.g. each point inside the red box in figure 2.7(A)) and dividing these
by the area.

A comparison of the density profiles and the background was then carried out to
evaluate where the over-density (possible cluster) rose 30 above the background. This
led to the observation of a limitation to this approach (relying only on density profiles to
assign the presence of a cluster) as the uncertainties, in the densities within each ring
area, was generally too large to assign the presence of an over-density even for known
clusters. This is because the stellar densities within these ring areas are based on only a
small number of observed objects and therefore, despite the uncertainty in the background
density being generally very low, it was not possible to use the density profiles of the
form shown in figure 2.7(B) for the statistical analysis of the location of the cluster radius.

To be able to find the value for the radius of each cluster in the sample, it was necessary
to find a different way to compare the density of the background with the density of the
cluster. To do this it is important to increase the number of objects (and therefore improve

the statistical error) within the regions that were to be compared to the background.
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2.2 Studying known clusters using Gaia DR1 data

To achieve this, a similar process to the one used to evaluate the density of the back-
ground was applied. The area of the density profile where the possible cluster is located
(red full points in figure 2.7(B)) is used to generate new subgroups (cluster apertures)
that are going to be compared with the background density. These new subgroups were
generated by sequentially moving point by point outwards from the centre and summing
all the objects together and dividing by the new area within which they were found. These
new larger sub groups contained more objects than the original ring areas and as such
had smaller statistical errors associated with their densities. The new stellar densities
found for these subgroups could then be compared to the background densities, to eval-
uate if any of these sub groups showed a statistically significant difference (30) from the
background value.

Table 2.3 presents the results obtained for all the subgroups generated for the known
cluster aPer. The table shows the subgroup (cluster apertures) created for the cluster
areas in the density profile (red full points in figure 2.7(B)), the distance associated to each
subgroup, the number of stars found in these subgroups and the density they represent.

The results displayed in table 2.3, for aPer, show that as the subgroups increase in
size there are several subgroups that contain densities greater than the background at
the 30 level. All the sub groups with distances between 1.0 and 5.7 pc show a stellar
density significantly greater than the background density. This result shows that there
is a large over density present in this profile, with approximately 70 possible cluster
members observed.

The outcome of this analysis did not provide a clear value that could be used to define
an exact radius for each cluster by using these subgroups. Due to multiple sub groups
being found which meet the condition of being statistically significantly higher than the
background density (3o level).

The same behaviour repeated for the other known clusters in the sample. Figure 2.8
and table 2.4 shows the same analysis made previously for NGC6475. For this known
cluster it was also found that as the subgroups increase in size there are several subgroups
that contain densities greater than the background at the 3o level. The stellar density is
significantly greater than the background density between the distance of 1.49 and 5.97
pc, with 42 possible cluster members observed.

Additional tests were carried out to evaluate if the background region influenced the

results obtained from this analysis. The background density was recalculated by adding a
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2.2 Studying known clusters using Gaia DR1 data

Table 2.3: Cluster apertures and densities for the known cluster aPer with Gaia DR1
data

Area Cluster aperture Distance Number of Stars Density
pc? pc stars/pc2
(1) (2) (3) (4) ()
Background 201.81 6.01 18 0.09 + 0.02
Cluster 0.35 0.33 3 8.56 + 4.94
1.4 0.67 7 499 + 1.89
315 1.0 11 3.49 £ 1.05
5.61 1.34 16 2.85 £ 0.71
8.76 1.67 19 217 £ 05
12.61 2.0 23 1.82 £ 0.38
1717 2.34 30 1.75 £ 0.32
2242 2.67 36 1.61 £0.27
28.38 3.01 43 152 £0.23
35.04 3.34 46 1.31 £ 0.19
42.39 3.67 50 1.18 £ 0.17
50.45 4.01 55 1.09 £ 0.15
59.21 4.34 61 1.03 £ 0.13
68.67 4.68 61 0.89 + 0.11
78.83 5.01 63 0.8 £ 0.1
89.69 5.34 71 0.79 £0.09
101.26 5.68 74 0.73 £ 0.08

Columns (3) represent the distance from the centre of the cluster.
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Figure 2.8: Background selection with Gaia DR1 data for the known cluster NGC6475.
See description of figure 2.7.
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Table 2.4: Cluster apertures and densities for the known cluster NGC6475 with Gaia
DR1 data

Area Cluster aperture Distance Number of Stars Density
pc? pc stars/pc—2
(M (2) A) (4) ©)
Background 267.66 6.35 15 0.06+ 0.01
Cluster 0.44 0.37 2 451+ 3.23
1.75 0.75 4 223+ 114
3.94 112 6 1.47+ 0.62
7.01 1.49 10 137+ 0.45
10.95 1.87 13 113+ 0.33
15.77 2.24 15 0.9+ 0.25
21.47 2.61 23 1.02+ 0.22
28.04 2.99 28 0.94+ 0.19
35.48 3.36 29 0.76+ 0.15
43.81 373 30 0.63+ 0.13
53.01 4.1 34 0.59+ 0.1
63.08 4.48 36 0.51+ 01
74.03 4.85 37 0.44+ 0.08
85.86 5.23 40 0.41+ 0.07
98.57 5.6 40 0.35+ 0.06
11215 5.97 42 0.32+ 0.06

Columns (3) represent the distance from the centre of the cluster.

reduced selection of stars located within the selection region where the density appeared
constant (e.g. points inside the red show in figure 2.7(A), from 7 to 10 pc and from 8 to
10pc) and dividing these by the area. As before, the area of the density profile where the
possible cluster is located was used to generate new subgroups that were then compared
with the background density.

Following the same procedure described previously, it was again found that multiple
subgroups (cluster apertures) meet the condition of being statistically significantly higher
than the background density (3o level). This means that within the work carried out here,
the size of the selected background region does not have any influence on the evaluation
of the cluster radius.

Appendix B shows that for the other known clusters in the sample the same pattern
of multiple subgroups which meet the condition of being statistically significantly higher
than the background density (3o level) was also found. Additionally, appendix B shows

an example of the same analysis carried out in this section applied to the HAeBe stars.
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Rolling window method

Following this assessment and the observation that by increasing the areas to include
more objects it was possible to generate areas that had densities that were statistically
significantly over the background level another method was considered. In this new test
the decision was made to pass rolling 'windows’ across the previous density profiles with
the window containing a variable number of the previous ring areas. For the points in
the density profiles that fell within the window, the ring areas and number of objects
found were added together and this was then used to calculate the density and error in
the density of this larger region. The window was then moved iteratively away from the
central star across the original density profiles, adding the next ring area into the window
and removing the ring area closest to the central star from the window. For example,
in this analysis a window size of 1 corresponds to the unchanged density profiles and
a window size of 3 represents the combination of the adjacent ring areas in the original
unchanged density profiles. Therefore, the first point in the new profiles generated with a
window size of 3 contains the sum of the first 3 ring areas in the original density profiles.
The second point contains the sum of the second third and fourth ring areas in the original
density profiles and this was then iteratively continued outwards until the final point in
the new profile generated with a window size of three containing the sum of the last 3
ring areas in the original density profiles. Windows of size 1 to 10 were passed over the
data and used to generate new density profiles; the window size refers to the number of
the original ring areas included within the window.

An example of how the new density profiles for the known clusters aPer and NGC6475
generated with different window sizes appear is shown in figure 2.9. These new density
profiles were then compared to the background density to evaluate where the first point
that rose 3 sigma over the background was located; the location of all the points to rise
3 sigma and 2 sigma over the background are shown as a red full circle and open black
squares for each of the window sizes in figure 2.9. The location of the points that rise
2 and 3 sigma over the background were tabulated for each of the know clusters (and
Herbig Ae/Be stars) for window sizes 1 to 10; this data is provided in appendix B. This
was done to see if once windows of sufficiently large size were used the location of the
furthest point at 30 from the cluster centre was well defined or if the location depended

strongly on the window size chosen.
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Figure 2.9: Density profile created with different window of sizes for the known cluster
aPer (top panel) and NGC6475 (bottom panel). Each panel show the density profile
created with the different window of sizes from 1 to 10. The red full points and open

black squares show the location of the all the points that rise 3 and 2 sigma over the
background, respectively.

For the known clusters evaluated here (and the sample of HAeBe stars evaluated in
appendix B) the location of the points that rise over the background were not found to be
consistent for all the windows sizes. The changes to the assigned cluster radius from the
individual window sizes was different for different clusters. For some of the clusters (e.qg.
aPer) the cluster radius assigned gradually increased with the size of the window, for these
clusters the change in the cluster radius assigned was generally not significantly different
once the error in these radii were included (see figure 2.10). A different dependence of the

assigned cluster radius on the window size is present for other clusters such as 1C2602,
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where there is a step change in the assigned cluster radius. These step changes are
caused where several groups of density that alone did not rise above the 3¢ threshold
with smaller windows are then combined within a larger window. For some clusters this
step change in assigned cluster radius is statistically different (differ beyond combined
errors) from the radius assigned with smaller windows (e.g. for the Herbig Ae/Be star
BD+30549, see figure B.6 in appendix B).

AlphaPer
O Wi=000
O W2=000
51 O W3=350
O W4=350
U O W5=3.1lo0
24 O Wé=340
0 O W7=300
S O Wws=360
T 31 O W9=320
© c}> O W10=3.00
—_
821
3
(@]
1_
040 O
5 0 0 > O o e © O
N R R R R
Windows
1C2602
4] O W1=000
O W2=220
O w3=21¢
) O W4=200
3‘3_ O W5=31lo0
o O Wé=330
" ¢ O W7=350
2 O ws=320
S (|7 O Wo=320
© 2 O Wlo=31loc
. ¢
] (\)
[ b
] ¢
O 1
041 ©
5 0 0 > e e © Lo
N N N N\ A N N N O
Windows

Figure 2.10: Cluster radius assigned for the different window sizes for the known cluster
aPer (top panel) and 1C2602 (bottom panel). Each panel show the different window sizes
from 1 to 10 versus the cluster radius find for each window size.
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Where the changes in the assigned cluster radius with the window size fell within
their combined errors, the cluster radius found from the smallest window size to rise 3
sigma above the background density was used in the further analysis. For the clusters
where a step change in the assigned cluster radius larger than the combined errors was
observed the cluster radius was assigned from the smallest window size following the
change in the radius to a new consistent position. For example the radius was assigned
using a window size of 6 for the Herbig Ae/Be star BD+30549 as the assigned radius
for windows of size 6-10 were consistent within their errors where the radius found with
windows of size 4 and 5 differed, see figure B.6 in appendix B. For clusters where no
densities rose 30 above the background with window sizes 1-10, then the first point to
meet the 20 threshold was considered instead.

The results of this rolling window analysis are summarised in table 2.5 for the known
clusters. Additionally, table B.5 in appendix B shows the full results obtained for all the
window sizes for each known cluster (and HAeBe stars) evaluated using this method. The
cluster radius found in this section were then used in the further analysis of the clusters
(such as in chapter §5) that have been detected by CEREAL.

Additionally, the results obtained by CEREAL for the quantitative analysis are com-
pared to the analysis in table 2.2 from section 2.2. This comparison is shown in table 2.6
where CEREAL and other studies found similar values for the kinematic parameters of the
known clusters for the TGAS data. These results demonstrated that CEREAL is a good

tool to analyse the presence of clusters and find their possible members.

Table 2.5: Summary of the cluster radius found using the windows method for Known
clusters

Object Cluster Radius Sigma Level Window size
pc

AlphaPer  2.67 +0.33 3.47

Blanco1 0.974+0.19 3.23

1C2602 1.49 +0.50 3.14

NGC6475 2.80+0.19 313

N O N W
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Table 2.6: Astrometric parameters of the known clusters, adding quantitative analysis
results.
Cluster w Lo 7 Reference
mas mas yr—! mas yr—!
a Per 5.91£0.03 23.06 +0.06 —25.36 £ 0.07 Gaia Collaboration et al. (2017)
5.80+0.09 22.73+£0.17  —26.51+£0.17 van Leeuwen (2009)
574+£0.04 23.10+0.11 —25.25+0.09 CEREAL'
5.74+£0.05 22.93+0.13 —25.3940.10 CEREAL: Over 3o - TGAS'
Blanco1 4.34+0.11 18.20+£0.12 2.66 £ 0.11 Gaia Collaboration et al. (2017)
4.83£0.27 20.11+£0.35 243+£0.25 van Leeuwen (2009)
4.194+0.06 18.62+0.15 2.68£0.15 CEREAL'
4.18 £0.07 18.68 £0.17 2.77+£0.15 CEREAL: Over 30 - TGAS'
1C2602 6.74£0.05 —17.67+0.09 11.06+0.04 Gaia Collaboration et al. (2017)
6.73+£0.09 —-17.02+£0.24 11.15+0.23 van Leeuwen (2009)
6.75+0.05 —17.69+0.15 10.774+0.13  CEREAL!
6.75+0.06 —17.44+0.13 11.03+0.11  CEREAL: Over 3c - TGAS!
NGC6475 3.57+0.02 3.10£0.06 —5.324+£0.04  Gaia Collaboration et al. (2017)
3.70£0.14 2.06£0.17 —4.98 £0.10  van Leeuwen (2009)
3.614+0.04 3.08+0.06 —5.4240.05  CEREALf
3.594+0.04 3.16 +0.06 —5.4340.07 CEREAL: Over 30 - TGAS'
1 Errors were calculated using the standard error equation: SE = W; where

N is the total number of objects in the sample.

2.3 Final remarks

CEREAL is a simple, but powerful, algorithm which takes large data sets as an input and

then retrieves objects which share similar astrometric parameters; like parallax and proper

motion, with the known target.

With CEREAL the user has total control over the selection process of the sample, while

with other algorithms the user needs to try different input parameters several times, to

obtain a result. Moreover, the simplicity of CEREAL allows it to evaluate data without the

need for making a pre-selection of the sample or the use of sophisticated techniques, that

other algorithms which also search for clusters use.

This section also shows that there is not a simple method to estimate the value of
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the cluster radius (§2.2.1). To assign a value for the cluster radius, in this study a rolling
window method was used to evaluate the densities around each object in the sample.

In the future, an improved statistical assignment of the cluster radius could be achieved
by combining all the data provided by Gaia, such as parallax and proper motions (see
§2.2), to make a decision about how large the cluster might be. Since CEREAL has been
designed as a visual program for the detection of clusters around stars using user defined
selections across multiple parameters it does not provide the ability to carry out simulta-
neous statistical testing of multiple parameters; instead simultaneous visual assessment
of the data across these multiple parameters is carried out by the user.

In the following chapter, CEREAL will use Gaia DR2 data to analyse a sample of known
Herbig Ae/Be stars (mention in §2.2.1) to assess the presence of clusters around them. In
addition, the ability of CEREAL at finding clusters will be compared with other algorithms

which also evaluate the presence of overdensities in large samples, like Gaia DR2.
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Chapter 3

Presence of clusters around Herbig

Ae/Be stars

Let everything happen to you: beauty and terror.

Just keep going. No feeling is final.

— The book of Hours, Rainer Maria Rilke.

The results of the analysis performed on the selected known clusters in the previous
chapter (see §2.2) are encouraging. These results demonstrated that CEREAL could be a
useful tool for assessing the presence of clusters using Gaia data.

In this chapter, CEREAL will be used to investigate the presence of clusters around
a sample of known HAeBe stars using Gaia DR2 data. The results of this evaluation
will be used to create a catalogue, containing all the possible clusters discovered around
the HAeBe stars. Additionally, the accuracy of CEREAL will be tested by comparing the
clusters found using this method with those found by other algorithms, using the same
sample of HAeBe stars. These algortihms are all based on machine learning codes.

Finally, this chapter addresses the question of whether CEREAL was able to find the
same clusters found around the HAeBe stars by Testi et al. (1997, 1998, 1999).
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3.1 Herbig Ae/Be star sample

3.1 Herbig Ae/Be star sample

A compilation of the known HAeBe stars from the literature was made. The sample which
contains 269 objects was obtained, by a cross-match at 2 arcsec, from the Chen et al.
(2016) and Vioque et al. (2018) catalogues.

For this sample, 234 stars were found in common in both catalogues and have Gaia
DR2 data. The remainder was found in only one of the catalogues, 18 of these stars in
the Vioque et al. (2018) catalogue and therefore had Gaia DR2 data. The remaining 17
stars were found only in the Chen et al. (2016) catalogue and do not all have Gaia DR2
data. The differences between the catalogues may be due to miss-classification of the
objects, due to their spectral type, type of star, or the name given to the object.

From the Chen et al. (2016) catalogue, 14 stars do not have parallax and proper
motions reported in Gaia DR2. For these objects, a search in the SIMBAD astronomical
database (Wenger et al, 2000, hereafter SIMBAD) was performed at 2 arcsec radius
to verify the availability of their parallax and proper motions. The result obtained from
the search in SIMBAD was that 7 stars (GSC5987-1399, HD203024, HD37411, HKOri,
TCrA, V375Lac, V633Cas) have reported values for their proper motion in both RA and
DEC by Hag et al. (2000); Zacharias et al. (2003, 2012). The remaining 7 stars (GSC4805-
1306, Hen3-1475, MWC778, PDS394, PDS406, RMon, V376Cas) do not have parallax
or proper motion values reported in SIMBAD.

In addition, of the 269 stars in the sample, 98 stars have been classified by The et al.
(1994) as true HAeBe stars, or candidate members of the class.

The combination of the Chen et al. (2016) and Vioque et al. (2018) catalogues con-
stitutes a new sample to study the clustering properties of the HAeBe stars. The tables

with the main parameters for the 269 HAeBe stars is given in appendix C.

3.1.1 Spectral type

The spectral types were obtained from Chen et al. (2016) and Vioque et al. (2018). The
sample of the 269 HAeBe stars cover the spectral type range between O7 to G9 which
includes 7 (3%) O stars, 131 (49%) B stars, 98 (36%) A stars, 28 (10%) F stars and 5
(2%) G stars.

By definition HAeBe stars have spectral type B and A, and indeed, these are the

dominant spectral types in this sample. For this analysis some early types, like O stars;
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and, late types, like F and G have also been included. These last types, are also known as
Intermediate Mass T Tauri stars (IMTTS, Calvet et al, 2004), which are not well studied,
when compared to T Tauri stars. The IMTTS are a subset of T Tauri stars with spectral
types ranging from late F to early K and represent the link between the HAeBe stars and
the Classical T Tauri Stars (Calvet et al,, 2004; Pérez-Blanco et al., 2018). The advantage
of including a wide range of spectral types within the sample is that it provides a more
representative sample of intermediate mass stars than a sample of only HAeBe stars.
Unlike the spectral types, which were taken from Chen et al. (2016) and Vioque et al.
(2018), the luminosity classes were taken from SIMBAD (Wenger et al,, 2000), Fairlamb
et al. (2015) and Wichittanakom et al. (2020). These parameters are given in appendix C.
In the following sections, the properties of the sample will be described in more detail.
The analysis focused on the stars with spectral types B and A and how their spectral type

was related to their other parameters, such as parallax or G magnitude.

3.2 Detecting the presence of clusters around the Herbig Ae/Be

stars using CEREAL

The same procedures applied in section 2.2 to the known clusters using CEREAL to analyse
Gaia DR1 data, were applied to the sample of 269 Herbig Ae/Be stars using Gaia DR2
data.

The following sections show examples of the classification system created to define
whether a target was found to be in a cluster or not (see §2.1). The system assigned a
flag of yes, maybe or no if the star was considered to be in a cluster, potentially in a

cluster or was not in a cluster, respectively.

3.2.1 Yes: an example where CEREAL assigned a candidate to be in a cluster

The analysis for each target with CEREAL starts when the code displays an image which
contains the data obtained from the Gaia survey.

An example of the result obtained from the first iteration of CEREAL, for an object, is
shown in figure 3.1. In this case, it displays the information for the HAeBe star MWC137,
which is located in the cluster SH 2-666. Mehner et al. (2016) estimates that this cluster
is at least 3 Myr old.
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Figure 3.1: First iteration of CEREAL for MWC137. The histograms (top panel) represent
the astrometric parameters and the black dashed vertical lines show the position of the
known values. The density profile is also shown in the top panel. The bottom panel shows
the spatial distribution, CMD and the proper motions with a colour code showing how
the parallax values are distributed in the three figures. The purple star in the spatial
distribution panel represents the position of the HAeBe.

As was shown in the previous section, for the known clusters (see §2.2), figures 3.2,
3.3 and 3.4 represent the different stages of the selection process using the parallax and
proper motions (see appendix D for further examples). The peaks in the parallax and
proper motion were expected to be found around the known values of those parameters;
for this example these were: 0.11 £ 0.05 mas for the parallax, —0.26 £ 0.09 mas yr~! for
the proper motion in RA and at —0.41 & 0.07 mas yr—! for the proper motion in DEC.

Figure 3.5 shows the final iteration of the selection process made by CEREAL for the
HAeBe star MWC137. At this stage, it is still possible that contaminating stars are
present, from both the background and the foreground, because the selection is made
using large ranges around the known values of the parallax and proper motions.

In the figure it can be observed that the distribution of the parallax and the proper
motions appear evenly distributed around the known value. Whilst the density profile
showed a smooth decrease in the density as a function of the distance. Also, the spatial

and proper motion distributions showed that the companions around the HAeBe star
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shared similar parallax values. Moreover, the final iteration of CEREAL had 31 stars in

common with the study made by Mehner et al. (2016) of the stars.

301 25 1 15 20
« 604 15
2 20 15
iy i 10
© 40 20 15 ® 10
o 104
Qo
£ 104
] 10 5 )
320 ] 5 5
0 0 : - 0 0 | IS 0
0 5 0 2 =2 0 z 0 1 -1 0 1 -1 0 1
W (mas) U (mas) W (mas) © (mas) W (mas) W (mas)
154 15{ - I 0
10 10 o
Fi]
o 8 8+ 8-
Q 4
ey 10 10
2 G 61 6
2
E 41 5 5 44 41
Z 249 2 24
0= y " 0t . - 0L v A o0l— . . 0L— , .
—-05 00 05 10| ~ 3 0 1 =i 0 1 -05 0.0 05 1.0 -05 0.0 05 1.0
W (mas) \_ W (mas) W(mas) W (mas) W (mas)

Figure 3.2: Parallax selection steps for MWC137 with the Gaia DR2 data. The expected
peak for the parallax is around 0.10 mas. The black dashed vertical line shows the position
of the known value of the parallax; and each colour box represents how the parallax is
affected during the different stages in the selection made by CEREAL. The colour boxes
represent the selection made in parallax (green), proper motion in RA (light blue) and
proper motion in DEC (light purple).
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Figure 3.3: Proper motion in RA selection steps for MWC137 with the Gaia DR2 data.
The expected peak for the proper motion in RA is around —0.26 mas/yr. The description
of the vertical lines and colour boxes is the same as in figure 3.2.
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Figure 3.4: Proper motion in DEC selection steps for MWC137 with the Gaia DR2 data.
The expected peak for the proper motion in DEC is around —0.40 mas/yr. The description
of the vertical lines and colour boxes is the same as in figure 3.2.
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Figure 3.5: Final iteration image from CEREAL to establish if the star was a yes, maybe
or not. This star has been classified as a yes. This image shows the data for the HAeBe
star MWC137. The distribution of the parallax and the proper motions appear evenly
distributed around the known value. The density profile shows a smooth decrease in the
density as function of the distance. The spatial and proper motion distributions show that
the low mass companions around the HAeBe star share similar parallax values. With the
same labels as figure 3.1.
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3.2.2 Maybe: an example where CEREAL assigned a candidate as being po-

tentially in a cluster

Figure 3.6 is an example of a star classified as maybe by CEREAL. The differences in the
classification between the yes and the maybe are very subtle. The classification is based
principally on the histogram distributions and the density profile. In this case, at least
two of the three histograms appear evenly distributed around the known value. Also, for
a maybe the histograms might have the peak shifted from the known value in one of the
parameters, or the peak is not clearly defined. Additionally, their density profile might not
show a smooth decrease in the density as function of the distance and might not become
completely flat at longer distances. In this case it is possible to see, in the spatial and
proper motion distributions, around the HAeBe star a group of stars that shared similar
parallax values.

The differences between the yes and maybe classification might also be due to the
number of stars that had been selected, or the HAeBe star might have been surrounded
by a cloud or it may have a brighter star in its vicinity that prevents the observation of

low mass companions around it.

3.2.3 NO: an example where CEREAL assigned a candidate as not being in a

cluster

Figure 3.7 is an example of a star classified as no by CEREAL. In contrast to the subtle
differences between yes and maybe, the difference between the stars classified as yes and
the ones classified as no were more evident.

In their histograms, it is not clear where the peak in the parameter is located, due
to the large number of sources that does not share the same properties as the target,
or because the HAeBe stars are too bright that they masking the low mass companions
around them.

Additionally, their density profiles could show similar densities around the centre of
the stars that then appeared constant over the whole distance. The spatial and proper
motion distributions might not show a clear group of stars that shared the same parallax

as the HAeBe star.
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Figure 3.6: Final iteration image from CEREAL to establish if the star was a yes, maybe
or no. This image represents a maybe. For this HAeBe star, V1685Cyg, the peak in the
parallax distribution was shifted from the known value, there was no clear peak in either
of the proper motion distributions (the peak in RA was very broad) and the density profile
did not move smoothly down to a clear and constant background. But, as in figure 3.5,
the spatial and proper motion distribution showed that there were low mass companions
around the HAeBe star that shared similar parallax values. Here the same labels are
used as in Figure 3.1.

3.2.4 Catalogue of Clusters around HAeBe stars

The classification of the HAeBE stars (as yes, maybe or no) was not trivial because it
was not always clear how to decide on the presence of a cluster around a HAeBe star.
The classification was based on a combination of the visual inspection of the histogram
distributions, the density profiles, and the spatial and proper motion distributions; this
made the decision very subjective. To account for the subjectivity of this process, the
selections were performed multiple times by different people to confirm the results of the
classifications made. Each person focused their inspection on a different part of the data
to define the presence of a cluster; one put more emphasis in search for features in the
density profiles (as Testi et al, 1997) while the other focused more on the histogram
distributions of the parallax and proper motions.

Comparing both the independent classifications, there was an agreement in the classi-
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Figure 3.7: The final iterations images from CEREAL to establish if the star was a yes,
maybe or no. This image represents a no. This image shows the HAeBe star V374Cep.
The histogram distributions of all the parameters did not show any clear peak around
the known values, this is either due to the large number of sources that do not share the
same properties as the target, or because the HAeBe star is too bright that it shadows
the low mass companions around it. The density profile shows a similar density which is
almost constant across the whole distance range from the central point to long distances.
Additionally, as opposed to figure 3.5, the spatial and proper motion distributions do not
show any clear group of stars that share the same parallax as the HAeBe star. This figure
utilizes the same labels as figure 3.1.

fication for 56% of the stars that were found to be not in clusters (classified as No), 10% of
the stars found to be in clusters (classified as Yes) and 8% of the stars found to potentially
be in a cluster (classified as Maybe). Whilst, for the remainder of the stars (~ 26%) there
were differences in their classifications. For these objects it was unclear whether they
were Yes, Maybe or No; therefore, a second examination of these targets was performed.
The final classification of the sample combined the results of both selections to define the
presence of clusters around the stars.

Using the classification system (as yes, maybe or no), created to characterise the
results found by CEREAL, for the sample of 269 HAeBe stars, 41(15%) stars were found to
be in clusters (classified as Yes), 35(13%) stars were found to be potentially in a cluster

(classified as Maybe) and 193(72%) stars were found to not be in clusters (classified as
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No).

Table 3.1 shows the 76 stars found to be in or potentially in clusters by CEREAL, i.e.,
those objects classified as yes and maybe. This table also shows that 34 stars in this list
are associated with known star forming regions in SIMBAD. The remaining stars, those
that were not found in clusters, are listed in the appendix E; of these stars, 31 were also

reported to be associated with known star forming regions in SIMBAD.

Table 3.1: Catalogue of clusters around the Herbig Ae/Be stars

Star RA DEC Spectral type CEREAL  Know Cluster
h:m:s deg:m:s

A0974-15 05:06:5550 -03:21:13.0 B3 YES NGC1788!

AS310 18:33:21.20 -04:58:06.0 B1 YES

AS470 21:36:1420 +57:21:31.0 A0 MAYBE

AS477 21:52:3410 +47:13:440 A0 YES 1C51462

BD+30549 03:29:19.80 +31:24:57.0 B8 YES NGC13333

BD+413731 20:24:1571  +42:18:01.3 B3 YES LDN 1641 in Orion A*

BFOri 05:37:13.30 -06:35:01.0 A7 YES

COOri 05:27:3830 +11:25:39.0 G5 YES

GSC3975-0579 21:38:0850 +57:26:48.0 A2 YES 1C13962

GSC5360-1033  05:57:4950 -14:05:34.0 B5 YES

HBC217 06:40:42.20 +09:33:37.0 GO YES NG(C22642

HBC222 06:40:51.20 +09:44:46.0 F8 YES NGC22642

HBC442 05:34:14.20 -05:36:54.0 F8 MAYBE  Orion Nebula*

HBC694 20:24:2954  +42:14:020 A5 YES GN 20.22.7°

HD200775 21:01:36.90 +68:09:48.0 B2 MAYBE Cep Flare?

HD245185 05:35:09.60 +10:01:51.0 A0 YES Collinder 69 in Lamda Ori Complex?

HD287823 05:24:08.00 +02:27:47.0 A0 MAYBE

HD288012 05:33:04.80 +02:28:10.0 A0 YES

HD290380 05:23:31.00 -01:04:24.0 FO YES

HD290770 05:37:02.40 -01:37:21.0 B9 MAYBE

HD323771 17:34:04.60 -39:23:41.0 B5 MAYBE

HD36408 05:32:1410 +17:03:29.0 B7 MAYBE

HD36917 05:34:47.00 -05:34:15.0 A0 YES Orion Nebula?

HD36982 05:35:09.84 -05:27:53.2 B15 YES Orion Nebula*

HD37371 05:38:09.90 -00:11:02.0 B9 YES

HD37806 05:41:0230 -02:43:01.0 B9 MAYBE

HD46060 06:30:49.80 -09:39:15.0 B8 YES

HD68695 08:11:44.60 -44:05:09.0 A0 YES

HD87403 10:02:51.40 -59:16:55.0 A1 MAYBE ClI Platais 8%

Reference of the Known Cluster taken from SIMBAD (Wenger et al, 2000): (1) Kos et al. (2019),
(2) Zucker et al. (2020), (3) Belloche et al. (2020), (4) Bricefo et al. (2019), (5) Magakian (2003a),
(6) Cantat-Gaudin et al. (2018a), (7) Getman et al. (2018), (8) Cantat-Gaudin et al. (2018b),

(9) Mehner et al. (2016).
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Table 3.2: Table 3.1 continued

Star RA DEC Spectral type CEREAL  Know Cluster
h:m:s deg:m:s
HD96042  11:03:4050 -59:25:59.0 B1 YES
HD97048  11:08:03.20 -77:39:17.0 A0 YES Cha | in Chan Dark Cloud?
HR5999 16:08:34.30 -39:06:19.0 A7 MAYBE  Sco OB?
HTCMa 07:02:42.50 -11:26:120 A0 YES
HUCMa 07:04:06.70 -11:26:08.0 B8 YES
Hen2-80 12:22:23.20 -63:17:17.0 B5 MAYBE
Hen3-1121 15:58:09.62 -53:51:18.4 B05 MAYBE
Hen3-949  13:57:44.00 -39:58:47.0 B3 MAYBE
ILCep 22:53:15.60 +62:08:45.0 B2 YES
LKHa260  18:19:09.40 -13:50:41.0 B6 MAYBE M 16 in Eagle Nebula®
LKHa338  06:10:47.13 -06:12:50.6 B9 YES GGD 12-157
LkHa215 06:32:41.80 +10:09:340 B6 MAYBE
LkHa257 21:54:18.70 +47:12:09.0 B5 MAYBE 1C51462
LkHa324 21:03:54.20 +50:15:10.0 B9 YES 1988 e®
LkHa339 06:10:57.80 -06:14:400 A1 YES GGD 12-157
MWC1021  20:29:26.90 +41:40:44.0 BO MAYBE
MWC1080 23:17:25.60 +60:50:43.0 BO MAYBE
MWC137 06:18:4550 +15:16:52.0 BO YES SH 2-266°
MWC297 18:27:39.50 -03:49:52.0 B1 MAYBE
NVOri 05:35:31.40 -05:33:09.0 BO MAYBE M 42 in Orion Nebula?
PDS126 06:13:37.30 -06:25:020 A7 YES
PDS129 06:31:03.60 +10:01:13.0 F5 YES
PDS134 07:32:26.60 -21:55:36.0 B6 MAYBE
PDS277 08:23:11.80 -39:07:01.0 F3 YES
PDS324 10:57:24.30 -62:53:13.0 B1 MAYBE
PDS415N  16:18:37.22 -24:05:185 FO MAYBE  Sco OB II?
PDS520 18:30:06.20 +00:42:340 F3 MAYBE  Serpens Cloud?
PDS551 18:55:22.98 +04:04:35.1 09 MAYBE
RRTau 05:39:3050 +26:22:27.0 A0 MAYBE
TOri 05:35:50.50 -05:28:35.0 A3 MAYBE M 42 in Orion Nebula?
UYOri 05:32:00.30 -04:55:54.0 B9 MAYBE
V1478Cyg  20:32:4550 +40:39:37.0 BO MAYBE
V1685Cyg  20:20:28.20 +41:21:51.0 B3 MAYBE
V17870ri  05:38:09.30 -06:49:17.0 A5 YES LDN 1641 in Orion A*
V1977Cyg  20:47:37.50 +43:47:250 B8 MAYBE
V2019Cyg  20:48:04.80 +43:47:26.0 B2 MAYBE
V3460ri 05:24:42.80 +01:43:48.0 A8 YES

Reference of the Known Cluster taken from SIMBAD (Wenger et al., 2000): (1) Kos et al. (2019),
(2) Zucker et al. (2020), (3) Belloche et al. (2020), (4) Briceiio et al. (2019), (5) Magakian (2003a),
(6) Cantat-Gaudin et al. (2018a), (7) Getman et al. (2018), (8) Cantat-Gaudin et al. (2018b),

(9) Mehner et al. (2016).
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Table 3.3: Table 3.1 continued

Star RA DEC Spectral type CEREAL  Know Cluster

h:m:s deg:m:s
V3500ri  05:40:11.80 -09:42:11.0 A1 MAYBE
V361Cep  21:42:50.20 +66:06:35.0 B2 YES NGC71298
V373Cep 21:43:06.80 +66:06:54.0 B5 YES NGC71298
V3800ri  05:36:25.40 -06:42:58.0 A1 YES LDN 1641 in Orion A%
V388Vel  08:42:17.30 -40:44:10.0 A1 MAYBE [DBS2003]218
V5860ri  05:36:59.25 -06:09:16.3 A2 YES LDN 1641 in Orion A%
V590Mon  06:40:44.60 +09:48:020 B7 YES NGC22642
V594Cas  00:43:18.30 +61:54:40.0 B8 YES
V5990ri  05:38:58.60 -07:16:46.0 FO MAYBE LDN 1641 in Orion A?
WWwul 19:25:58.80 +21:12:31.0 A3 YES

Reference of the Known Cluster taken from SIMBAD (Wenger et al,, 2000): (1) Kos et al. (2019),
(2) Zucker et al. (2020), (3) Belloche et al. (2020), (4) Briceiio et al. (2019), (5) Magakian (2003a),
(6) Cantat-Gaudin et al. (2018a), (7) Getman et al. (2018), (8) Cantat-Gaudin et al. (2018b),

(9) Mehner et al. (2016).

3.3 Comparison between CEREAL and clustering algorithms from
the literature

In recent years, there has been an increase in the volume of astronomical data available.
An example of this is the Gaia DR2 catalogue, which provides accurate data for more
than a billion stars. In parallel, a wide variety of different methodologies have begun
to be implemented for the analysis of these larger samples, such as Machine Learning
techniques (Alpaydin, 2014; Géron, 2019).

The Density-based clustering algorithms are a sub-type of machine learning algo-
rithms dedicated to the study of overdensities. In these algorithms, the overdensities
represent the possible clusters in the sample. A cluster in these algorithms is defined as
an area of higher density of an arbitrary shape with respect to the remainder of the data
(Pedregosa et al,, 2011).

Some representative density-based clustering algorithms (DCAs) are: DBSCAN (Es-
ter et al, 1996), OPTICS (Ankerst et al, 1999) and HDBSCAN (Campello et al, 2015;
Mclnnes et al, 2017). These DCAs were chosen from the literature to compare their

efficiency in finding clusters against CEREAL. More information about the density-based
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clustering algorithms is provided in appendix F.

255 out of the sample of 269 stars were analysed by each of the DCAs following
the procedure from Céanovas et al. (2019), which used the position and, at least, two
astrometric parameters (@, o« and ps). The remaining 14 stars of the sample could not
be analysed because they did not have all the data for their astrometric parameters (o,
tax @and pgs) needed to process the sample with the DCAs.

Each method applies a technique to extract only sources that have high quality as-
trometry. CEREAL applies a value of RUWE< 1.40 (see section §2.1) to obtain a clean
sample. The DCAs also use the value of RUWE< 1.40, and additionally, removed any
objects with parallax signal to noise > 10 and visibility periods < 7 (Arenou et al, 2018;
Canovas et al, 2019). For this analysis the quality conditions apply for the DCAs where
removing any object with RUWE< 1.40 and parallax signal to noise > 10.

Furthermore, to quantify how many stars were found in a cluster through the DCAs,
a homogeneous classification system was applied to the results obtained. This system
was the same as the one used for CEREAL (see section §2.1), where the stars that were
considered to be in a cluster were represented by the flag yes; the stars that were
potentially considered to be in a cluster were represented by the flag maybe; and, the
stars that were not considered to be in a cluster were represented by the flag no. These
flags were added to the stars analyzed by the DCAs to simplify the comparison with
CEREAL.

The results from the three DCAs were combined and compared with the classifica-
tions made by CEREAL for the same sample. The results for the 255 HAeBe stars, with
each independent technique, showed that both CEREAL and the DCAs retrieved a similar
number of stars in clusters, possibly in clusters and found to not be in clusters. However,
when these methods both detected a cluster around the same HAeBe star they did not
necessarily find the same number of low mass companions in the cluster. Excluding the
14(5%) stars unclassified due to the absence of their parallax and proper motions, CEREAL
found: 41(15%) as yes, 35(13%) as maybe and 179(67%) as no; and, the three DCAs
combined found: 39(14%) as yes, 47(17%) as maybe, 169(63%) as no.
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3.3.1 Cases where CEREAL and DCAs found a cluster around a HAeBE star

Although CEREAL and DCAs applied a different technique to select the low mass compan-
ions around the HAeBe stars, it was possible for both methods to find clusters around the
same stars, which happened on 28 occasions.

Figure 3.8 gives a representative example where both methods found a cluster around
the same star. The figure shows a closer look at the distributions of the parallax and
proper motions for the HAeBe star ILCep (spectral type B2).

However, the number of possible candidates for cluster members found by each method
was different; only a subset of these were found in common by both methods. CEREAL
found the possible candidate members for each clusters by defining tighter ranges around
the known values of each astrometric parameter (@, o« and ps), where the peaks around
the known values are still visible and well defined (as are show in figure 2.2). In the
previous example, for the HAeBe star ILCep CEREAL found 520 stars and DCAs found 24,
with 20 stars in common in both samples.

This difference between both methods may be due to CEREAL concentrating the selec-
tion of the possible members of the cluster within a tight range around the known values
of the parallax and proper motion in RA and DEC for the HAeBe star. Those selected
stars, which represented the final selection made by CEREAL, have similar values to the

known values of the parallax and proper motion in RA and DEC for the HAeBe star.
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Figure 3.8: Comparison between a HAeBe star found in clusters by CEREAL and DCAs.
From left to right, the panels in each figure represent the parallax, the proper motion in
RA and the proper motion in DEC for the HAeBe star ILCep. In the figure, the open blue
histogram represents the final selection of stars made by CEREAL, the green bars represent
the stars selected by the DCAs and the open purple histogram represents the stars in
common between the selection made by CEREAL and the DCAs. The vertical dashed line
in each histogram highlights the known value of each parameter for the HAeBe star ILCep.
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The DCAs instead tend to define the presence of a cluster around a HAeBe star
only using two parameters, the parallax or the proper motion in RA or DEC. With this
method, the DCAs often found stars with a larger range of values, these objects might
have parallax and proper motions similar to the HAeBe stars, but might not actually be

part of the cluster.

3.3.2 Case when CEREAL or DCAs found a cluster around a HAeBE star while

the other algorithm does not

In addition to the differences in the objects found to be in the clusters found by both
methods, there were examples where one method found a cluster whilst the other found
the same object to not be in a cluster. The first type of these that will be discussed is
when CEREAL was able to find a cluster around the HAeBe stars when the DCAs found
the star to not be in a cluster. This happened on 4 occasions; around the HAeBe stars
HD68695, MWC137, PDS277 and V5860ri.

An example of which is the HAeBe star MWC137 which CEREAL found to be in a
cluster and the DCAs found to be not in a cluster. Figure 3.9 shows the distribution of
the parallax and proper motions for the HAeBe star MWC137 (with spectral type BO).

To obtain this result, CEREAL started its analysis of MWC137 with a sample from Gaia
DR2 of ~ 40000 stars with 0.049 degrees. After all the iterations made over the parallax
and proper motion in RA and DC, CEREAL found 149 candidate members for the cluster
around MWC137.
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Figure 3.9: Comparison between the stars found in a cluster by CEREAL and not in a
cluster by DCAs. CEREAL finds a cluster for the HAeBe star MWC137 and the DCAs do
not. The open blue histogram represent the stars selected with CEREAL and, the green bars
represent the stars selected with the DCAs. The vertical dashed line in each histogram
points out the known value of each parameter for the HAeBe star.
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This result is contrary to that found by the DCAs for the same target. The DCAs
methods started however, with a sample of only 15 stars from which they were unable to
find a cluster. The 15 stars were chosen by the rigorous pre-selection criteria from the
~ 40000 stars selected from Gaia DR2, specifically, in the parallax (parallax signal to
noise > 10) which removed all the targets in the sample that were at the same distance
as the HAeBe star. The 15 stars in their input sample did not contain any stars close
to the known value of the parallax and proper motions of MWC137 (see figure 3.9). The
differences in the results obtained by each algorithm could therefore be traced back to
the selection criteria applied to reduce the data before applying the methods.

The opposite observation to that above was also made, where CEREAL did not find
a cluster around the HAeBe stars but the DCAs did. This happened on 3 occasions;
around the HAeBe stars GSC5379-0359, HD155448 and HD37357. Figure 3.10 shows
the distribution for the parallax and proper motion of the HAeBe star HD37357 (spectral
type AO).

During the selection process, CEREAL was unable to find stars that shared similar
values for their parallax and proper motions to the star HD37357. This made it impossible
for CEREAL to define a cluster for the stars in the sample (see figure 3.7). This can occur
because the HAeBe stars were embedded deeply in a high density region, or in other
cases, the HAeBe star might not be the most massive object in the possible cluster.

Contrary to this result, the DCAs appear to have selected the bright stars in the

vicinity of the HAeBe star, these objects do not necessarily share all the same astrometric
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Figure 3.10: Comparison between the stars found in clusters by DCAs and not in clusters
by CEREAL. The DCAs find a cluster for HD37357 while CEREAL does not. The open blue
histogram represents the stars selected by CEREAL and the green bars represent the stars
selected by the DCAs. The vertical dashed line in each histogram points out the known
value of each parameter for the HAeBe star HD37357.
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parameters as the HAeBe stars.

Figure 3.11 shows a colour image around the HAeBe star HD37357 (spectral type
A1V) and highlights the stars selected by CEREAL and the DCAs. This figure shows
that the HAeBe star HD37357 is surrounded by two other stars that appear to be more
massive. The first one, and nearby, is HD37373 which have a spectral type B8V (Houk
& Swift (1999); SIMBAD) and associated with the molecular cloud LDN1641 (Briceino
et al. (2019); Grokschedl et al. (2019); SIMBAD); and the second star is HD37481 with
spectral type B2IV/V (Houk & Swift (1999), SIMBAD). This shows that the HAeBe star
is not the most massive object in the possible cluster.

Even with the differences described above when comparing the clusters found by each

method, it was possible to combine the results for the HAeBe stars found to be in a

5D559 color-alt

Figure 3.11: Visual inspection of the HAeBe star HD37357 found in a cluster by DCAs
and not by CEREAL. The image is a colour composition created with the survey SDSS9,
DSS2 and All WISE in Aladin (Bonnarel et al, 2000). The open blue circles represents
the stars selected by CEREAL and the open green circles represents the stars selected by
the DCAs. The open yellow circles represent: 1) HAeBe star HD37357 with spectral type
A1V; 2) Star HD37373 with spectral type B8V; and 3) Star HD37481 with spectral type
B2IV/V. The HAeBe star might not be the most massive object in the possible cluster.
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cluster, and create two separate samples. The first one, named gold sample, contain
all those stars classified as yes (Y) by CEREAL and the DCAs (Y:Y). The second sample,
named silver sample, contains the stars which were found to maybe be in a cluster by
both methods or to be in a cluster by one method and maybe in a cluster by the other
(Y:M, MY, M:M).

Table 3.4 contains the 28 stars of the gold sample and the 23 stars of the silver sample.
The appendix G shows a table with the number of stars found by each DCA and CEREAL

for each star in the gold and silver sample.

Table 3.4: Stars found in clusters by CEREAL and the Density-based clustering algorithms

Star RA DEC Spectral type CEREAL Class DCAs Class Clusters Flag
h:m:s deg:m:s

(1) @) E) 4) ) (6) )
A0974-15 05:06:55.50 -03:21:13.0 B3 YES YES G
AS310 18:33:21.20 -04:58:06.0 B1 YES MAYBE S
AS477 21:52:3410 +47:13:44.0 A0 YES YES G
BD+30549 03:29:19.80 +31:24:57.0 B8 YES YES G
BD+413731 20:24:15.71 +42:18:01.3 B3 YES YES G
BFOri 05:37:13.30 -06:35:01.0 A7 YES YES G
COOri 05:27:38.30 +11:25:39.0 G5 YES MAYBE S
GS(C3975-0579  21:38:08.50 +57:26:48.0 A2 YES YES G
GSC5360-1033  05:57:4950 -14:05:340 B5 YES YES G
HBC217 06:40:42.20 +09:33:37.0 GO YES YES G
HBC222 06:40:51.20 +09:44:46.0 F8 YES YES G
HBC442 05:34:14.20 -05:36:540 F8 MAYBE YES S
HBC694 20:24:2954  +42:14:02.0 A5 YES YES G
HD200775 21:01:36.90 +68:09:48.0 B2 MAYBE YES S
HD245185 05:35:09.60 +10:01:51.0 A0 YES MAYBE S
HD287823 05:24:08.00 +02:27:47.0 A0 MAYBE MAYBE S
HD288012 05:33:04.80 +02:28:10.0 A0 YES MAYBE S
HD290380 05:23:31.00 -01:04:240 FO YES MAYBE S
HD290770 05:37:02.40 -01:37:21.0 B9 MAYBE MAYBE S
HD36917 05:34:47.00 -05:34:15.0 A0 YES YES G
HD36982 05:35:09.84 -05:27:53.2 B15 YES MAYBE S
HD37371 05:38:09.90 -00:11:02.0 B9 YES YES G
HD46060 06:30:49.80 -09:39:15.0 B8 YES YES G
HD87403 10:02:51.40 -59:16:55.0 A1 MAYBE YES S
HD96042 11:03:4050 -59:25:59.0 B1 YES MAYBE S
HD97048 11:08:03.20 -77:39:17.0 A0 YES YES G
HTCMa 07:02:4250 -11:26:120 A0 YES YES G
HUCMa 07:04:06.70 -11:26:08.0 B8 YES YES G
Hen3-1121 15:58:09.62 -53:51:18.4 B0.5 MAYBE YES S

Column 7 represent a flag for the gold (G) and silver (S) sample describe in section 3.3
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Table 3.5: Table 3.4 continued

Star RA DEC Spectral type CEREAL Class DCAs Class Clusters Flag
h:m:s deg:m:s

(1) (2) (3) (4) () (6) (7)
Hen3-949 13:57:44.00 -39:58:47.0 B3 MAYBE YES S
ILCep 22:53:15.60 +62:08:45.0 B2 YES YES G
LKHa260  18:19:09.40 -13:50:41.0 B6 MAYBE MAYBE S
LKHa338 06:10:47.13 -06:12:50.6 B9 YES MAYBE S
LkHa257 21:54:18.70 +47:12:09.0 B5 MAYBE MAYBE S
LkHa324  21:03:5420 +50:15:10.0 B9 YES YES G
LkHa339 06:10:57.80 -06:14:400 A1 YES YES G
PDS126  06:13:37.30 -06:25:020 A7 YES YES G
PDS129  06:31:03.60 +10:01:13.0 F5 YES YES G
PDS324  10:57:2430 -62:53:13.0 B1 MAYBE YES S
PDS415N  16:18:37.22 -24:.05:185 FO MAYBE YES S
PDS520  18:30:06.20 +00:42:340 F3 MAYBE YES S
TOrt 05:35:5050 -05:28:35.0 A3 MAYBE MAYBE S
V1685Cyg 20:20:28.20 +41:21:51.0 B3 MAYBE MAYBE S
V17870rt  05:38:09.30 -06:49:17.0 A5 YES YES G
V3460ri 05:24:42.80 +01:43:480 A8 YES MAYBE S
V361Cep  21:42:50.20 +66:06:35.0 B2 YES YES G
V373Cep  21:43:06.80 +66:06:54.0 B5 YES YES G
V3800ri 05:36:25.40 -06:42:58.0 A1 YES YES G
V590Mon  06:40:44.60 +09:48:02.0 B7 YES YES G
V594Cas  00:43:18.30 +61:54:40.0 B8 YES YES G
WWwvul 19:25:58.80 +21:12:31.0 A3 YES YES G

Column 7 represent a flag for the gold (G) and silver (S) sample describe in section 3.3

3.3.3 Case when CEREAL uses the quality conditions of the DCAs to find clus-

ters around the HAeBe stars

To complement the results obtained in sections § 3.3.1 and § 3.3.2, the effect of applying
the same quality conditions used by the DCAs on the Gaia DR2 data is taken into
consideration in this section for the analysis of this data with CEREAL. This study was
carried out in order to see whether the same stars in the clusters around the HAeBe stars
were recovered, when using the DCAs conditions with CEREAL.

To begin the analysis, the quality conditions of the DCAs (Cénovas et al, 2019) were
applied to the raw Gaia DR2 data. These conditions kept only objects with RUWE <1.40

and parallax signal to noise >10. A table which contains the number of stars obtained
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when the different quality conditions were applied is given as appendix C.

The stars obtained after applying the quality conditions of the DCAs (Canovas et al,
2019) were then re-analysed using the same selection ranges for parallax and proper
motions used by CEREAL in the first analysis (see section § 3.2). This was carried out to
allow for the comparison of CEREAL and the DCAs for the same sample, because it was
not practicable to reanalyse the original CEREAL sample again with of each of the DCAs
considered in Canovas et al. (2019).

As an input for this analysis the gold and silver samples shown in table 3.4 were
used. These samples contained 51 HAeBe stars that were classified as yes and maybe
by CEREAL and the DCAs in section § 3.3; this sample contains 28 stars from the gold
sample and 23 stars from the silver sample.

Tables 3.6 show a comparison of the results obtained by CEREAL and each DCAs
(DBSCAN,OPTICS and HDBSCAN; Ankerst et al, 1999; Campello et al, 2015; Ester
et al, 1996; Mclnnes et al,, 2017, respectively) for the gold and silver samples. This table
shows that CEREAL found a cluster for each of the stars in the sample while the DCAs,
DBSCAN, OPTICS and HDBSCAN, found clusters around 42, 46 and 51 cluster stars,
respectively. A summary which contains the number of stars obtained by each DCA is
given as appendix C.

The different numbers of clusters found by the DCAs might be due to the selection
process used by each algorithm. It is of particular note that HDBSCAN (Campello et al,
2015; Mclnnes et al.,, 2017) is the only algorithm that found the same number of clusters as
CEREAL. HDBSCAN is the only algorithm that can identify clusters with different densities
using only one parameter and is sensitive to the density gradients inside a cluster (see
appendix F) which is similar to the process used by CEREAL, searching for over-densities
in the samples.

The result obtained from this analysis was that 29 HAeBe stars were classified as
yes and 22 as maybe from the sample of 51 HAeBe stars, with no stars found to be no,
not in a cluster. This result shows that it was still possible to find stars in clusters using
the original selection ranges with CEREAL and the quality conditions of the DCAs. This
result is shown in table 3.7, where the columns represent the cluster classification found
by CEREAL and the DCAs.

Figure 3.12 shows an example of this analysis for the HAeBe star BD+30549 classified
as yes by both methods. The plots show the histogram distributions of the parallax and
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Table 3.6: Clusters found by CEREAL and each DCA

Star CEREAL DBSCAN OPTICS HDBSCA ‘ Star CEREAL DBSCAN OPTICS HDBSCA
A097415 Y Y Y Y HTCMa Y Y Y Y
AS310 Y Y Y Y HUCMa Y Y Y Y
AS477 Y Y Y Y Hen31121 Y Y Y Y
BD-+30549 Y Y Y Y Hen3949 Y Y Y Y
BD+413731 Y Y Y Y ILCep Y Y Y Y
BFOri Y Y Y Y LKHa260 Y Y Y Y
COOri Y N Y Y LKHa338 Y Y Y Y
GSC3975-0579 Y Y Y Y LkHa257 Y N N Y
GSC5360-1033 Y Y Y Y LkHa324 Y Y Y Y
HBC217 Y N Y Y LkHa339 Y Y Y Y
HBC222 Y N Y Y PDS126 Y Y Y Y
HBC442 Y N N Y PDS129 Y Y Y Y
HBC694 Y Y Y Y PDS324 Y Y Y Y
HD200775 Y Y Y Y PDS415N Y N N Y
HD245185 Y Y Y Y PDS520 Y Y Y Y
HD287823 Y Y Y Y TOri Y Y Y Y
HD288012 Y N N Y V1685Cyg Y Y Y Y
HD290380 Y N N Y V17870ri Y Y Y Y
HD290770 Y Y Y Y V3460ri Y Y Y Y
HD36917 Y Y Y Y V361Cep Y Y Y Y
HD36982 Y N Y Y V373Cep Y Y Y Y
HD37371 Y Y Y Y V3800ri Y Y Y Y
HD46060 Y Y Y Y V590Mon Y Y Y Y
HD87403 Y Y Y Y V594Cas Y Y Y Y
HD96042 Y Y Y Y WWwul Y Y Y Y
HD97048 Y Y Y Y

proper motions for the original CEREAL and DCAs selection; the CEREAL selection using
the DCAs quality conditions and the stars in common in all the catalogues. The figure
also shows the position of the known values of each parameter, where the peak of the
distribution is concentrated. The figure shows an agreement in the results between the
previous selection and this analysis, where it is possible to see a peak in the distribution
of each sample around the same area. The number of stars found by each method were
99 stars for the original CEREAL selection; 53 stars for the DCAs selection; 51 stars for
the CEREAL selection using the DCAs quality conditions; of these stars 32 are found in
common in the 3 catalogues.

For both the original CEREAL results and those found using the DCAs quality con-
ditions it is clear that there are some outliers present in the data; this is due to the
large selection ranges used in the analysis. However, this does not change the overall

results since most of the objects are concentrated close to the known values. Additionally,
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Table 3.7: New CEREAL classification for the sample.

Star Spectral CEREAL DCAs CEREAL Star Spectral CEREAL  DCAs CEREAL
type class class DCAs class type class class DCAs class

() @) 3) 4) 5) (6) ) ®) ©) (10)
A0974-15 B3 YES YES YES HTCMa A0 YES YES YES
AS310 B1 YES MAYBE YES HUCMa B8 YES YES YES
AS477 A0 YES YES YES Hen3-1121 B0.5 MAYBE YES MAYBE
BD+30549 B8 YES YES YES Hen3-949 B3 MAYBE YES MAYBE
BD+413731 B3 YES YES YES ILCep B2 YES YES YES
BFOri A7 YES YES YES LKHa260  B6 MAYBE MAYBE MAYBE
COOri G5 YES MAYBE MAYBE LKHa338 B9 YES MAYBE MAYBE
GSC3975-0579 A2 YES YES YES LkHa257 B5 MAYBE MAYBE YES
GSC5360-1033  B5 YES YES MAYBE LkHa324 B9 YES YES YES
HBC217 GO YES YES YES LkHa339 Al YES YES YES
HBC222 F8 YES YES MAYBE PDS126 A7 YES YES YES
HBC442 F8 MAYBE YES MAYBE PDS129 F5 YES YES YES
HBC694 A5 YES YES YES PDS324 B1 MAYBE YES MAYBE
HD200775 B2 MAYBE YES MAYBE PDS415N  FO MAYBE YES MAYBE
HD245185 A0 YES MAYBE YES PDS520 F3 MAYBE YES MAYBE
HD287823 A0 MAYBE MAYBE MAYBE TOri A3 MAYBE MAYBE MAYBE
HD288012 A0 YES MAYBE MAYBE V1685Cyg B3 MAYBE MAYBE MAYBE
HD290380 FO YES MAYBE YES V17870ri A5 YES YES MAYBE
HD290770 B9 MAYBE MAYBE MAYBE V3460ri A8 YES MAYBE YES
HD36917 A0 YES YES MAYBE V361Cep B2 YES YES YES
HD36982 B15 YES MAYBE MAYBE V373Cep B5 YES YES YES
HD37371 B9 YES YES YES V3800ri Al YES YES MAYBE
HD46060 B8 YES YES YES V590Mon  B7 YES YES YES
HD87403 Al MAYBE YES YES V594Cas B8 YES YES YES
HD96042 B1 YES MAYBE MAYBE Wwwul A3 YES YES YES
HD97048 A0 YES YES YES

CEREAL found a similar number of clusters to the DCAs for the objects in the sample in
both cases; the main difference is in the number of stars recovered in these clusters.

Figure 3.13 shows another example of this analysis for the HAeBe star AS477, with
spectal type AO. This HAeBe star was classified as yes by CEREAL (original selection and
using the DCAs quality conditions) and DCAs.

As in the previous example, the plot shows the histogram distributions of the parallax
and proper motions for the original CEREAL and DCAs selection; the CEREAL selection
using the DCAs quality conditions and the correlation between the catalogues. Figure
3.13 also shows the position of the known value of each parameter, where the peak of the
distribution is concentrated. The number of stars found by each method were 802 by the
original CEREAL selection; 45 by the DCAs selection; 75 by the CEREAL selection using
the DCAs quality conditions; and 36 stars in common in the 3 previous catalogues. In

addition, the plot shows the spatial and proper motion distributions of the sample.
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Figure 3.12: Comparison between a HAeBe star found in a cluster by CEREAL and DCAs
using the quality conditions (RUWE< 1.40 and parallax signal to noise > 10). The
HAeBe star BD+30549 was found to be in a cluster by both methods. From left to right
the histogram distributions of the parallax and proper motions in RA and DEC are shown.
The full grey steps represent the original sample selected by CEREAL; the green bars
show the stars selected by the DCAs; the open blue steps represent the stars selected by
CEREAL using the DCAs quality conditions; and the open dashed yellow steps show the
stars that were found in common between the three catalogues. The vertical dashed line
in each histogram points out the known value of each parameter for the HAeBe star.

The histogram distributions show a good agreement between all the catalogues by
showing a peak around the known value of the HAeBe star, even when the distribution of
the parallax for the CEREAL samples shows a large number of objects with parallax values
< 0.8 mas, which could be outliers, other clusters or background stars. This might also
be due to the HAeBe star AS477 not being located at the centre of the cluster and due

to the larger ranges used to select the data.

3.3.4 Final remarks section § 3.3

In general, CEREAL provides greater freedom than DCAs in parameter selection, when
detecting clusters; although this then necessitates the investment of more time in their
detection and classification. In addition, CEREAL uses the known values of each parameter
as a starting point in the evaluation of the presence of a cluster around a HAeBe stars;
whereas the DCAs search, over the whole sample, for patterns of over-densities without
taking into consideration the known values of each parameter.

Both DCAs and CEREAL apply restrictions to the data used in their analysis that
can also affect their final results. CEREAL only applies one restriction, on RUWE when
extracting sources from the main sample, the DCAs apply another restrictions along with

RUWE when extracting sources for the sample (parallax signal to noise > 10; Canovas
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Figure 3.13: Comparison between a HAeBe star found in a cluster by CEREAL and DCAs
using the quality conditions: RUWE< 1.40 and parallax signal to noise > 10, but not
located at the centre of the cluster. The HAeBe star AS477 was found to be in a cluster
by both methods. The top panels are the same as figure 3.12. The bottom panels show the
spatial and proper motion distributions; the full grey circles represent the original sample
selected by CEREAL; the open green square show the stars selected by the DCAs; the full
blue circles represent the stars selected by CEREAL using the DCAs quality conditions;
and the yellow x’s show the stars that were found in common between the three catalogues.
The HAeBe star AS477 is represent by the full magenta diamond.

et al, 2019). However, even when the samples are analysed with CEREAL using the same
quality conditions as the DCAs, CEREAL still finds a larger number of low mass companions
around the HAeBe stars. CEREAL also finds low mass companions around A-type stars
which share a similar parallax and proper motion to the HAeBe star, in contrast to the
DCAs which found stars that do not all appear to have the same proper motion as the
HAeBe star. It is possible that these stars found by the DCAs might only represent the
brightest stars around the HAeBe star (see figure 3.13).

The addition of the DCAs quality control restrictions can result in over-cleaning the
initial samples, to the point that they can eliminate possible members of a cluster before
even starting any analysis (see appendix G). This effect was seen for several HAeBe stars
in (e.g MWC137 that was already known to belong to the cluster SH2-266) which the
DCAs did not place in a cluster.
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3.4 Analysing the results obtained by Testi et al. (1999) using CEREAL

This comparison has shown the reliability of CEREAL as a method to find clusters, of
any size, from any sample. Unlike the DCAs, that have been shown to be more efficient
at searching for clusters in large samples of objects (> 10000; Cénovas et al, 2019) and
obtain clusters of medium or large size. However, the clusters found by the DCAs may

not always be associated with the HAeBe star.

3.4 Analysing the results obtained by Testi et al. (1999) using
CEREAL

The work of Testi et al. (1997, 1998, 1999) represents a starting point for the search
of stellar groups around Herbig Ae/Be stars. They studied the embedded population of
young stars around 44 Herbig Ae/Be stars with spectral types ranging from O9 to A7,
which ensured a good coverage of the intermediate mass range (Testi et al, 1997, 1999).
In their sample, the clusters found around the Herbig Ae/Be stars appeared only for those
stars earlier than B5-B7 (Testi et al, 1997). Additionally, Testi et al. (1999) reported the
age for 25 HAeBe stars. Their ages were calculated from the location of the star in a
H-R diagram, using the evolutionary tracks and isochrones from Palla & Stahler (1993).

Table 3.8 shows the 43 stars of the Testi ef al. (1999) sample in common with CEREAL'.

It should be noted that both studies used a different field of view to search for clusters
around the HAeBe stars. Testi et al. (1997) used a radius of ~ 0.06 —0.11 degrees which
was big enough to be able to count some stars in the field close to the HAeBe star.
CEREAL instead searched within a radius of ~ 0.5 degrees which covered a much larger
area around the HAeBe star, and allowed the finding of more low mass companions in the
vicinity of the HAeBe star which shared similar properties, such as parallax and proper
motions.

Therefore, to make a direct comparison of the sample between the two methods, only
the spectral types and the richness indicator (I¢) reported by Testi et al. (1999) were used.
lc is a very good indicator to measure how the density increases around the HAeBe star

and corrects for the local background/foreground contamination.

"The missing star from Testi et al. (1999) sample is RNO 1B (V710 Cas), which has a spectral type of
F8Il (Samus’ et al, 2017) and is located in the dark cloud LDN 1287 (Juérez et al, 2019). This star is also
considered as a variable star of Orion Type (SIMBAD, Samus’ et al. (2017))
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3.4 Analysing the results obtained by Testi et al. (1999) using CEREAL

Table 3.8: Common stars between Testi et al. (1999) and CEREAL

CEREAL

lc

CEREAL Class

Testi et al. (1999) Spectral type

ID ID

ABAur ABAur A0 3.0+6 NO
AS310 AS310 BO 70.0 £17 YES
BD+404124 V1685Cyg B2 11.0+3 MAYBE
BD+61154 V594Cas B8 —14+3 YES
BD+651637 V361Cep B2 75.0L£5 YES
BD-061253 V3800ri B9 —2.0+2 YES
BFOri BFOri A7 1.1+1 YES
BHJ71 V374Cep BO 4.0+3 NO
Elias1 V892Tau A6 2.0+3 NO
HBC202 VYMon B8 23.2+5 NO
HBC282 VVSer B9 169+5 NO
HBC312 LkHa257 B8 55+6 MAYBE
HBC329 VXCas A0 4.5+4 NO
HD200775 HD200775 B3 1.9+1 MAYBE
HD216629 ILCep B2 34.0+£6 YES
HD245906 RRTau A4 0.8+6 MAYBE
HD250550 HD250550 B7 2.2+2 NO
HD259431 HD259431 B5 0.9+2 NO
HD293782 UXOri A2 —-03+1 NO
HD37490 HD37490 B3 9.9+3 NO
HD52721 GUCMa B2 20.5+4 NO
IPPer IPPer A3 53+4 NO
LkHA218 HTCMa B9 20+5 YES
LkHA233 V375Lac A7 1.0+1 NO
LkHA25 V590Mon  B7 145+5 YES
LkHa198 V633Cas A5 —10.6 £11 NO
LkHa208 LkHa208 A3 22+5 NO
MWC1080 MWC1080 BO 31.0£3 MAYBE
MWC137 MWC137 BO 76.0+9 YES
MWC297 MWC297 09 20.4+1 MAYBE
MWC300 V431Sct Be 21.0£8 NO
MWC480 HD31648 A2 50+£6 NO
MWC497 HKOrt A4 22+1 NO
MWC758 HD36112 A3 34+1 NO
MWC763 TOri A3 1.0£2 MAYBE
MacCH12 HBC1 A5 51+1 NO
NGC2245 LkHa215 B7 39+1 MAYBE
RMon RMon BO —128+3 NO
RNO6 HBC334 B1 11.0+1 NO
V10120ri V10120ri B9 1.94+2 NO
V12710ri HD245185 A2 4.54+5 YES
V645Cyg V645Cyg 07 29.5 £ 2 NO
XYPer XYPere+w B6 11.3+3 NO

Spectral type and I values were taken from Testi et al. (1999).
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3.4 Analysing the results obtained by Testi et al. (1999) using CEREAL

This indicator (I¢) is found by measuring the local density of a source within a specific
radius from the position of the HAeBe star. The result obtained shows that some HAeBe
stars are located in areas with a density enhancement; while, other areas present a almost
constant density (Testi et al,, 1997).

Figure 3.14 reproduces the results obtained by Testi et al. (1999) and plots the richness
indicator (l¢) as function of spectral type for the 43 HAeBe stars of the sample in common
with CEREAL, which are also represented in the figure. The figure is divided into three
sections which show the limits defined by Testi et al. (1999) indicating whether a HAeBe
star was in an rich cluster (I 2 40), a small cluster (10 < I < 40) or in small aggregates
or are background stars (I < 10; Testi et al,, 1999).

For the zone of rich clusters (Ic = 40) both catalogues appeared to agree that the

stars were located in clusters. These stars were 3 B-type stars that were likely to be

807> 40 ® @ O i:;tietaL 1999
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Figure 3.14: Correlation between Spectral type and the richness indicator, I, from Testi
et al. (1999). Open black circles are the stars from Testi et al. (1999). The CEREAL
classification is represented by: full green circles (YES), full blue circles (MAYBE) and
the full red circles (NO).
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3.4 Analysing the results obtained by Testi et al. (1999) using CEREAL

the most massive stars in their clusters. Also, it is known that 2 of these (MWC137 and
V361Cep) are in fact in known clusters (SH 2-266 and NGC 7129, respectively; SIMBAD,
Mehner et al. (2016)).

For the other two areas the situation is a bit different. The samples cover the ranges
of spectral types from 09 to B9 which included the definition by Testi et al. (1997) where
the clusters appeared only around stars earlier than B5-B7. CEREAL classifies 5 out of 12
stars in this range to be in a cluster, one of these is located in a known cluster (V590Mon
in NGC 2264; SIMBAD). The remaining 7 stars have been classified as not being part
of a cluster, while Testi et al. (1999) reported that these could be part of a small cluster.
Of these, 2 out of 7 have been reported to be part of a molecular cloud and star forming
region (HBC334 and VVSer, respectively; SIMBAD).

Finally, for the other regions where I < 10, CEREAL found 10 of the 28 stars to be
in a cluster, of which 4 were A-type stars and 2 of them were part of a known cluster
(HD245185 and TOri, Collinder 69 and Orion Nebula, respectively; SIMBAD).

Overall, CEREAL found similar results to those reported by Testi et al. (1999), for the
sample covering the spectral types from O9 to A7 (see table 3.8). Up to a certain point,
the results of CEREAL agreed with the spectral type limit defined by Testi et al. (1999),
that stars earlier than B7 could possibly have a cluster around them and that stars later
than B7 were not associated with a cluster.

From the sample of 43 stars, CEREAL found 18 stars in clusters, classified as yes and
maybe, of which 13 stars were B-type stars and 4 stars are A-type. However, there were
differences with the results found by Testi et al. (1999) around the A-type stars. Testi
et al. (1999) analysed 16 A-type stars which appeared in the region which defined the
HAeBe star to be in a small aggregate or a background star (I < 10; see figure 3.14).
This implies that Testi et al (1999) did not find any rich clusters around the A-type
stars. In contrast, CEREAL found 4 of 16 A-type stars in clusters, where 2 of these stars
(HD245185 with spectral type A2 and TOri with spectral type A3) were located in known
clusters (Collider 69 and M42, respectively; SIMBAD).

This result of finding clusters around the A stars might be related to the position of
these stars in a known star forming region, or it may be the discovery of a new aggregation
where the A star is located. Another possibility is that the A stars were not necessarily
the most massive star in their cluster, which means they were not the centre of the cluster.

Further analysis will be carried out later in this work to explore this point in detail.
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3.5 Conclusion

3.5 Conclusion

The capability of CEREAL at finding clusters using Gaia DR2 data has been shown, in the
analysis carried out here around the sample of 269 known HAeBe stars.

From this sample, 76(28%) stars were either found to be in or to potentially be in a
cluster. It was non trivial to classify these stars because there was not an agreed well
defined formula on which to categorize the presence of clusters around HAeBe stars. Even
if the number of HAeBe stars found to be in clusters might appear small in number, this
still represents a big improvement on the 15 stars found by Testi et al. (1999, § 3.4) to be
in either rich (o 2 40) or small clusters (10 < I < 40).

The Herbig Ae/Be stars in table 3.1 represent the first catalogue of HAeBe stars found
in clusters by applying a single tool over the same data homogeneously.

The comparison between CEREAL and the DCAs show that using the same data but
different quality controls, might lead to different results, such as finding the same clusters
but not the same member stars or not finding a cluster by applying different quality
techniques to extract the sources before the analysis.

This comparison also showed that using the known value of each parameter as a
starting point gave CEREAL an advantage in the assessment of the presence of clusters
around the HAeBe stars. In addition, CEREAL gave more freedom to the user for the
selection of the parameters to analyse the sample. Further, the reliability of the algorithm
as a method to find clusters, of any size, from any sample has been clearly demonstrated.

Another important difference was that CEREAL was able to find clusters around 4 A-
type stars in the common sample with Testi et al. (1999), where 2 of these stars were
located in known clusters. The 4 stars were part of the 16 A-type stars included in the
sample from Testi et al. (1999) which were considered in their analysis to be either in a
small aggregate or to be background stars (o < 10; see figure 3.14).

The different result obtained for the sample from Testi et al. (1999) by CEREAL might
be due to the selection of a larger radius around the central sample or the position of the
HAeBe star in known star formation region. Moreover, using the data from Gaia DR2 and
a large cone search around the HAeBe stars with CEREAL has proved that it was possible

to find more clusters around the same objects in the sample from Testi et al. (1999).
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Chapter 4

Cluster properties of the Herbig

Ae/Be stars

This chapter investigates the properties of the clusters found around HAeBe stars, focus-
ing the analysis on the relationship between the spectral types of the targets and their
parameters such as their parallax and G magnitude. In addition, it will explore whether
a change in the parallax or G magnitude (or a combination of both), affects the cluster
properties of the sample.

Finally, this chapter investigates if there is a difference between the clustering frac-
tions of the B and A type stars. Then, it will consider whether the position of stars within

their clusters has any effect on their cluster properties.

4.1 Parallax

This section will be focused on the influence of parallax on the clustering properties.
Figure 4.1 represents the parallax distribution of 255 stars from the sample, whose parallax
values were also reported by Gaia DR2, and were studied with CEREAL. It is apparent in
figure 4.1 that, across the full range of parallax values, the majority of stars were found
to not be in clusters.

Although, the majority of stars at all parallaxes appeared to not be in clusters, there

did appear to be a parallax dependence for the stars found to be either in or maybe in a
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Figure 4.1: Histogram of the parallax distribution of the Herbig Ae/Be stars. The colours
represent the different classifications made by CEREAL for the stars found in clusters (green
bars), possibly found in a cluster (blue bars) and not in a cluster (red bars).

cluster. The stars that are found to be located in clusters, or possibly in clusters, appear
to be located in a specific region of the graph, between 0 and 7 mas.

There is a possibility that clusters, or possible clusters, can only be detected in a
narrow range of parallaxes, due to a bias in the method with which CEREAL evaluate the
sample. It is possible that the algorithm has been less effective at finding clusters around
objects that are either very far away or very close by.

Another way to consider the effect of parallax on the clustering fractions within the
sample was to consider the number of stars found to be in, maybe be in, or to not be
in clusters. This is displayed in figure 4.2, which presents the parallax distribution of
the fraction of stars that were classified by CEREAL to be part of a cluster or not, with
statistical error bars. For the stars that were found to not be in clusters, their fractions
appear to be similar within their error bars over all parallaxes. The stars classified as yes
and maybe appear to be located in a specific range of parallax values. However, additional
analysis is required to verify if the fraction of stars that were found to be, or possibly
be, in clusters being observed only within a narrow range of parallaxes was statistically

significant or not.
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Figure 4.2: Parallax distribution of the fraction of the stars classified by CEREAL. The
colour represents the different classifications made by CEREAL for the stars found in clus-
ters (green bars), possibly found in a cluster (blue bars) and not in a cluster (red bars).

As it is not clear from figure 4.2 if there is a parallax dependence for the stars found in
clusters and those possibly found to be in clusters, a statistical test is required. The test
chosen to investigate this uncertainty, is the Kolmogorov-Smirnov test (KS test; Field,
2016; Hodges, 1958; Wall & Jenkins, 2003) which was applied to the sample of stars
found to be in clusters and found to possibly be in clusters. In general, the KS test is
used to examine whether a distribution is significantly different from a normal distribution
(Field, 2016). The result of this statistical analysis is then used to identify if a potential
bias is present in the sample in parallax.

For this study, the package ksZsamp from scipy statistic modulo was used (Hodges,
1958). This package tests the null hypothesis that two independent samples are drawn
from the same continuous distribution. The results obtained from this test are the maximum
difference between the two cumulative distributions (D), and a statistical probability value
(pvalue). 1If the pvalue is large (> 0.10), and the D is small, then it is likely that one
sample is consistent with having been drawn from the same distribution as the other
sample. If however, the pvalue is small (< 0.10) and the D value is large, then the sample

does not appear to be drawn form the same continue distributed.
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4.1 Parallax

Figure 4.3 shows the cumulative distribution of the B-type and A-type stars, compared
with each other and their clustering properties found by CEREAL. The left panel shows
the distribution of B stars against A stars. It is evident that the A stars exhibit larger
parallaxes (> 10 mas, which meant that they were located closer) than the B stars. The
distribution of the B and A stars appeared to be different due to their small pvalue of
2.7x10799,

In Figure 4.3, the middle and right panel present the distributions of the cluster
properties of B-type and A-type stars. This figure shows that the stars that were found to
not be in clusters had a different parallax distribution to the stars that were found to be
present in clusters. In particular, those objects found not to be in clusters, were present
at both low and large parallax values, where those found to be in clusters, were not.

When comparing the parallax values of the B and A type stars found to be in clusters
and their KS test results (pvalues of 0.0155 and 0.0143, respectively), these samples
appeared different and not to be drawn from equivalent distributions. These differences

prevented accurate comparison of the cluster properties of the B-type and A-type stars
being made without further analysis. These differences can be due to an observational

selection effect, where the bright stars (~< 8 mag) do not have a cluster around them or
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Figure 4.3: KS test for the parallax distribution of the sample of B and A stars. The
distribution of the B-type and A-type stars were compared with each other and by their
clustering properties found by CEREAL. In the left panel, the solid line represents the B
stars and the dashed-dotted line represents the A stars. In the middle and right panels,
the solid line represents the B and A stars found in clusters (classified as yes by CEREAL)
and the dashed line represents the B and A stars found to not be in clusters (classified

as no by CEREAL).
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4.1 Parallax

their brightness outshines their less luminous neighbours; or due to that the number of
bright stars in the sample is too small. Perhaps, this effect can be also related to the faint
stars, that are to far away and is not possible to detect the possible clusters members
around the HAeBe stars.

To have a fair comparison between the stars found in clusters and the stars found not to
be in clusters, it is important that the stars compared have the same parallax distribution.
It is therefore necessary to remove almost all the nearby (>7 mas) and distant (< 0
mas) objects from figure 4.3. With this selection, it was possible to obtain a new sample
where the B-type and A-type stars, both in and not in clusters, had the same parallax
distribution, which helped to remove this potential bias in the sample. This new range
where the parallax distribution was truncated between 1 and 6 mas reduced the sample
from 255 stars to 125 stars.

Figure 4.4 represents the cumulative function for the sample of B-type and A-type stars
which have been selected with parallaxes in-between 1 and 6 mas. The left panel of 4.4,
still showed that the B and A stars had different population distributions (pvalue=0.0018),
which meant they were different samples. This result could be explained by the fact that
the B stars were typically located further away than the A stars.

Although, the left panel in figure 4.4 still showed the B and A stars appeared to be

differently distributed in parallax, the middle and right panels (which compared the stars
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Figure 4.4: KS test for the parallax distribution of the sample of B and A stars selected
between 1 to 6 mas. The distribution of the B-type and A-type stars are compared with
each other and by their clustering properties found by CEREAL. The lines have the same

meaning as the ones used previously in figure 4.3.
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4.2 G magnitude

found to be in or not be in clusters, for the B and A types respectively) showed a large
positive change when compared with the same panels in figure 4.3. It appeared that due
to the reduction in the sample, these stars could now be considered to be consistent with
being drawn from the same parent distribution, given that their pvalues were much larger
than 0.10 (0.4568 and 0.6796, respectively).

The selection made in parallax, between 1 and 6 mas, reduced the possibility of a bias
in this parameter affecting the sample. Therefore, this selection produced a sample of B
and A stars that was more homogeneous, which could then be better compared with each

other.

4.2 G magnitude

Following the analysis carried out in the previous section (§4.1), an assessment for the
presence of any bias was also performed for the G magnitudes. Figure 4.5 shows the G

magnitude distribution of the 269 Herbig Ae/Be stars that were classified by CEREAL.
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Figure 4.5: Histogram of the G magnitude distribution of the sample of Herbig Ae/Be
stars. The colours represent the different classifications made by CEREAL for the stars
found in clusters (green bars), possibly found in a cluster (blue bars) and found to not be
in a cluster (red bars).
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4.2 G magnitude

The stars found to be in clusters and those found to not be in clusters both covered the
same range of magnitudes; this is similar to that observed for the analysis of the influence
of parallax in the sample carried out earlier. Here, similar to the observation for the effect
of parallax above, the objects found to be in clusters seemed to be found preferentially
within a specific magnitude range of the graph (between 6 and 18 mag). A more detailed
examination of how the G magnitude affected the clustering properties was therefore also
required.

Figure 4.6 presents the G magnitude distribution of the stars in clusters that were
classified by CEREAL to be, to possibly be, or to not be part of a cluster (Yes, Maybe, No).
The fraction of stars that were found to not be in clusters in figure 4.6 was similar over
all G magnitude values, within their error bars. Although, it did appear visually that the
stars found to be in or to be possibly in a cluster, were primarily within the magnitude
range between 6 and 18 mag. Therefore, it was necessary to perform further analysis
to verify if there was a statistically significant difference in the distribution of the stars

classified as yes and maybe in G magnitude.
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Figure 4.6: G magnitude distribution of the fraction of the stars classified by CEREAL.
The colours represent the different classifications made by CEREAL for the stars found in

clusters (green bars), possibly found in a cluster (blue bars) and not in a cluster (red
bars).
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Only finding clusters within a specific range of G magnitude might be interpreted as
a bias, this could be caused by the algorithm being potentially less effective at finding
clusters around targets that were either too bright or too faint. Here, as in section 4.1
the KS test was again used to analyse the presence of a bias in the sample.

Figure 4.7 shows the cumulative distribution of the B-type and A-type stars, compared
with each other and their clustering properties found by CEREAL. The left panel shows
the distribution of the B stars and the A stars which appeared to be drawn from the same
distribution (pvalue = 0.2475). The middle and right panels present the distributions
of the cluster properties of the B and A stars. Although, the distributions of the B stars
found to be in clusters appeared visually to present a narrower range of G magnitude than
those found to not be in clusters, statistically they are consistent with being drawn from
the same sample, due to their pvalue being > 0.10 (0.4413). However, the A-type stars
that were found to be in or to not be in clusters both visually and statistically appeared
to have a different distribution, with their pvalue < 0.10 (0.0362). This difference in the
apparent distribution of the A stars, may be due to a limitation in the algorithm at finding
clusters around the bright A stars or it could be interpreted as the presence of a different

bias in the sample.
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Figure 4.7: KS test for the G magnitude distributions of the sample of B and A stars.
The distributions of the B-type and A-type stars are compared with each other, and the
distributions of the stars found to be in and to not be in clusters by CEREAL are also
compared for both types. In the left panel, the solid line represents the B stars and the
dashed-dotted line represents the A stars. In the middle (B type) and right (A type)
panels, the solid lines represent the stars found to be in clusters (classified as yes by
CEREAL) and the dashed lines represent the stars found to not be in clusters (classified
as no by CEREAL).
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To obtain a sample of stars which had the same G magnitude distribution, whether
they were located in clusters or not, it was necessary to remove almost all the bright (<7
mag) objects. With this selection, it was possible to find a new sample where the cluster
properties were similar. This occurred when the G magnitude was restricted to between
7 and 17.5 mag. The faint limit was fixed to 17.5 mag as this was the magnitude of the
faintest object in the sample.

Figure 4.8 represents the cumulative fraction for the sample of B-type and A-type
stars which were selected with G magnitudes between 7 and 17.5 mag. This selection
slightly reduced the original sample from 269 stars to 251 stars.

In figure 4.8, the left and middle panels appear to show a similar behavior to the
equivalent panels in figure 4.7. The B and A stars still had similar population distributions
(pvalue = 0.3150) and the distribution of the B stars found to be in and to not be in
clusters were again similar (pvalue = 0.3174), which meant they appeared to be drawn
from the same sample. The right panel of figure 4.8 differs from that in figure 4.7, with the
distribution of A stars, found to be or not to be in clusters, now appearing to be consistent
with being drawn from the same sample (pvalue = 0.5742), following the selection between
7 and 17.5 magq.

The selection made in the G magnitude, between 7 and 17.5 mag, was use to explain

the selection effect on the data and to reduced the possibility of finding any bias, due
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Figure 4.8: KS test for the G magnitudes of the sample of B and A stars selected between
7 to 17.5 mag. The distribution of the B-type and A-type stars are compared with each
other and then by their clustering properties found with CEREAL. The lines have the same
meaning as the ones in figure 4.7.
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4.3 Combining the parallax and G magnitude selection ranges

to the G magnitude distribution, in the sample of B and A stars and produced a more

homogeneous distribution that could then be better compared with each other.

4.3 Combining the parallax and G magnitude selection ranges

The analysis made in the previous sections for the parallax (§ 4.1) and G magnitude (§
4.2) showed that it was possible to find a sub-sample of the B-type and A-type stars that
could then be compared with each other. The next question was then, what happened
when both selections, in parallax and G magnitude, were combined?

The following section therefore, analyzes a new sub-sample formed from the limits
chosen previously in both parallax (1 to 6 mas) and G magnitude (7 to 17.5 maqg).

This sub-sample is represented in figure 4.9, where each histogram shows the parallax
and G magnitude of the stars classified by CEREAL to be either part of, or not part of a
cluster. As in the previous analysis, the stars that were classified as no appeared to cover
the full range of each parameter. However, the parallax distribution indicate that the stars
classified as yes and maybe seem to be confined to a smaller range. In contrast, in the
G magnitude distributions the stars classified as yes and maybe also appear to cover the
full range in magnitude, as was seen for those found to not be in clusters.

A similar behaviour was also observed in figure 4.10 which represented the distribution
of the fraction of the stars that were classified by CEREAL to be in (yes), potentially be
in (maybe) or not be in (no) a cluster. The fraction of stars that were found to not be in
clusters were similar over all parallaxes and G magnitudes, within their error bars. For
those stars that were classified as yes and maybe further analysis was again required, to
confirm if their behavior was similar to the results obtained in their previous sections (§ 4.1
and § 4.2). As in the previous sections, the KS test was used to confirm if the combination
of the selection ranges for both parameters, between 1 to 6 mas and 7 to 17.5 mag,
produced a sample that had any statistically significant differences in its distributions
that could be interpreted as a bias in the sample in either parallax or G magnitude.

Figure 4.11 shows the result obtained with the selections made in both parallax and
G magnitude. The upper panel shows the result of the KS test for the parallax. On the
left panel, the distribution of the B-type and A-type stars still shows that their samples
appeared to come from different distributions (pvalue = 0.0018) whilst in the middle and

right panels, the stars in clusters and not in clusters had similar distributions (pvalue=
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4.3 Combining the parallax and G magnitude selection ranges

0.4568 and 0.6796, for the B and A stars respectively). The bottom panel in figure 4.11
shows the results of the KS test for the G magnitude where all the distributions had a
pvalue larger than 0.10 (pvalue= 0.3150, 0.3174 and 0.5742; respectively), which meant

they were consistent with being drawn from the same parent population.
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Figure 4.9: Histogram distributions for the objects selected between 1 to 6 mas and 7 to
17.5 mag. The colour of the bars represent the clustering classification made by CEREAL;
green bars for yes, blue bars for maybe and red bars for no. The upper panel presents
the parallax and the bottom panel presents the G magnitude.
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4.3 Combining the parallax and G magnitude selection ranges

This prove that the combination of the selections provided similar results to those
obtained in the individual analysis of the parallax and G magnitude, where the possibility
of a bias in the sample is reduced and a more homogeneous distribution of stars is
generated; where the stars found to be in a clusters or not, appeared to have the same
distributions and can therefore be compared. However, these new selections reduced the

original sample from 269 to 118 objects.
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Figure 4.10: Distributions of the fraction of the stars in clusters selected between 1
to 6 mas and 7 to 17.5 mag. The upper panel represents the parallax and the bottom
panel represents the G magnitude. The colours of the bars represent their clustering

classification made by CEREAL; the green bars for yes, blue bars for maybe and red bars
for no.



4.4 Differences between the clustering fraction of the B and A stars
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Figure 4.11: KS test for the sample of B and A stars selected between 1 to 6 mas and
7 to 17.5 mag. The distribution of the B-type and A-type stars are compared with each
other and by their clustering properties, found by CEREAL. The distributions for Parallax
are located in the upper panel and for G magnitude in the bottom panel. In the left panel,
the solid line represents the B stars and the dashed-dotted line represents the A stars. In
the central and right panels the solid lines represent the, B and A, stars found in clusters
(classified as YES by CEREAL) and the dashed lines represent the, B and A, stars found
to not be in clusters (classified as NO by CEREAL).

4.4 Differences between the clustering fraction of the B and A

stars

From this point onward, the analysis of the objects will be split into 4 groups: the full
sample of 269 Herbig Ae/Be stars; the sample selected in parallax between 1 to 6 mas;
the sample selected in G magnitude between 7 to 17.5 mag; and, the combined sample
selection with a parallax between 1 and 6 mas and with a G magnitude between 7 and
17.5 mag. In addition, the clustering properties found by CEREAL for the stars found to be

in clusters (yes) and possibly to be part of a cluster (maybe), were combined, and both
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4.4 Differences between the clustering fraction of the B and A stars

were subsequently considered as stars found in clusters (yes).

The analysis performed previously in this chapter (§4) has shown that the clustering
fractions of the sample of HAeBe stars have similar distributions (see figures 4.2 and 4.6).
However, a deeper examination of the B type and A type stars have shown slight differ-
ences between these types. These differences were corrected for by making a selection in
both parallax (§4.1) and G magnitude on the sample (§4.2). The result of these selections
is that the clustering fractions remained similar (see figure 4.10) even when the sample
was reduced from 269 to 118 objects (§4.3).

The fraction of stars classified by CEREAL to be yes or no are given in figure 4.12 for
the full and reduced samples. With the upper panel representing the the full sample of
B and A stars and the bottom panel those selected between 1 to 6 mas in parallax and
between 7 to 17.5 mag in G magnitude.

In both samples, the fraction of stars that were classified as yes and no were similar
for both the B and A stars, within their error bars. This result allowed for further analysis

to be performed where both samples could be directly compared.

4.4.1 Investigating the position of B and A stars within their clusters

The analysis carried out in the previous sections of this chapter has been focused on
understanding the clustering properties of the sample of the HAeBe stars. In particular,
this analysis was focused on the B and A stars. It has been shown that by making
different selections for the parallax and G magnitude (§ 4.1, 4.2 and 4.3) of the B and
A stars did not appear to change the clustering properties (§ 4.4) of the stars. These
selections then produced a sample of stars with which it was possible to make a direct
comparison between the B and A type stars.

The results from CEREAL appear markedly different from those obtained by Testi et al.
(1997, 1998, 1999, see section §3.4). This is illustrated in figure 4.12, where the fraction
of clusters for the B and A stars appear similar, within their error bars. However, Testi
et al. (1997) found that clusters were only detected for stars with spectral type B7 or
earlier, and were not detected around A stars.

Testi et al. (1997) confirmed the presence of clusters using radial profiles, which they
searched for clusters in small areas (4-7 arcmin) around the HAeBe stars. In contrast,

CEREAL searched for clusters using larger areas (> 30 arcmin). Therefore, the results
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4.4 Differences between the clustering fraction of the B and A stars

of Testi et al. (1997) were more sensitive to the location of the stars, as they expected
that these stars were the centre of their own clusters. In contrast, while CEREAL used the
HAeBe stars as the centre of the search, in processing Gaia DR2 data, it does not assume
that they were the centre of their possible clusters. This difference then give rise to the

question, is the location of a star within its cluster dependent on it spectral type?
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Figure 4.12: The distribution of the fraction of B and A stars in clusters found by CEREAL.
The red bars are the stars found to not be in clusters and the cyan bars are the stars found
to be in clusters (yes) or to be possibly in clusters (maybe). The upper panel presents

the full sample and the bottom panel presents the sample selected between 1 to 6 mas
and 7 to 17.5.
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4.4 Differences between the clustering fraction of the B and A stars

To examine whether the spectral type of the HAeBe star had any effect on their position
within a cluster, two different analyses were performed. Firstly, a re-analysis of the
radial profiles obtained with CEREAL, and; secondly, a combination of the five astrometric
parameters of the HAeBe stars obtained from Gaia DR2 (position (RA, DEC), parallax
and proper motion in RA and DED) were used to evaluate the position of the HAeBe

stars in their clusters

Radial profiles

The first method was the re-analysis of the radial profiles obtained with CEREAL. The
radial profiles were constructed by measuring the local densities of the sources in an
annular radius from the position of the HAeBe star.

Figure 4.13 shows 3 examples of radial profiles from the sample. This figure shows the
typical behaviour observed for 3 different HAeBe stars. These radial profiles were used
to evaluate the presence of clusters around the HAeBe stars. Each point in the graph
represents the density found at that annular radius.

Panel (A) in figure 4.13 shows the radial profile of the HAeBe star MWC137. This
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Figure 4.13: Different radial profiles of the HAeBe stars. These profiles were used to
confirm whether the HAeBe stars were located at the centre of their cluster or not. Panel
(A) shows the star MWC137, which has an increased density beyond the initial point.
Panel (B) shows the star HD290770 which has an extreme drop in the density after the
central source, with the remainder of the density seeming to be constant; and, in panel
(C), the star HD37411 shows an unexpected increase in the density,that is potentially
unrelated to the presence of a cluster.
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panel shows an overdensity around the central star. At each point on the graph, the density
decreases as the distance from the HAeBe star increases. This could mean that the HAeBe
star was located at the centre of its cluster, and was surrounded by a considerable number
of low mass companions. Panel (B) shows a density profile for a star that might not have
a cluster around it. There is a drop in the density after the central point, while the
remainder of the points have much lower densities, which seem to be an almost constant
baseline. This could mean that the HAeBe star was not located at the centre of a cluster
and that the other stars might represent foreground and/or background stars.

Finally, panel (C) showed an unusual behaviour in the density profile, which increased
with the distance. This did not seem to be related to the presence of a cluster. Instead, it
could be due to the presence of another (brighter) object, or other sources of contamination

that hindered the selection of the possible lower mass companions around the HAeBe star.

Combination of the five astrometric parameter

The second method combined the five astrometric parameters of the B and A stars, position
(RA, DEC), parallax (@) and proper motion (i« and ps). Figure 4.14 shows the spatial
distribution and proper motions of two HAeBe stars classified by CEREAL to be part of a
cluster; the left panels show the absolute values of the proper motion and the right panels
show the relative proper motion values (median subtracted), both in grey arrows.

From this plot it appeared clear that both of the HAeBe stars were located in different
positions within their clusters. One of the stars was located in the centre of a cluster and
it was surrounded by other stars which had similar parallax values, whilst the other one
was not located in the centre of a cluster of stars which appeared to have similar parallax
value to the HAeBe.

In the left top panel of figure 4.14, the HAeBe star V361Cep, has a parallax value
of 1.12mas. Based on their colours the stars around the HAeBe star look like they have
similar parallax values (the scale for the parallax values is given by the coloured bar). In
addition, the proper motion arrows are all pointing in the same direction. The HAeBe
star is located in the centre of the cluster and is surrounded by a large number of low
mass stars.

In the left bottom panel, the HAeBe star AS477, has a parallax value of 1.29mas. The

stars that share the same parallax value as the HAeBe star are not grouped at the centre,
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4.4 Differences between the clustering fraction of the B and A stars

but are on the left hand side of the plot. The proper motion arrows for this group and the
HAeBe star do however, point in the same direction. This showed that the HAeBe star is
associated with the cluster, but is not located in the centre.

Additionally, both right panels show the relative proper motion of each HAeBe star
(grey arrows). These values were obtained by subtracting the median proper motion
The median value
for the proper motion in RA and DEC for the HAeBe star V361Cep (top right) were

—1.95mas/yr and —3.07mas/yr, respectively; and for the HAeBe star AS477 (bottom right)

value of each HAeBe star from the proper motion of the sample.
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Figure 4.14: Spatial distributions of two HAeBe stars, used to confirm their locations in
their clusters. The grey arrows on the left panels represent the absolute proper motion
and the right panels show the proper motion of each star when the mean proper motion
was subtracted. The coloured bar represents the key for the colour code used to represent
the parallax for each star. In the top panels, the filled purple circle represents the star
V361Cep, which seems to be located at the centre of its cluster; and, on the bottom panels
the filled purple circle represents the star AS477, which seems not to be located at the
centre of the cluster.
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were —2.97mas/yr and —2.88mas/yr, respectively. This new arrow represent the relative
proper motion of all stars which move in different directions but still some stars that share

similar kinematic properties to the HAeBe star are moving in the same direction.

Result

Both of the methods used in figures 4.13 and 4.14 are now applied to the whole sample
of HAeBe stars that were found to be in clusters. The result of this evaluation is shown
in figure 4.15 which gives the distribution of the fraction of B and A stars classified by
CEREAL to be either in a cluster or not. This figure also shows whether the B and A stars
were located in the centre of a cluster (/N) or not (OUT). From this figure it was clear
that the B stars are much more likely to be located at the centre of their clusters than the
A stars. For the B stars, 38 were found to be located in the centre and 1 was not in the
centre; and, for the A stars, 5 stars were found to be located in the centre, and 21 were
not in the centre.

This shows that although B and A type stars were both found to be present in clusters
with a similar distribution, their positions within these clusters differed. The B stars were
primarily located at the centre of their cluster. This could mean that as was expected, the
B stars tended to be the most massive objects in their clusters, whereas the A stars were
more likely to not be located in the centre of their clusters. This could mean that the A
stars were not the most massive stars in their clusters.

The result that A stars tended to not be located in the centre of their clusters, coupled
with the larger search areas utilized here (> 10 arcmin) compared with Testi et al. (1997,
4-7 arcmin), may explain why clusters were observed for A type stars in this study, but
were absent in their work.

Following this, a subsequent breakdown of the B and A stars into sub spectral types
was carried out and this is given in figure 4.16. This was done to further examine the
dependence of the fraction of stars found to be in clusters and their IN/OUT positioning
on spectral type.

From figure 4.16 it was evident that for the sample of B stars found to be in clusters,
each sub spectral type was located at the centre of their cluster. Unlike the A stars,
where for all sub types the majority that were found to be in clusters, were not then in

the centre of these clusters.
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4.4 Differences between the clustering fraction of the B and A stars

In addition to showing the difference between the behaviour of the B and A sub types,
figure 4.16 showed no sub spectral type dependence for the clustering fractions of B stars
within their errors. This again appears to differ from the results found earlier by Testi

et al. (1997), where clusters were only found for stars with spectral type B7 or earlier.
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Figure 4.15: The distribution of the fraction of B and A stars located either in the centre
of a cluster or not and their clustering classifications given by CEREAL. The red bars
represent the stars found to not be in clusters. The dark green bars represent the stars
in clusters that were not located in the centre (OUT) and; the light green bars represent
the stars in clusters that were located in the centre (IN). The upper panel represents the
full sample of HAeBe stars and the bottom panel represents the sample of HAeBe stars
selected between 1 to 6 mas and 7 to 17.5 magq.
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Further analysis of the B sub spectral types was then carried out to evaluate the
presence of any possible trends in the clustering fractions observed here. This was to
determine if there was any difference in the clustering behaviour within a specific sub

spectral type range, as was seen by Testi et al. (1997), or if there was no dependence on

sub spectral type here.
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Figure 4.16: The distribution of the fraction of B and A stars located at the centre or
not at the centre of their cluster, for all their sub-spectral types. The light green bars
represent the stars found in clusters that were located in the centre (IN) and the dark
green bars represent the stars in clusters that were not located in the centre (OUT). The
upper panel represents the full sample of HAeBe stars and the bottom panel represents
the sample of HAeBe stars selected between 1 to 6 mas and 7 to 17.5 mag.
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4.4.2 Examining the sub spectral type distribution of the B stars in clusters.

The analysis carried out in the previous sections showed that the clustering fraction of B
stars appeared evenly distributed for all the sub spectral types, within their errors (see
figure 4.16). This analysis was carried out both on stars located in the centre of their
clusters and those who were not. This result appears to be in contrast with the earlier
study made by Testi et al. (1997), which defined a detectable level for the presence of
clusters for HAeBe stars limited to spectral types B7 and earlier.

Their work used a richness index, |, to define how abundant or not the clusters around
the HAeBe stars were (see section §3.4). However, when CEREAL analysed the sample of
HAeBe stars, which included the targets studied by Testi et al. (1999), CEREAL did not
find a sharp transition between rich and less rich clusters, as was defined by Testi et al.
(1997).

To examine the differences between these studies, a closer inspection of the B type
stars was made. This was performed to search for any sub spectral type trend in the
clustering properties of the B stars, as would be expected from the work of Testi et al.
(1997). The results of this analysis are shown in 4.17, where the sub spectral types,
located in the centre clusters and not, are then sequentially grouped together to evaluate
any presence of trends in the data.

The first row appeared to have a homogeneous distribution for all the sub spectral
types from BO to B9, within their error bar. In the following rows, two to four, the sub
spectral types were then combined into groups of two, three and four sub spectral types.
These plots also showed a homogeneous distribution of the sub spectral type of the B
stars, within their error bars. This was the case for the full sample (plots on the left side)
and for the sub sample selected in parallax (1 to 6 mas) and G magnitude (7 to 17.5 mag,
right panel).

The observation that the fraction of B stars found by CEREAL to be in clusters appeared
to be evenly distributed over all the sub spectral types is in contrast with the work of
Testi et al. (1997). Testi et al. (1997) found that clusters around HAeBe stars were limited
to the sub spectral type range from B7 and earlier. This difference was not caused by
CEREAL observing later spectral type B stars in clusters but not in the centre of their
clusters; as all but 1 (LkHa257) of the B stars found to be in clusters were in the centre of

their cluster. The difference between the results here and the observation by Testi et al.
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(1997) may be explained by the larger sample analysed by CEREAL (132 B stars), or may

be due to the different sampling methods used (as was discussed earlier in 3.4).

4.5 Conclusion

This chapter has explored the clustering classifications of the sample of HAeBe stars,
specifically the B and A stars. The analysis performed has taken into account the influence
that certain parameters, such as the parallax and G magnitude, could have had on the
cluster classification found for each of the HAeBe stars using CEREAL.

First the impact of the astrometric parameters on the classification of stars found to
not be in clusters by CEREAL was considered. The distribution of these stars seemed
to cover the full parallax and G magnitude ranges and their fraction appeared constant,
within their error bars. This differed with respect to the stars classified by CEREAL to be
in, or to potentially be in a cluster; the distribution of these stars appeared to be found
in a preferential range in both the parallax and G magnitude.

A deeper analysis of the preferential ranges, where the stars found to be in a cluster
were located, was carried out to interpret if this was due to the presence of a bias in the
sample. These potential biases were removed by generating a sub sample, containing only
those objects selected within specific ranges of parallax (1 to 6 mas) and G magnitude
(7 to 17.5). These ranges were chosen due to the nature of the B-type and A-type stars
and the data available from Gaia DR2. For parallax, in general the B stars tended to be
located at larger distances than the A stars. For the G magnitude, it was not possible to
find clusters around HAeBe stars with magnitudes brighter than 6 mag. This could have
been due to the nature of bright stars, that they hamper the detection of less luminous
neighbours (Ascenso, 2018) and therefore it was not possible to see those.

Subsequently, a statistical analysis, using the KS test, on the parallax and G mag-
nitude distributions of the sample of B and A stars, that were found to be in a cluster or
not, was made. This analysis showed that B and A stars appeared to be drawn from the
same distribution and could therefore be compared with each other.

This study then investigated if the fraction of B and A stars in clusters differed with
the spectral type of the targets. The fraction of B and A stars found to be in, or not in
a cluster looked similar. In addition, the fraction of the stars in clusters appear to be

distributed evenly over all their sub spectral types, within their error bars.
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The effect of spectral type on the position of the HAeBe star within its cluster was also
considered. This analysis showed that the objects classified by CEREAL to be in clusters
around B stars tended to be at the centre of their clusters and A stars tended to not be
in the centre. The A stars in general appeared to be part of a sub-cluster. This was
interpreted to mean that the B stars might be the most massive objects in their clusters.
The A stars found to be in clusters were mostly not located in the centre of their own
cluster, but were present in known star formation regions or known clusters. A comparison
of the A type stars found to be in a cluster with SIMBAD showed that 6% of these were
found to belong to a known cluster.

Further analysis of each sub spectral type confirmed that over all sub types B stars
tend to be located in the centre of their clusters; where for the A stars, over all their sub
spectral type they appeared in general to be part of a sub-cluster. The sub spectral type
analysis also showed that clusters around the B stars could be found over the full range
of sub spectral types; not just around B7 or early, as mentioned by Testi et al. (1997). An
additional difference between the results found by Testi et al. (1997) and this work was
that CEREAL found clusters around some A type stars; where Testi et al. (1997) found no
clusters for spectral types later than B7; these difference may be due to the combination
of CEREAL searching larger areas around the HAeBe stars, and A stars in general not
being at the centre of their own clusters. The analysis in this work does not find a sudden
break where after a specific sub spectral type clusters could no longer be found; this work
has in fact shown an almost uniform distribution of the fraction of stars found to be in

clusters around B-type stars and the A-type stars, and across all their sub spectral types.
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Figure 4.17: Distribution of fractions of stars found to be in clusters, for all the sub-
spectral types of the B stars located at the centre of their cluster or not. The light green
bars represent the stars found to be in clusters that were located in the centre (IN) and
the dark green bars represent the stars in clusters that were not located in the centre
(OUT). Each row shows groupings of the sub-spectral types of the B stars. Left column
shows the sub spectral types of the B stars of the full sample. Right column shows the
sub spectral types of the B stars that were selected with parallaxes between 1 and 6 mas
and G magnitude between 7 and 17.5 mag.
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Chapter 5

Cluster formation around B stars:

observations versus theory

Be humble because you are made of earth.

Be noble, for you are made of stars.

— Serbian proverb.

It is known that stars, including all massive stars, are born in dense stellar clusters.
These clusters form part of giant molecular clouds, that are aggregates of cold and dense
molecular clouds distributed across the galaxy (Bonnell et al, 2003; Wright, 2015). The
formation of these clusters involves a large number of different processes such as stellar
feedback, turbulence, large-scale instabilities, and the agglomeration of smaller clouds.
(Lada et al, 1993; Wright, 2015).

The stars formed within a cluster share similar properties, such as their chemical
composition and their kinematics. Knowing these properties for stars can be crucial to
understanding their formation processes. In addition, knowing their kinematic properties
makes it possible to distinguish if the stars have been formed in isolation, or to identify
the possible members of the star cluster and background stars.

There have been several studies carried out using different theoretical models of star

formation to simulate how stars were formed within stellar clusters.
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5.1 Theoretical models

This chapter will compare the clusters found around HAeBe stars by CEREAL, specif-
ically those B stars located in the centre of their cluster and with densities statistically
significantly higher than the background density (3o level, see appendix B) with theoreti-
cal models from the literature. This comparison was carried out with the aim of evaluating
whether the clusters around the massive stars, in this sample, appeared to follow any of

these models.

5.1 Theoretical models

Studying the formation of massive stars is complicated by the presence of both obser-
vational and theoretical challenges. These challenges are due to the nature of these
objects, as high-mass stars tend to be embedded in rich clusters, that are located at
large distances (Beltran, 2018), and their evolution happens at a fast enough rate that
they reach the zero age main sequence whilst they are still embedded in their molecular
clouds and are still undergoing active accretion (Beltran, 2018). Additional problems are
related to the presence of uncertainties in obtaining properties for the cloud in which the
massive stars have formed. Further to this, ascertaining whether the observed properties
are due to the initial conditions of the cloud, or due to its subsequent evolution is often
not possible (Krumholz & Bonnell, 2007).

Several studies have been carried out to analyse and explain the formation of massive
stars in clusters. The formation of massive stars can be explained by using two theories:
Monolithic collapse (or core accretion; Beltran, 2018; Krumholz & Bonnell, 2007; Louvet,
2018; Rivilla et al, 2013, references therein) and Competitive Accretion (or Hierarchi-
cal; Bonnell et al, 2003; Krumholz & Bonnell, 2007; Louvet, 2018; Rivilla et al, 2013;
Vazquez-Semadenti et al, 2019, references therein). These models differ from each other
due to the method for the accretion onto the stars (Rivilla et al, 2013).

The Monolithic collapse, or core accretion theory, leads to star formation on a timescale
of the order 10 yrs, which initiates with a strongly peaked density distribution. This model
predicts that the massive stars form from massive cores, which collapse from their natal
molecular cloud and produce a single massive object, or only a few, instead of many low
mass stars. The newborn star would gather its mass only from the massive core. (Beltréan,
2018; Louvet, 2018; Rivilla et al, 2013, references therein).
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5.2 Clusters found with CEREAL versus Theory

The competitive accretion theory predicts that the molecular cloud fragments into low
mass cores of the order of their Jeans mass, which compete to accrete un-bound gas from
the whole cloud (Beltran, 2018; Louvet, 2018, references therein). This high fragmentation
scenario would then naturally produce a whole cluster of low mass stars. In this model,
the massive stars form in a clustered environment which suggests that the massive objects
would be born in the densest central part of the low-mass star cluster (Louvet, 2018;
Rivilla et al,, 2013; Wright, 2015).

5.2 Clusters found with CEREAL versus Theory

The previous chapters have described how for a sample of known HAeBe stars, CEREAL
was able to assess the presence of clusters around these targets. For those stars found
to be in clusters the more massive, in this case the B stars, tended to be in the centre of
their clusters. This in part confirms the results of Testi et al. (1997, 1998, 1999), where
B stars were more likely to be in the centre of their clusters.

So far, the knowledge obtained from the B stars has raised questions about how these
clusters formed. In particular, do these clusters follow the core accretion, or the competitive
accretion model? Examples from the literature have suggested that the monolithic model
can accurately reproduce the observed properties of the ONC, Pleiades, R136 and NGC
3603 (Banerjee & Kroupa, 2017b, references therein). There is also observational evidence
suggesting that the Serpens cluster could be formed following the model of hierarchical
fragmentation (Testi et al, 2000).

To understand how the clusters found by CEREAL were formed, a sample of 15 B
stars', that were found to be in and located in the centre of a cluster and have a density
that is statistically significantly higher than the background density (30 level, see §2.2.1
and appendix B); these stars were selected in order to be compared with the theoretical
models of star cluster formation. The sample contains objects that were also analysed by
the DCAs as described earlier (§ 3.3).

"The star GSC5360-1033 was excluded from this analysis because did not have a reported value for the
mass and age (Vioque et al, 2018).
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5.2 Clusters found with CEREAL versus Theory

5.2.1 Cluster size

The cluster radii determined in section §2.2.1 and appendix B will be used in the analysis
to follow. The cluster sizes used in this work are larger than those used in the previous
studies (Hillenbrand et al, 1995; Testi et al, 1997, 1998, 1999, 0.15 pc and 0.2 pc,
respectively). As discussed previously the use of larger cluster sizes will lead to lower

stellar densities being found than if a smaller cluster radius was used.

5.2.2 Minimum Mass

The next step for the comparison with the theoretical models was to calculate the stellar
density of the clusters. Before doing so, an estimate for the lower mass limit detected for
each cluster was required, to do this the masses of the objects within the cluster needed
to be calculated. To find the mass of the objects within the cluster, a similar method to
the one used by Oudmaijer & Parr (2010) was applied in this analysis. In that work the
mass ratio was calculated by using the K magnitude difference of their sample; which did
not find any dependence on the spectral types within their sample of stars. Oudmaijer
& Parr (2010) found a linear relationship when plotting the logarithm of the mass of the
stars against their K magnitude.

Following a similar method, the lower mass limit detected for each cluster was found
by plotting the logarithm of the masses of the full sample of HAeBe stars (with has masses
reported by Vioque et al, 2018, see §3.2) and their absolute magnitude.

Figure 5.1 shows the relation between the logarithm of the mass and absolute magni-
tude of the HAeBe stars': despite the scatter of the data, the stars show a linear relation
that can be represented as log(M) = m x Mg + ¢, with M in solar units, m and ¢ as
—0.131 £ 0.002 and 0.532 £ 0.006, respectively. This relationship translates to a mass
ratio as M 10~ 0-131AMG \yhere AMg is the magnitude difference between the

Mpacse
object in the cluster and the Herbig Ae/Be star. All the possible cluster members found

around the HAeBe stars have a fainter magnitude compared to the HAeBe stars. In this
analysis, extinction corrections (see appendix H) were not applied to the possible cluster

members, because the value of the A¢g of the cluster member is unknown.

"The absolute magnitude of the HAeBe stars were corrected by Ag using the extinction relation found
by Wang & Chen (2019, Ag = 0.789Av). The Ay values for the Herbig stars were taken from Vioque et al.
(2018).
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Figure 5.1: Mass ratio relation for HAeBe stars. The full blue circles represent the masses
of the full sample of HAeBe stars (see §3.2 ) and their absolute magnitudes corrected for
extinction. The data appears to be linearly distributed and first order fit of the form
log(M) = m * x + ¢ (magenta dashed line) is shown.

It is expected that the extinction of the HAeBe stars should be larger than for their low
mass companions due to the inclusion of circumstellar extinction. Therefore, the decision
was taken to calculate AM¢ using the extinction corrected absolute magnitudes of the
HAeBe stars and the uncorrected absolute magnitudes of their low mass companions.
The correction of the absolute magnitudes of the HAeBe stars and not their low mass
companions will have led to overestimating AM¢. Although the resultant AM¢ is likely
closer to the true AMg than if the absolute magnitudes of the HAeBe stars were not
corrected for extinction. The case where neither the absolute magnitudes of the HAeBe
stars and their low mass companions are corrected for extinction is provided in appendix
H, the true value of AM¢ should lie between these limits.

Figure 5.2 provides an example calculation of the lower mass limit and shows the
fainter stars found in the cluster around the HAeBe star. These values were estimated
using the mass ratio relation together with the data obtained from the clustering analysis
made by CEREAL.

The result obtained from this analysis was that, for each cluster it was possible to

extract the minimum mass observed within them. This value varied from target to target
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Figure 5.2: Lower mass and magnitude limits for a HAeBe star calculated using the Mass
ratio relation. Left panel: represents the mass distribution of the low mass companions
found with CEREAL around the HAeBe star BD+30549. Middle panel: shows, in full blue
circles, the relation between the mass of the low mass companions and their G magnitude.
The position of the lower mass detected in this cluster by CEREAL, is also indicated by the
inverse red triangle. Right panel: shows a colour-magnitude distribution for the low mass
companions found around the HAeBe star BD+30549 with a cluster size of 0.7 & 0.2pc
(see section §5.2.1).

since it was related to the number of stars found in each cluster and their magnitudes. The
lowest and largest minimum masses found here were ~ 0.1M and ~ 0.7 M, respectively;

where the mean minimum mass observed was ~ 0.2 M.

5.2.3 Completeness correction

An analysis of the completeness of the sample was made to take into account the number
of stars that might have been missed for each cluster as function of magnitude. For this
analysis the photometric data provided by the Gaia DR2 catalogue was used, specifically
the G magnitude.

It is known that the Gaia DR2 catalogue’ contains sources with G magnitudes limited
to between =~ 3 and 21. The Gaia DR2 catalogue is essentially complete between G
magnitudes 12 to 18 but is still incomplete at the bright end and has an ill-defined faint
magnitude limit which depends on celestial positions (Arenou et al, 2018). In dense areas
of the sky, the magnitude limit of the Gaia DR2 catalogue is 18 mag (Gaia Collaboration

et al, 2018b). This completeness represents a huge improvement on the values shown for

"Visit Gaia Data Release 2 site for more information what the survey contents.
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5.2 Clusters found with CEREAL versus Theory

the first Gaia data release but, there is still some uncertainty in the full completeness of
the survey.

As is mentioned by Gaia Collaboration et al. (2018b) and Arenou et al. (2018), the
completeness of Gaia DR2 is affected by each individual data process used and the
overall validation of the data. Arenou et al. (2018) also identified that the completeness
was affected by a variety of truncations and filters applied to the different types of data'.
This suggests there is not a direct way to know the completeness of the clusters found
around the HAeBe stars using the Gaia DR2 data. However, to obtain a reasonable
understanding about the completeness of the Gaia DR2 catalogue the completeness was
inferred from the work included in Boubert & Everall (2020)°.

Boubert & Everall (2020) predict the completeness of Gaia DR2 by exploiting the
fact that it only contains sources with at least five astrometric detections and predict the
number of times that each source was observed by Gaia and assume that the probability
of detection is a function of magnitude. They found that Gaia DR2 is mainly complete over
the range 7 < G magnitude < 20, but that the completeness falls to 0% over the range 20
< G magnitude < 21.3. They also found that, as predicted by Gaia Collaboration et al.
(2018b) and Arenou et al. (2018), Gaia DR2 cannot see the extreme bright (G magnitude
< 3) or faint objects (detection falls from 100% to 0% between 20 < G magnitude < 21.5)
stars. Figure 5.3 shows the figure 5 from Boubert & Everall (2020) which was used to
estimate the completeness of the sample of clusters around the HAeBe stars. Additionally,
the effect of applying a filter to the sample was also considered. In this case, the filter
used was RUWE <1.40 (see §2.1.1 which was applied over the raw Gaia DR2 data before
the cluster assessment). The impact of this filter is shown in left panel of figure 5.4 where
the number of stars found at each G magnitude before and after RUWE was applied
are given. In the right panel of the figure the fraction of stars that remained at each G
magnitude after RUWE was applied is also shown, these were then used to correct for
the influence this selection had on the number of stars obtained.

The results obtained by Boubert & Everall (2020) show that Gaia DR2 is ~99%
complete between 7 < G magnitude < 20 which includes all the stars found in the clusters

around the HAeBe stars. The G magnitude of the minimum mass objects observed here

'Gaia Collaboration et al. (2018b), Arenou et al. (2018) and the Gaia DR2 documentation provide more
information about the completeness.
?See Completeness of the Gaia-verse site for more information.
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Figure 5.3: Distribution of probabilities that a source is detected by Gaia as a function of
magnitude. Top panel shows the detection probability used to calculate the completeness
as a function of magnitude. Bottom panel shows how the completeness changes at each
point shown in the detection probability plot on the left and the colour bar represents the
completeness observed. Figure taken from Boubert & Everall (2020).

in clusters, varied from 17.21 mag to 20.26 mag; where the mean G magnitude observed
for the minimum mass objects in the clusters was ~ 18.60 mag. The mean minimum mass
G magnitude found here is in agreement with the expected upper limit for G magnitude
observable due to photometric precision, suggested by Arenou et al. (2018) when using

clusters with little extinction (G~18).
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Figure 5.4: The distribution of the probability that a source detected by Gaia was removed
by the cut in RUWE as a function of magnitude. Left panel represents the distribution
of the number of stars in the sample at each G magnitude before and after the cut for
RUWE <1.40 was applied. Right panel shows the fraction of the stars remaining at each
G magnitude afterRUWE was applied.

5.2.4 Stellar density

A calculation of the stellar density was made for the sample of 15 B stars' found to be in
clusters, that were also located in the centre of their clusters and were corrected for their
completeness as function of the magnitude as described previously. The results from this
calculation are presented in figure 5.5, which shows the relationship between the age and
the stellar densities of the clusters found around the B stars. The stellar densities were
calculated using the number of stars found in each cluster with the clusters considered to
be spheres. The volume of each cluster was obtained by using the cluster size (§ 5.2.1),
estimated before, as the radius of the sphere.

Figure 5.5 compares the stellar densities of the clusters found around the HAeBe
stars, that were classified as yes and maybe, with the age of the HAeBe star (§ 4.4
discusses the reasoning behind treating stars classified as maybe as stars found to be in
clusters). The ages of the stars were taken from the catalogue of Vioque et al. (2018).
There is no clear trend in the stellar densities with age for the stars classified as maybe
in the top panel with the densities of these falling between 4.5 and 3.8x10! stars/pc? (the
average stellar density across the whole range being 1.4x10! stars/pc®). However, in the
lower panel where the rolling average is presented a general decrease in the density with

age is apparent falling from >2.0x10! stars/pc® for ages younger than below 1x10° yrs
g pp g p ges young y

"The star GSC5360-1033 was excluded from this analysis because it did not have a reported value for
the mass and age (Vioque et al, 2018).
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Figure 5.5: Stellar density vs Age. The top panel compares the stellar densities of the B
stars found to have a density significantly higher than the background density (3o level)
and have been classified by CEREAL as yes (purple open circles) and maybe (orange open
squares). The bottom panel represents the rolling average (for every 2 points) of the B
stars shown in the top panel. The purple and orange shadows represents the error of the
rolling average.

to <1.0x10! stars/pc® at 5x10° yrs. This general trend is mainly based on the density
around AS310 leading to the first two points of the rolling average being above the
average across the whole range. The trend for the stellar density to decrease with ages
is more apparent for the stars classified as yes in the top panel. Although, here there is
also an initial increase in stellar density from 3.1x10! stars/pc® at 7x10* yrs to 1.8x10?
stars/pc® at 4x10° yrs; followed by, the general trend of stellar density to decrease with
age falling to 1.1x10! stars/pc® at 5x10% yrs. As was seen for the stars classified as
maybe this general trend is mainly based around a single cluster around V361Cep having

a stellar density far above the average density across the whole range of 5.1x10" stars/pc?.
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When looking at the lower panel the rolling average of the stellar densities with age the
influence of V361Cep leads to two regions one at higher stellar densities below 1x10°
yrs and a second region with lower stellar densities for clusters around stars older than
1x10% yrs, with both of these regions being flat. The apparent difference in the trends of
the stars classified as yes and those classified as maybe based on their rolling averages
is mainly based around the density of the cluster found around V361Cep. This can be
seen in the top panel of the figure where there is a high degree of overlap between the
stellar densities of the clusters around stars classified as yes and maybe. It is notable
that any apparent difference in trends between stars classified as yes and maybe is mainly
based on the stellar densities calculated around 3 stars V361Cep, MWC137, HD46060; if
MWC137 and V361Cep were not included in this analysis then the differences in trends
at young ages (<1x10% yrs) would no longer be present. However, a difference in average
densities between the clusters found as yes and maybe would be present. Additionally,
it should be noted that all of the clusters observed here did not appear to have high
densities (3.0x10" stars/pc®) with an average number of cluster members of only 18 stars.

The stellar densities of each cluster, presented in figure 5.5, do not show a complete
representation of all the possible members of these clusters, due to each cluster having a
limit on the mass below which smaller objects can not be observed. This effect could lead
to the low stellar densities observed for the clusters here, and this effect therefore needed
to be accounted for, beyond the corrections made before based on the completeness carried

out in section §5.2.3.

5.2.5 Initial Mass Function (IMF)

It can be assumed that from a given molecular cloud several stars will be born, at the
same time, with different masses (Prialnik, 2000). The cluster sample analysis carried out
in this study however had a lower limit under which masses could not be observed within
them. To correct for these missing small objects, it was necessary to use the initial mass
function of the clusters (IMF; Salpeter, 1955) to estimate the number of cluster members
that could not be observed (due to these objects being under the minimum mass limit), to
obtain a more representative value of the stellar density of the clusters members around

the HAeBe stars.
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5.2 Clusters found with CEREAL versus Theory

The IMF theoretically predicts the number of stars with a given mass to be born in
a molecular cloud (Salaris & Cassisi, 2005). Salpeter (1955) determined an empirical
expression which fitted the available observational data, at the time, with a power law
between 0.4Mg and 10 Mg (Ward-Thompson & Whitworth, 2011). This equation is rep-
resented by ;i% = CM™", where d,, is the number of stars born with masses between M
and M + dys, x = 2.35 and C is a constant.

For this analysis, the IMF was obtained using the scipy package from python' by
integrating the Salpeter (1955) IMF between 0.07 Mg (Bonnell et al, 2003) to the mass
of the HAeBe stars (Vioque et al,, 2018).

To find the ratio of objects over the minimum mass limit as a fraction of the total
number of cluster member using the IMF, two integrals needed to be calculated. The first
one (INT1) used the minimum mass found in each cluster by the mass-magnitude relation
as a lower limit and used the mass of the HAeBe star, taken from Vioque et al. (2018),
as the upper limit, as these were likely to be the most massive objects in the cluster. The
second integral (/NT2) used the whole mass range up to that of the HAeBe stars, using
0.07 Mg as the lower limit, as this was the minimum stellar mass computed by Bonnell
et al. (2003).

The IMF calculations predicted how many stars, of each mass, were formed in the
clusters. The integrals gave the total population (INT2) and the population of the observ-

able range of masses (INT1), these were then used to calculate an IMF ratio of observable

objects to those under the minimum mass for the cluster (Rat10:§%%), which could then
be used to estimate the "real” (or complete) stellar density of each cluster (Stellar Den-
sity * Ratio = Corrected Stellar Density), for the subsequent cluster analysis performed
on this sample. A representation of the two integrals of the IMF that were calculated is

shown in figure 5.6.

5.2.6 Corrected stellar densities

Figure 5.7 shows the relationship between the age and the "real” stellar densities of the
clusters found around the B stars. The stellar density was calculated by multiplying the
IMF ratio by the stellar densities calculated previously (which were presented in figure
5.5).

'Using General integration (quad) from scipy package and the tutorial by Zach Pace, Lia Corrales,
Stephanie T. Douglas on to use scipy.integrate
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Figure 5.6: A schematic representation of the estimation of the IMF ratio, which is cal-
culated from the the population of stars that are predicted to fall within the observable
range of masses (A) and the total population of stars that are found between the minimum
stellar mass of 0.07Mg and the mass of the HAeBe star (B), which are calculated in INT1
and INT2 respectively.

Figure 5.7 shows a more accurate representation of the stellar densities of the clusters
found around the HAeBe stars, that were classified as yes and maybe, as a function of the
age of the HAeBe stars. In this figure there has been an increase in the stellar densities,
due to the completeness in mass obtained from the IMF for each cluster, when compared
with figure 5.5; the mean stellar density now observed is 194 stars/pc3, which is much
larger than the mean stellar density detected earlier of 30 stars/pc® without the IMF
corrections. As was seen for the results discussed previously prior to the IMF correction,
the distributions of the stars in clusters classified as both yes and maybe with age appear
very similar with a high degree of overlap in the top panel. When the rolling averages
in the lower panel are considered both show a trend from higher densities over 4x10?

stars/pc3 at earlier times to lower densities less than 8x10! stars/pc3 at later ages. There
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Figure 5.7: Real Stellar density vs Age. The "real” stellar density was calculated using
the value obtained with the IMF correction for the number of objects below the mini-
mum observable mass for the clusters analysed in this sample. The figure has the same
description as figure 5.5.

is however, a difference in when this transition occurs with the rolling average of the
stellar densities for stars classified as maybe beginning to fall earlier (stars >1x10° yrs)
than for those classified as yes (>7x10° yrs).

That both the stars classified as yes and maybe have the same trend, higher densities
for the earliest (<5x107 yrs), followed by a trend down in stellar density (between 4x10° to
1x10° yrs) and then a relatively stable behaviour for ages over 1x10° yrs is not unexpected.
The similarity of both the yes and maybe samples additionally allows for the potential
grouping of both these data sets. It is important to note, that the differences between the
classification of targets as either yes or maybe were very subtle (§3.2.2), which meant
that the stars classified as maybe could also be considered to be yes. The combination

of these two samples reduces the statistical errors in the average stellar densities with
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5.2 Clusters found with CEREAL versus Theory

age providing a better sample to compare with the results of the theoretical models. The
results obtained in the previous sections (§5.2.2, §5.2.5, §5.2.4 and §5.2.6) have been

summarised in table 5.1.

Table 5.1: Summary of the cluster parameters

Star Spectral  Distance Mass Age Cluster Num Low Mass  IMF Stellar Complete Stellar

type Radius Stars  Limit ratio Density Density

pc Me Myr pc Mg stars pc™3 stars pc 3

() @ €) (4) ©) (6) 7) (8) ) (10) (1)
A0974-15 B3 397.6t§;‘g. 2714038 z.oﬂ_%fi 0344026  4+2 025710838 60717  200+£47.0 120012509
AS310 B1 2110073500 11.945% 0061057  0.387+0.043 9+3 071703 230150 38.0+18.0 880.07300
BD+30549 B8 29504130 228103 5071%° 0734021  18+4 009619917 1531031 11.0+100 17.0%189
HD36982  B15 408.011500 521032 0,73t3;~g 0.64+£0.13  24+5 02850035 68773  22.0+£140 147.015%
HD37371 B9 41105100 3851082 0861057 067+£036  6+2 0171003, 3471 45473 15.01220
HD46060 B8 933.01%0 96131 0097542 1.07+03 2945 024970080 56737  57+49 32,0349
HUCMa B8 117425900 3.027013 204503 081+£024  25+5 016970015 334708 11.0+100 37.0%530
Hen3-949 B3 643.0330  418%013 0873 0.9+0.13 204 01324002 238705 6.5+3.1 15.4%52
ILCep B2 805.01510  9.97%7 0. 07+3 033 0.63+0.13  32+6 04188008 38MY  31.0+19.0 11607250
LKHa338 B9 885.01830  1.88510091 9.073%° 1054013 3146 029790918 73%3%  64+26 47.0+290
LkHa324 B9 605.01150 282105t 2127041 047013 174 01511005 29737 40.0£34.0  110.01}500
MWC137 B0 2910.055900  231H%6 00185590 0.75+£0.36  12+4 0297008 70739 70+100  49.01520
V361Cep B2 893.013%0 5317548 0417018 0.288+£0.041 18+4 022310052 48713 180.0+£88.0 870.07300
V373Cep  B5 92204330 3181050 163757 0.291+£0.073 5+2 025110082 57719 4404390  250.012:00
Columns (3), (4) and (5) taking from Vioque et al. (2018)

7
8

).
Columns (7):
):
9): Initial mass function ratio of each cluster (§5.2.5).
10
"

Number of stars found using column (6) (§5.2.1) and Gaia DR2 completeness (§5.2.3).
Columns Low mass limit detected for each cluster (§5.2.2).
Columns
Columns (10): Stellar density for each cluster (§5.2.4).

): Stellar density for each cluster corrected by their IMF (§5.2.6).

Columns

5.2.7 Comparison between the observations and the theory

The measurement of the IMF provided a more accurate representation of the stellar den-
sities of the clusters found around the HAeBe stars (see figure 5.7). The increase in the
stellar densities revealed the large number of missing stars that were not detected dur-
ing the cluster assessment with CEREAL (CEREAL observed under 16% of the total cluster
members calculated once the IMF corrections were made). As was mentioned previously
in section §5.2.5, the IMF correction utilised in this analysis was the Salpeter (1955)
IMF. This was chosen along with the minimum mass (see figure 5.6) to allow for direct
comparison with the modelling results of Bonnell et al. (2003), as this was the IMF and
minimum mass utilised in their work. The calculations made in section 5.2 along with the
results of section 3.2 and the main parameters of the HAeBe stars, taken from Vioque
et al. (2018), will now be used to compare the clusters found around the B-type star with

theoretical models of stellar formation.
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5.2 Clusters found with CEREAL versus Theory

The numerical simulations with which the results of this study are being compared,
were carried out by Bonnell et al. (2003). Their simulations followed the fragmentation of
a turbulent molecular cloud, and the subsequent formation and early evolution of a stellar
cluster containing more than 400 stars. Their model used a high-resolution smoothed
particle hydrodynamics (SPH; Bonnell et al.,, 2003, references therein) simulation to follow
the fragmentation of an initially uniform-density molecular cloud, containing 1000 M, in
a diameter of 1 pc and a gas temperature of 10 K. The results obtained from these
simulations were that the clusters formed through a hierarchical process of several sub-
clusters, which grew and merged through the subsequent dynamics to form the much larger
final cluster. Figure 5.8 shows different snapshots of the stellar cluster formed through
hierarchical fragmentation, from the simulation made by Bonnell et al. (2003).

Figure 5.9 shows the evolution of the local (hierarchical model) and global (monolithic
model) stellar number-densities for the cluster as function of the time estimated by Bonnell
et al. (2003). The local stellar density was quantified from the minimum volume required
to contain the ten nearest neighbours of the stars. In contrast, the global stellar number-
density was calculated from the volume required to contain half of the total number of
stars. In these simulations the initial free-fall time for the cloud was 1.9x10° yr.

Bonnell et al. (2003) found that the local number-densities increased rapidly (hier-
archical model), once the first stars formed and fell towards each other in their local
sub-cluster, where the stars occupied only a small fraction of the total volume of the
star-forming region (monolithic model). Additionally, Bonnell et al. (2003) found that the
local number-density then decreased after reaching a maximum during the sub-clustering
phase. This decrease was due to the ejection of stars from the sub-clusters through dy-
namical interactions, and due to the kinetic heating during the merging of sub-clusters,
which produced a single centrally condensed cluster (Bonnell et al, 2003).

Prior to the comparison with the theoretical models it has been demonstrated that, for
the sample of stars found to be in clusters by CEREAL, the B stars can be considered to
be the most massive stars within their clusters, and that the B stars are located in the
centre of their clusters, like the HAeBe star HD200775, which is located in the Cep Flare
molecular cloud (Zucker et al.,, 2020). This meant, that the B stars could have been formed
by the monolithic collapse scenario. Although, it should be noted that the existence of
truly isolated massive stars is one of the caveats of this model (Beltran, 2018, references

therein).
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5.2 Clusters found with CEREAL versus Theory

Figure 5.8: Stellar cluster formation through the hierarchical fragmentation of a turbulent
molecular cloud. The white dots represent the stars and each panel shows a different
stage of the cluster formation, where the initial free-fall time for the cloud was 1.9x10°
yr. Panel A: The turbulence causes shocks to form in the molecular cloud, dissipating
kinetic energy and producing filamentary structures, which fragment to form dense cores
and individual stars. Panel B: formation of subclusters. Panel C: the subclusters evolve
by accreting more stars and gas, ejecting stars, and by merging with other subclusters;
and, Panel D: shows a fully formed centrally condensed cluster with small substructures.
Image taken from Bonnell et al. (2003)
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Figure 5.9: Representation of the theoretical models. This figure shows how the local
and global stellar densities evolve as as a function of time, taking intro consideration
the initial freefall time of the cloud (1.9x10° yr). The local density is compared to the
hierarchical model (solid line) and the global density to the monolithic model (dashed
line). The formation of sub-clusters can explain the rapid rise of the stellar density in
the hierarchical model compared to monolithic model. The difference between the models
decreases with time when the substructures are erased to produce a single cluster. Figure
taken from Bonnell et al. (2003).

However, the results obtained from CEREAL for the B stars showed that these stars
are surrounded by several low mass companions that share similar properties (parallax
and proper motions) with the HAeBe star. This phenomenon could be explained by the
hierarchical model which relies on the fact that nearly all massive stars are formed in
stellar clusters (Rivilla et al,, 2013). Another way to explain the hierarchical model is by
the result obtained by Bonnell et al. (2003); in their simulations the cluster was formed
by the fragmentation of the cloud into several sub-clusters which could then grow and
merge to form a final large cluster. This can be observed in the clusters found by CEREAL
(§3.2.4) around the HAeBe stars V590Mon, HBC217 and HBC222, which are part of the
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5.2 Clusters found with CEREAL versus Theory

cluster NGC2264 that is itself embedded in the Mon OB1 cloud complex (Buckner et al,
2020; Peretto et al, 2006). Additional observational evidence for the hierarchical model
is shown by Testi et al. (2000) in their study of the Serpens cluster-forming core. They
showed that the star formation in the cloud appeared localised in separate sub-clusters,
which then have a stellar density much higher than the mean for the entire Serpens cluster
(Testi et al.,, 2000), this was also observed by Wright & Parker (2019) in their study of the
NGC6530. They showed that NGC6530 provides the first dynamical evidence that star
clusters can form by hierarchical mergers between sub-clusters due to it containing many
massive stars that formed in a pre-collapse sub-structured distribution or could possibly
have accreted additional mass during the collapse process.

For comparison of the results obtained here and the model results, figure 5.10 repre-
sents the "real” stellar density as a function of the age of the B stars that were found to
be in a cluster by CEREAL. This result is the same as the one shown in figure 5.7 but now
shows the trend for all B stars, that were classified as yes and maybe. Figure 5.10 also
includes a highlighted area which represents the same time window, between 1.6x10° to
5x10° yrs, that is depicted in figure 5.9 for the theoretical models.

As could be seen in figure 5.7 it is again apparent that there appear to be two regions
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Figure 5.10: Real Stellar densities vs Age. The open grey circles represent the B stars
found to be in a cluster by CEREAL and the purple filled circles represent the median
rolling average (for every 2 points) of those stars. The purple shadows represent the
median error of the rolling average. The light orange area represents the time scale
depicted in figure 5.9.
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5.2 Clusters found with CEREAL versus Theory

of differing behaviour within the age range observed; at early times (<7x10° yrs) there
are clusters that have higher stellar densities (generally between 1.0x10? stars/pc3 and
1.0x103 stars/pc?) than those at older ages (>7x10° yrs) that appear to generally have
stellar densities between 1x10! and 2x102 s‘[ars/pc3 ). For the clusters around stars
younger than 7x10° yrs there is no clear dependence of stellar density with age with the
density rising then falling then rising again both when considering the rolling average
and the individual clusters. This can also be seen for the stars older than 7x10° yrs where
there is again no clear trend of stellar density with age.

The main difference between the stellar densities for stars at older and younger
ages here is the high densities (8.8x10? and 8.7x10% stars/pc?) found around AS310
and V361Cep. Additionally, the low densities of the clusters found around Hen3-949
and HD37371 (1.5x10! stars/pc®) prevent the assignment of a general trend of the stellar
density for clusters older than 7x10° yrs to decrease with age. Without the inclusion
of AS310, V361Cep, Hen3-949 and HD37371 there would be a general trend for stellar
density to increase with age up to 1.5x10°% yrs and then for stellar density to decrease
with age. Considering the whole age range after 6x10% yrs there is an overall trend for
the stellar densities of the cluster to decrease with age.

From this figure it cannot be concluded that the clusters around the B stars appear
to follow either of the hierarchical or monolithic formation paths. This is because there is
no clear trend in stellar density, to increase and then decrease, between 1.6x1 0° to 5x10°
yrs, as was shown in the analysis made by Bonnell et al. (2003, see figure 5.9). The
change in stellar density that occurs in this region is abrupt and results in the transition
between the region of higher stellar density clusters younger than 7x10° yrs and the
region of clusters of lower stellar density older than 7x10° yrs. However, more generally
there is an observable trend of stellar density decreasing with time over the whole age
range in figure 5.10 between 6x10% to 1x107 yrs. There is an initial region with the
rolling average of the stellar density generally above 4x102 stars/pc® and then a fall after
7x10° yrs up to 1x107 yrs. The general trend for stellar density to decrease with time
can be considered to be in agreement with the long time behaviour predicted by both
the hierarchical and monolithic models beyond 4x10° yrs. Figure 5.10 is only however,
a 'snapshot’ of a specific period in time of the formation of the clusters around the B

stars. To have a fairer comparison with the models it is potentially important to take into
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5.2 Clusters found with CEREAL versus Theory

consideration the initial free-fall time for the cloud (1.9x10° yr) used by Bonnell et al.
(2003) in their simulations.

Figure 5.11 shows the "real” stellar density and age of the B stars found to be in a
cluster by CEREAL. The age of the stars was increased by 1.9x10° yr, the nominal free-fall
time from Bonnell et al. (2003). An area which represents the same timescale as was
shown in figure 5.9, between 1.6x10% and 5x10° yr, has again been shown in this figure in
the same manner as in figure 5.10. After the inclusion of the free-fall time the behaviour
observed for the stellar densities with time still does not appear to be in perfect agreement
with the behaviour expected to be present from the analysis made by Bonnell et al. (2003,
see figure 5.9).

The average stellar density appears to be relatively flat between 2x10° and 8x10° yr
and falls to a plateau between 9 x10° and 3x10° yr. For clusters older than 3x10° yr there
is now a general trend for the stellar density to decrease with age. For comparison the
general trend expected from the work of Bonnell et al. (2003) was for the stellar density
to increase after ~2.0x10° yr and then decrease after ~4.0 x10° yr for the monolithic
model, or ~2.5x10° yr for the hierarchical model.

There trend of stellar densities with age observed within the snapshot window here do
not match those expected for either the monolithic or hierarchical models. Compared to the
magnitude of the increase in stellar density in the hierarchical model from <102 to >10°
stars/pc?’, followed by a decrease to 104 stars/pc3 or from ~3x10% to >1x10% stars/pc3
before falling to <5x103 stars/pc® in the monolithic model, the changes in stellar density
observed here from ~9x10? to ~3x10' stars/pc® were smaller. In addition, for the obser-
vations here the stellar density is still relatively flat (around 0.3-8.9x10? stars/pc?) during
the 'snapshot’ of time shared with the work of Bonnell et al. (2003) when compared to the
changes in stellar densities predicted by both models. With the rise then decrease then
rise again in stellar densities observed here not being predicted by either the monolithic
model or the hierarchical model in Bonnell et al. (2003).

The stellar density observed here does however generally fall from higher densities
at earlier times to lower densities at later times (>8x10° yr) to a new lower level (0.1-
3.0x102 stars/pc®). The differences between the models and the observed behaviour could
be due to differences in how the ages of the clusters are defined, this is because the
general trend for a decrease in stellar density is in agreement with the prediction of both

the hierarchical and monolithic models at larger ages. The high stellar densities (>1x10?
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Figure 5.11: Real Stellar densities vs Age, considering the initial free-fall time for the
cloud. Top plot: Real Stellar densities vs Age, considering the initial free-fall time for
the cloud used by Bonnell et al. (1.9x10° yr 2003). This figure has the same descriptions
as used in figure 5.10. Bottom plot:This figure shows how the local and global stellar
densities evolve as as a function of time, taking intro consideration the initial free-fall
time of the cloud (1.9x10° yr). This figure has the same descriptions as figure 5.9.

stars/pc?) at early times (<8x10° yr) falling to lower densities at longer times (~3x10*
stars/pc®) appears in reasonable agreement with the predictions of both the hierarchical

and monolithic model; however, the timescales and magnitude of the changes still differ.
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5.2 Clusters found with CEREAL versus Theory

An additional potential cause for this discrepancy could be in the selection of the cluster
size as discussed previously (see section §2.2.1 and appendix B), the cluster radii used
here are larger than those used by Hillenbrand et al. (1995, 0.15pc) and Testi et al. (1997,
1998, 1999, 0.2pc) and this leads to lower stellar densities despite including more of the
potential cluster members in the calculations. It should also be noted that under 16%
of the objects within the clusters in this analysis were directly observed and found by
CEREAL with the remainder coming from the IMF corrections.

The simulation from Bonnell et al. (2003) showed a rapid and large increase in the
stellar density as function of time, from ~10? stars/pc? to ~10° stars/pc? for the hierar-
chical model; and from ~102 stars/pc3 to ~10% stars/pc3 for the monolithic model. These
large changes in the stellar density are not observed for the clusters found around the
B stars by CEREAL, which appear to be relatively constant around ~1x10? stars/pc? to
~1x103 stars/pc3 before 8.0x10° yr, followed by a decrease to under 5x1 0! stars/pc3 by
5x10° yr. If the clusters observed here were all further shifted in age then the decrease
in stellar densities of the clusters with ages could be in agreement with the late time
behaviour of either the hierarchical or the monolithic models in Bonnell et al. (2003).
There are large uncertainties on the ages (taken from Vioque et al,, 2018) of the clusters
observed here which make direct assignment of the trend in stellar density with age com-
plex, in particular where the changes occur over a small window of time 1-5x10° yr when
several of the clusters have uncertainties in their age approximately 1x10% yr. For exam-
ple, AS310 the cluster with the highest stellar density (therefore the peak in the observed
distribution) could have an age between 2.1x10° and 7.9x10° yr (when corrected for free
fall) which is a larger window of time than the snapshot of time included in Bonnell et al.
(2003).

From the comparison of the sample of B stars in clusters with the stellar formation
models it could not be concluded that these stars had been formed by either of the models
explained previously. However, the 15 B stars can be seen to follow certain aspects of both
models, where there are both massive stars formed in the centre of the clusters (monolithic
collapse) and these are surrounded by several low mass companions (hierarchical model);
but these observations do not seem to be enough evidence alone to explain how those
clusters were formed.

Further analysis in this area would be of particular value in understanding the forma-

tion of clusters around intermediate mass stars, like the HAeBe stars. This would then
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also provide more information and understanding about the formation of clusters around

massive stars.

5.3 Conclusion

From this comparison, it was not possible to draw a definite conclusion on how massive
stars and their clusters form, due to the results obtained for the B stars showing that the
clusters do not appear to follow exactly either the hierarchical or the monolithic models;
although, some of the expectations from both models are observed.

Both models are independent ways to explain massive star formation, but it is possible
that a scenario where both theories worked together might occur, whenever the physical
conditions in the molecular clouds allowed them to work (Peretto et al, 2006; Rivilla
et al, 2013; Smilgys & Bonnell, 2017, references therein). It might be the case that, a
combination of the two models is required to explain the formation of massive stars and
their clusters.

However, this comparison does not give an explanation for the A-type stars that where
found to be in clusters by CEREAL, which were not considered in this chapter. They could
also follow one of the two star formation theories, but there was not enough evidence yet
to explain them.

Further investigations should be made to test whether it is possible to combine both
models to explain the formation of massive stars in clusters. A starting point could be
the 26 B stars that were found to be in a cluster by CEREAL that have not yet been
associated with a known star formation region. In addition, a comparison with other
numerical simulations that use Gaia data in their analysis should be considered. For
example, Arnold et al. (2022) investigated whether Moran’s | statistic can be used to

distinguish between the monolithic and hierarchical models.
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Chapter 6

Conclusion

'My mission in life is not merely to survive, but to thrive and to do so with some passion,

some compassion, some humour and some style’

— Maya Angelou.

The work presented in this thesis has focused on investigating the presence of clus-
ters around known intermediate-mass pre-main sequence Herbig Ae/Be stars using the
detailed astrometric data offered by the Gaia satellite. This chapter provides a summary
of the findings within this thesis, along with suggestions of the future work that could be
carried out following on from the work contained in this thesis.

Herbig Ae/Be stars are pre-main sequence stars of intermediate-mass between 2-10
Me; Herbig Ae/Be stars represent the most massive objects to experience an optically
visible pre-main sequence phase, bridging the transition between low- and high-mass
stars (Gomez et al, 1993; Mendiqutia et al, 2012; Testi et al,, 1997). The sample of 269
Herbig Ae/Be stars studied in this work were the result of a cross-match between the
Chen et al. (2016) and Vioque et al. (2018) catalogues.

The presence of clusters around these Herbig Ae/Be stars was assessed using Gaia
DR2 (Gaia Collaboration et al, 2016b, 2018b) , which provided a catalogue of high-
precision parallaxes and proper motions for over 1 billion sources. For this work, a tool

was developed to evaluate the presence of clusters around the Herbig Ae/Be stars.
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Chapter 2: ClustER detEction ALgorithm: CEREAL

Chapter 2 introduced the new algorithm created in this work with the goal of detecting
and analysing the presence of clusters around intermediate mass stars using data from
Gaia. In this chapter the method used to gather the data from the Gaia archive (§ 2.1.1)
was given and a detailed description of the process with which the algorithm evaluated
the presence of cluster around the targets (§ 2.1.2) was provided.

To test the ability of CEREAL to assess the presence of clusters around Herbig Ae/Be
stars, an analysis around known clusters NGC6475, Blanco1, 1C2602 and «Per, was per-
formed first (§ 2.2). These known clusters were previously studied by Gaia Collaboration
et al. (2017) and van Leeuwen (2009). The results obtained with CEREAL for the known
clusters agreed very well with the analysis carried out by Gaia Collaboration et al. (2017)
and van Leeuwen (2009) for the same sources. This demonstrated that CEREAL was a pow-
erful algorithm which can take large data sets as an input, without the need for making
a pre-selection of the sample; and then retrieve objects which share similar astrometric
parameters; like parallax and proper motion, with the known target. CEREAL also gives
the user total control over the selection process for the sample, with which they can then
obtain the results.

Additionally, a quantitative analysis (§2.2.1) was carried out, where the density profiles
of the sample of known clusters and Herbig Ae/Be stars were studied with the aim to find
a value of the cluster radius, which was used to compare with the theoretical models in
Chapter 5. This quantitative analysis also had the result of reducing the number of objects
that were then included in the comparison. Several methods were tested for their ability to
define a cluster radius (where the density rose 30 above the background density); however,
none of these methods were entirely successful in evaluating the cluster radii. It was not
possible here to easily use the density profiles alone (without additional parameters such
as parallax and proper motions) to statistically derived the cluster radius.

From the methods tested the rolling window method provided a series of cluster radii
for each star that varied in position dependent on the window size. The cluster radius was
defined as the first point to rise 30 above the background density when moving from the
outside of the density profile towards the central star. The dependence of the assigned

cluster radii on the window sizes was evaluated for each star. The cluster radii used in
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the later analysis were taken from the smallest window size for which a consistent cluster
radius was seen (within the errors).

The cluster radii used in this work (0.21 - ~3 pc) were generally larger than those
utilised previously by Hillenbrand et al (1995, 0.15 pc) and Testi et al. (1997, 1998,
1999, 0.2 pc). For the sample of Herbig Ae/Be stars considered here the cluster radii
were between 0.21 and 1.07 pc with an average of 0.62 pc these larger cluster radii
will contain most of the possible cluster members when compared to those utilised by

Hillenbrand et al. (1995, 0.15 pc) and Testi et al. (1997, 1998, 1999, 0.2 pc).

Chapter 3: Presence of clusters around Herbig Ae/Be stars

In Chapter 3 the results obtained from the assessment of the presence of clusters around
the sample of known HAeBe stars made by CEREAL using Gaia DR2 was presented. The
HAeBe stars sample was obtained from the cross-match between the Chen et al. (2016)
and Vioque et al. (2018) catalogues.

The analysis of 269 known HAeBe stars with CEREAL has shown the capability of
CEREAL at finding clusters around stars using Gaia DR2 data. Although, the classification
of this sample was not a trivial work to do, because there was not an agreed well defined
formula on which to categorize the presence of clusters around HAeBe stars, 76(28%) of
the stars were either found to be in or to potentially be in a cluster. The number of stars
found to be in a cluster might appear small but this still represents a big improvement on
the 15 stars found previously by Testi et al. (1999, § 3.4), to be in either large or small
clusters. These 76 stars also represent the first catalogue of HAeBe stars found to be in
clusters by applying a single tool over the same data homogeneously (§ 3.2.4).

Chapter 3 evaluates the ability of CEREAL at finding clusters by testing it in a com-
parison with other available algorithms, which can also be used to evaluate the presence
of overdensities in large samples, like Gaia DR2. The algorithms used in this compari-
son were DBSCAN (Ester et al, 1996), OPTICS (Ankerst et al, 1999) and HDBSCAN
(Campello et al, 2015; Mclnnes et al., 2017), which are a sub-type of machine learning
algorithms dedicated to the study of overdensities. The analysis using the clustering
algorithms followed the procedure described in Canovas et al. (2019).

Each independent technique analysed a sample of 255 HAeBe stars, following this,

the results of each of the clustering algorithms was combined and then compared with
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CEREAL. The results obtained from this comparison showed that each method found similar
numbers of stars in clusters by using the same data, but with different quality controls
and techniques. The use of different quality controls might have led to the differences in
results. Where for example, the different methods could find the same clusters, but not
the same member stars within the clusters (§ 3.3.1) which happened on 28 occasions; or
where a certain algorithm could not find a cluster because in the application of the many
different quality control techniques to extract the sources before the analysis (§ 3.3.2) all
the potential cluster members were removed, which happened on 4 occasions.

Even when CEREAL was run with the DCAs conditions, it still was possible to find a
similar number of clusters (29 yes, 22 maybe from 51 stars previously assigned to the gold
and silver samples). From the 3 DCA’s, HDBSCAN was the only that found the same
number of clusters (51 stars) than CEREAL, with DBSCAN and OPTICS finding fewer (42
and 46 stars, respectively; see appendix G).

Although, there were differences between the results of the assessments made with
the DCAs and CEREAL, it was possible following the comparison, through the combination
of these results, to define two separate samples (gold and silver sample) which included
all those stars that were found to be or possibly be in a cluster by each independent
method. In addition, the results of this comparison clearly demonstrated the reliability
of CEREAL, and showed the importance of the fact that CEREAL gave more freedom to the
user for the evaluation of the presence of clusters. From the work in this chapter it was
clear that CEREAL was shown to be a highly effective method to find clusters, of any size,
from any sample.

In Chapter 3 a re-analysis of the sample of 43 HAeBe stars from Testi et al. (1999)
was performed using CEREAL (§ 3.4). In general, CEREAL found similar results, for the
sample covering the spectral types from O9 to A7, to those reported by Testi et al. (1999).
The results of CEREAL mostly agreed with the spectral type limit defined by Testi et al.
(1999), that stars earlier than B7 could possibly have a cluster around them and that stars
later than B7 were not associated with a cluster. However, an important difference in the
re-analysis was that CEREAL was able to find clusters around 4 A-type stars. These 4
stars were included in the sample from Testi et al. (1999), and these stars were considered
in their analysis to be either in a small aggregate or to be background stars (see figure
3.14). The difference between the assessment of the A-type stars made by Testi et al.

(1999) and by CEREAL might be due to the selection of a larger radius around the central
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sample (by CEREAL) or it could be because the A stars were not the most massive objects
in their clusters, which means they were not at the centre of their cluster. This analysis
performed with CEREAL has proved that it was possible to find more clusters around the
same objects in the sample from Testi et al. (1999), by using the data from Gaia DR2 and
large cone search around the HAeBe stars, further demonstrating the value of CEREAL for

searching for clusters around HAeBe stars.

Chapter 4: Cluster properties of the Herbig Ae/Be stars

The work described in chapter 4 investigated the influence that certain parameters, such
as the parallax and G magnitude, could have had on the cluster classification found for
each of the HAeBe stars, specifically the B and A stars, using CEREAL. This chapter also
investigated if there was a difference between the clustering fractions of the B and A type
stars; this investigation also considered whether the spectral type of the HAeBe star had
any influence on its position within its cluster.

The analysis of the relationship between the spectral type of the targets and their
parameters, such as parallax (§ 4.1) and G magnitude (§4.2), showed that the objects that
were not found to be in clusters were distributed over the full range of parallax and G
magnitude. In addition, the fraction of stars found not to be in clusters appeared to be
constant, within their error bars, across the whole range of these parameters.

This contrasted with the stars that were classified by CEREAL to be in, or potentially
be in a cluster; these stars appeared to be preferentially distributed within specific ranges
of both parallax (0 to 7 mas) and G magnitude (6 to 18 mag). The apparent preferential
ranges were then studied in greater detail to interpret if this observation was due to
the presence of biases within the sample; the effect of these potential biases could then
be evaluated by producing sub samples where only the objects within specific ranges of
parallax (1 to 6 mas), G magnitude (7 to 17.5) and the combination of both (§4.3) these
selections were included. These particular ranges in the parameters were chosen through
a careful consideration of the nature of the B-type and A-type stars and the limitations
and the quality of the Gaia DR2 data.

For parallax, the B stars in general tended to be located at larger distances than the
A stars. For HAeBe stars that had G magnitudes brighter than 6 mag it was not possible

to find clusters around them. This limitation could have been due to the nature of bright
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stars, that they were so bright that they obscured their neighbours; therefore, it was not
possible to observe any low mass companions for these bright objects even if they existed.

After these selections were made, statistical analysis on the parallax and G magnitude
distributions of the B and A stars (that were found to be in, or to not be in clusters) was
performed using a KS test. The results of this analysis showed that the distribution of
the stars found to be in and found not to be in clusters appeared to be drawn from similar
distributions and could therefore be compared to each other; this result was found for the
whole sample and the samples of B and A stars.

In the analysis of the clustering fractions by spectral type that then followed, the
fraction of the B and A type stars that were found to be in clusters appeared to be evenly
distributed across all the sub spectral types, within their error bars. This analysis did not
find any difference between the fraction of B and A stars that were found to be in, or not
in a cluster and they appeared to be similar (§4.4).

Further analysis in chapter 4 then studied in more detail the possible effect that the
spectral type, even the sub spectral type, could have on the position where the HAeBe
star was within its cluster (§4.4.1). This analysis concluded that the B stars in clusters
tend to be at the centre of their clusters. Being in the center of their clusters could then
be interpreted as meaning that the B stars were likely to be the most massive objects in
their clusters. In contrast to the results observed for the B stars classified to be in clusters
by CEREAL, the A stars tended to not be in the centre of the clusters. This was interpreted
as meaning that, in general, the A stars classified as yes were part of a sub cluster. This
conclusion was further supported by the fact that most of the A stars in the sample, that
were found to be in clusters, were located in either known star forming regions or known
clusters. For example, a comparison of the A type stars found to be in clusters by CEREAL
with SIMBAD showed that 6% of these were found to belong to a known cluster.

Further to the comparison of the B and A type stars, this analysis was then extended
to consider the sub spectral types within these. This sub spectral type analysis showed
that for B stars across all their sub spectral types the B stars tended to be at the centre
of their clusters (§4.4.2). When this analysis was carried out for the A stars, again there
seemed to be no sub spectral type dependence with the A stars across all sub spectral
types in generally being found to not be in the centre of their clusters; the conclusion

from this was that for all sub spectral types A stars were part of a sub cluster.
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Comparing the results of this sub spectral type analysis with that of Testi et al. (1997)
showed significant disagreement. In this work clusters were found around B stars over the
whole range of sub spectral types, not just for objects of type B7 and earlier as was found
by Testi et al. (1997). Unlike the A stars, which were found to be in sub clusters rather
than being the centre of their own clusters, the result that clusters were found around late
type B stars was not caused by these not being the centre of their own clusters. This work
instead found an almost uniform distribution of the fraction of stars found to be in clusters
around B types stars across all sub spectral types, and these B stars were additionally
found to be at the centre of their own clusters. This result could potentially be due to
the larger search radius utilised in this work, compared to the work of Testi et al. (1997),
along with the more detailed astrometric data from Gaia DR2 available during the current
work that was not available to Testi et al. (1997).

In addition, CEREAL found clusters around A type stars where Testi et al. (1997) did
not find any. This result could be due to a combination of CEREAL searching larger areas
around the HAeBe stars, along with the fact that the A stars found to be in clusters in
this work, were not found to be at the centre of their own clusters, for all sub spectral
types. The work of Testi et al. (1997) assumed that HAeBe stars would be at the centre
of their own clusters and this combined with a narrow search radius may have prevented

them observing the clusters, that the A stars were found to be part of here.

Chapter 5: Cluster formation around B stars: observations versus theory

In Chapter 5, a comparison between the theoretical models, which simulated how stars
were formed within stellar clusters, and the cluster found around the HAeBe stars by
CEREAL was carried out. The aim of this comparison was to evaluate whether the clusters
around the massive stars, in this sample, appeared to follow either of these models.
Prior to the comparison with the models, a small pre-selection was carried out, using
the condition that the B stars to be considered had to be located at the centre of their
clusters (§4.4 and 4.4.2). The rolling window method was used to assign a cluster radius
for all the HAeBe stars considered in this analysis (§ 2.2.1 and §5.2.1). These radii are
expected to be sufficiently large to include most of the objects within the clusters. At a
larger radius, the source counts are dominated by Galactic background/foreground stars;

and, at smaller radii the effects of cloud extinction can be seen, as stellar surface densities
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decrease with decreasing radial distance, but still the source counts begin to increase with
decreasing radial distance due to the presence of small stellar clusters near the centre
(Hillenbrand et al., 1995).

The number of stars in each cluster was then calculated from the number of objects
found within this radius. To allow for comparison with the models the number of objects
in these clusters needed to be converted into their stellar densities. When the stellar
density for each cluster was calculated it was important to consider the impact of the
minimum mass limit observed for each of the clusters. This minimum mass limit leads
to a significant underestimation of the true stellar densities of the clusters, due to the
observational inability to detect very small and faint objects. These missing objects were
corrected for using the IMF to evaluate what the stellar density of the complete cluster
would be. These corrected stellar densities could then be compared to the theoretical
models of massive star formation, the stellar densities calculated with the IMF correction
had an average of 194 stars/pc® compared to only 30 stars/pc? stars prior to this correction;
this showed that under 16% of the low mass companions assigned to the HAeBe stars
in clusters were observed. The numerical simulation to which the results of this analysis
were compared were carried out by Bonnell et al. (2003). These simulations followed
the fragmentation of a turbulent molecular cloud, and then the subsequent formation and
early evolution of a stellar cluster (§5.2.7).

The comparison of the stellar densities of the clusters found around the B stars by
CEREAL with the theoretical models (§ 5.2.7) did not provide any definite conclusion about
the formation of massive stars and their clusters. This was because the B stars in this
sample did not appear to follow either the hierarchical or the monolithic models. The
star formation simulations from Bonnell et al. (2003) show a rapid increase in the stellar
density as a function of age (from ~102 stars/pc? to ~10° stars/pc®) and monolithic model
(from ~102 stars/pc® to ~10% stars/pc) which was not observed for the clusters found
around the B stars by CEREAL. The stellar densities found by CEREAL appeared to be
relatively flat at early ages (<7.5x10° yr) before beginning to fall at later ages (>2.0x10°
yr). For the stellar densities found by CEREAL at early times there was a larger variance in
stellar densities (3.1x10" - 8.8x10? stars/pc?®; <7.5x10° yr ) than at later times (1.7x10! -
1.1x102 stars/pc3; >2.0x10° yr). The general trend for stellar density to fall with age after
appears in line with that observed by both the monolithic (after 4.0x10° yr) and hierarchical
(after 2.5x10° yr) models in Bonnell et al. (2003). This lack of perfect agreement with the
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models still appears to be there once a correction for the free-fall time included in the
models was applied to the ages of the results found by CEREAL.

Although, there is not a perfect agreement with either of the models, some of the
expectations from both models are observed in the analysis of this sample of B stars.
The observation of some of the predictions from both models may open up the possibility
that some aspects of both models may have been present in the evolution of the clusters
observed in this work. It might be that by considering a combination of both of the models
it will be possible to explain the formation of massive stars and their clusters (Rivilla

et al, 2013; Smilgys & Bonnell, 2017, references therein).

6.1 Future work

This section presents ideas for future work that could be carried out, to further the work
described in this thesis; this section will also mention potential improvements to the
methods described earlier, that could further increase the impact of this methodology in

any future work.

Chapter 2: ClustER detEction ALgorithm: CEREAL

CEREAL was created as a tool to assess the presence of clusters around HAeBe stars.
During this thesis the ability of CEREAL was tested, by first analysing a sample of known
clusters (§ 2.2) and then a sample of known HAeBe stars (§3). The results of both these
studies demonstrated that CEREAL was a good tool for analysing the presence of clusters
as it produced similar results for the same samples when compared with several other
studies such as Canovas et al. (2019); Gaia Collaboration et al. (2017); van Leeuwen
(2009).

However, there are a few improvements to the algorithm that could further increase
the power of CEREAL as a tool for detecting clusters. For example if a definition for what
a cluster is and what the indicators might be observed when a cluster is present are pre-
defined, prior to using CEREAL to perform the cluster analysis, differences in classifications
(by different users) could potentially be avoided.

The introduction of this concept could make this algorithm more accessible to all of

the scientific community (and it would also require less prior knowledge to use it) and this
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could potentially allow it to be used more easily for analysis around other types of stars;
whilst simultaneously, reducing variances in the results that CEREAL would produce, due
to different user’s individual selections.

A further improvement to CEREAL that could be considered would be the inclusion of
a fitting function to the density profiles in the analysis. This function could then be used

as a first estimation of the possible cluster radius.

Chapter 3: Presence of clusters around Herbig Ae/Be stars

The classification system (yes, maybe or no) was created for CEREAL; when this clas-
sification system was used, in the analysis of a sample of 269 HAeBe stars, 41 (15%)
stars were found to be in clusters (classified as Yes), 35 (13%) stars were found to be
potentially in a cluster (classified as Maybe) and 193 (72%) stars were found to not be
in clusters (classified as No).

No further analysis was made for the 193 (72%) stars classified as No by CEREAL
(appendix E), because that analysis would have been beyond the scope of the present
work. A further study of the stars not found to be in clusters could represent an important
extension to the work included in this thesis. A detailed analysis focused on these objects
could be carried out to determine if these HAeBe stars are indeed not in clusters, are
isolated HAeBe stars, or if they are in a cluster that CEREAL was not sensitive to either
due to the nature of the data available at the time, or the nature of the HAeBe stars
themselves.

The sample of 144 stars in common to not be in a cluster by both CEREAL and the
DCAs would provide a good starting point for further analysis of this kind in combination
with newer Gaia data releases.

The comparison of the cluster classifications found by CEREAL and the DCAs produced
two catalogues of HAeBe stars found to be in clusters (Gold and Silver). The gold
catalogue contained all those objects found by both and the DCAs to be in clusters, the
silver catalogue contained those objects that were a mix of yes and maybes. The gold
and silver catalogues contain 28 and 23 stars, respectively, these stars would make an
excellent staring point in the future study of cluster members around HAeBe stars.

To increase the statistics on the fraction of HAeBe stars found to be in clusters, would

require analysis of a larger sample of stars. This increased sample could be obtained
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from Vioque et al. (2020), which found 8470 new pre-main sequence candidates of which
at least 1361 sources were potentially new Herbig Ae/Be candidates according to their
position in the Hertzsprung-Russell diagram (see figure 1.5). In addition, the use of more
accurate data, which will likely be available through future Gaia data releases, will allow

improved analysis of the clustering properties of Herbig Ae/Be stars with CEREAL.

Chapter 4: Cluster properties of the Herbig Ae/Be stars

The analysis performed with CEREAL has produced the first catalogue of Herbig Ae/Be
stars to be classified as being part of a cluster by using a homogeneous data set and
methodology. However, a full characterization of the cluster members within the 76 clus-
ters around the Herbig Ae/Be stars was not carried out.

In order to fully characterize these cluster members it would be first necessary to
carry out a homogeneous spectroscopic study for both the HAeBe stars and their possible
cluster members; this was beyond the scope of the work carried out here, but would
represent a valuable research area for further study.

Therefore, a multi-wavelength study of a large samples of objects would improve the
knowledge of them and the areas they form in (Rivilla et al, 2013). A multi-wavelength
study could also help understanding, from an observational perspective, of how these
clusters are formed and provide insights that are currently missing about the formation of
massive stars. In addition, a multi-wavelength study would help in the characterization
of these clusters, by using a combination of their photometric data to fit isochrones to
calculate the age and mass of the sample and also this would allow for the estimation of
their extinction.

An example of isochrone fitting is shown in figure 6.1. This shows the colour-magnitude
distribution of two known clusters and two Herbig Ae/Be stars classified by CEREAL and
a test fitting the isochrones from MIST (Dotter, 2016) and PARSEC (Bressan et al., 2012;
Marigo et al, 2017) to these.

Additionally, a sample of the HAeBe stars, which include HD245185, MWC1080 and
UYOri, found in clusters have been observed with the spectrograph Boller & Chivens
located in the San Pedro Martir National Astronomical Observatory in Mexico. This

provided low resolution spectra (R ~1000) from approximately 3900 to 7100 A. This
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represents the beginning of the characterization of the clusters found for HAeBe with

CEREAL that is required and this represents an important area for future work.

Chapter 5: Cluster formation around B stars: observations versus theory

More studies should be made around Herbig stars to have a better understanding of the
formation of those objects and their clusters. A starting point could be the 26 B stars that
were found to be in a cluster by CEREAL that have not yet been associated with a known
star formation region.

Additionally, further investigations should be made to test whether it is possible to
combine both models to explain the formation of massive stars in clusters (Peretto et al,,
2006; Rivilla et al, 2013). A recent model that could be used for this analysis is the the
numerical simulation proposed by Arnold et al. (2022).

Further work is required to bridge the gap between the results observed here and the

current theoretical predictions of massive star formation.

6.2 Closing remarks

In conclusion, this thesis presents an assessment of the presence of clusters around a
sample of previously known Herbig Ae/Be stars using astrometric data from Gaia DR2.

The analysis was carried out with CEREAL, which is a novel clustering algorithm de-
veloped in this work. This algorithm was able to find clusters around 76 Herbig Ae/Be
stars, which increases the number of Herbig Ae/Be stars associated with clusters from the
previous studies (Testi et al, 1999). These clusters represent the first homogeneous clas-
sification made for this type of stars using a single dataset. Also, comparison of CEREAL
with other clustering algorithms and previous studies has demonstrated that CEREAL is
a simple, but powerful, algorithm that can find clusters, of any size, from any sample.
CEREAL, along with several examples of its use for cluster classification, is available from
https://github.com/yumiry/CEREAL.

Additionally, the analysis made in this thesis has shown that it is possible to find
clusters around all the sub-spectral type of B stars, which differs from the results found
by Testi et al. (1997, 1998, 1999) which found that clusters around HAeBe stars were

limited to the sub spectral types range from B7 and earlier. Another important difference
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6.2 Closing remarks

between the work here and that of Testi et al. (1997, 1998, 1999) is that CEREAL found
clusters around 4 A-type stars.

More detailed analysis of these observations and further work with the theoretical
models is needed to fully explain the formation of intermediate mass stars and their

clusters.
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Figure 6.1: Colour-Magnitude distribution of a sample of known clusters and Herbig
Ae/Be stars. The black filled points represent the stars selected by CEREAL and the light
blue and green dashed lines represent the different isochrones taken from MIST (Dotter,

2016) and PARSEC (Bressan et al, 2012; Marigo et al., 2017).
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Appendix A

CEREAL flow diagram

A schematic representation of the step-by step process on how CEREAL finds clusters

around the objects of interest using Gaia data describe in section 2.1.
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Appendix B

Quantitative analysis

This appendix contains the quantitative analysis introduced in section §2.2.1 for the other

known clusters studied in chapter 2 and a sample of Herbig Ae/Be stars.

30 method

As mentioned in section §2.2.1 finding a particular value for the cluster radius for the
known clusters and the Herbig Ae/Be stars was very difficult; it was not possible to find
only one cluster aperture that contained densities greater than the background at the 3¢
level. Figure B.1 and table B.1 show quantitative analysis for the known cluster Blanco 1
where the stellar density is significantly greater than the background density between the
distance of 1.16 and 3.87 pc, with approximately 34 possible cluster members observed.
A further example is also shown in figure B.2 and table B.2 where, the stellar density is
significantly greater than the background density between the distance of 1.49 and 3.97
pc, with approximately 35 possible cluster members observed.

The Herbig Ae/Be stars used in this analysis were taken from the catalogue of clusters
around Herbig Ae/Be stars presented in tables 3.1 and 3.2. The objects selected from
these tables were the B stars classified by CEREAL as yes (Y) and maybe (M).

As described in section §2.2.1, this study focused only on the use of the density
profiles to find the radius of the possible clusters around the Herbig Ae/Be stars. The
same procedure utilised in section §2.2.1 was applied to the study of the Herbig Ae/Be

stars previous classified as yes and maybe and this resulted in a reduction in the number
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of stars found with respect to those found in section §3.2.4. This reduction in the number
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Figure B.1: Background selection with Gaia DR1 data for the known cluster Blanco
1. Panel (A) shows the density profile obtained by CEREAL previously (dark blue filled
circles) where the possible location of background is shown in the red box. This area,
which starts at ~ 6pc, was used in the first evaluation of the background. Panel (B) is the
same density profile where the anticipated location of the cluster (light red filled circles)
and background (purple filled circles) are shown.

Table B.1: Cluster aperture and densities for the known cluster Blanco 1 with Gaia DR1
data

Area Cluster aperture Distance Number of Stars Density
pc? pc stars/pc2
(1) (2) (3) (4) ()
Background 366.28 4.26 3 0.01+ 0.004
Cluster 0.47 0.39 3 6.37 + 3.68
1.88 0.77 7 371 £ 1.41
423 1.16 14 3.3+ 0.88
7.52 1.55 16 212 £ 053
11.75 1.93 23 1.95 + 0.41
16.93 2.32 24 1.41 £ 0.29
23.04 2.71 29 1.25 £ 0.23
30.09 3.09 30 0.99 + 0.18
38.09 3.48 32 0.83 + 0.15
47.02 3.87 34 0.71 + 012

Columns (3) represent the distance from the centre of the cluster.
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Figure B.2: Background selection with Gaia DR1 data for the known cluster IC2602. See
description of figure B.1.

Table B.2: Cluster aperture and densities for the known cluster 1C2602 with Gaia DR1
data

Area Cluster aperture Distance Number of Stars  Density
pc? pc stars/pc—2
(1) (2) 3) (4) ()
Background 118.29 422 8 0.07 4+ 0.02
Cluster 0.19 0.25 1 51 £ 5.17
0.77 05 3 3.81 +£ 224
1.74 0.74 3 1.65 + 0.99
3.1 0.99 7 219 £ 0.85
4.84 1.24 9 1.79 £ 0.62
6.97 1.49 1 151 + 0.48
9.49 1.74 14 1.41 + 0.39
12.39 1.99 17 1.3+ 033
15.68 2.23 19 114 £ 0.28
19.36 2.48 22 1.07 + 0.24
23.42 273 23 091 +£0.2
27.88 2.98 25 0.83 +0.18
3272 3.23 29 0.82 + 0.16
37.94 3.48 32 0.78 £ 0.15
43.56 3.72 34 0.71 £ 0.13
49.56 3.97 35 0.64 +0.12

Columns (3) represent the distance from the centre of the cluster.

143



of stars was due to many of the objects analysed following section §2.2.1 did not meet the
condition of having a density that was considered to be sufficiently high, when compared
to the density of the background.

The analysis described in section §2.2.1 shows how difficult it was to determine a
radius for the known clusters, which in general have more stars within them than the
ones found in the clusters around the Herbig Ae/Be stars. It was also found during
the analysis of the HAeBe stars that they had multiple cluster apertures which met the
condition of being statistically significantly higher than the background density (3o level).
An example of the analysis carried out in this section is show in figure B.3 and table B.3
for the Herbig Ae/Be star V361Cep and figure B.4 and table B.4 for the Herbig Ae/Be
star ILCep. The result for V361Cep was that all the cluster apertures between 0.16 and
0.99 pc had densities statistically greater than the background; with the result for ILCep

being, that all cluster apertures larger than 0.35 pc were 30 over the background level.
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Figure B.3: Background selection with Gaia DR2 data for the Herbig Ae/Be star V361Cep.
Panel (A) shows the density profile obtained by CEREAL previously (dark blue filled circles)
where the possible location of the background is shown in the red box. This area, which
starts ~ 1pc, was used as a first approximation for the calculation of the background.
Panel (B) shows the same density profile where the estimated location of the cluster
(light red filled circles) and background (purple filled circles) are shown.
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Table B.3: Cluster aperture and densities for the Herbig Ae/Be star V361Cep with Gaia
DR2 data

Area Cluster aperture Distance Number of Stars  Density
pc? pc stars/pc—2

(1) (2) (3) (4) ©)

Background 15.58 1.07 27 173 £ 033

Cluster 0.02 0.08 4 187.62 + 93.81
0.09 0.16 10 117.26 + 37.08
0.19 0.25 18 93.81 + 22.11
0.34 0.33 21 61.56 + 13.43
0.53 0.41 21 394 £+ 8.6
0.77 0.49 21 27.36 = 5.97
1.04 0.58 22 21.06 + 4.49
1.36 0.66 23 16.86 £+ 3.51
173 0.74 24 139 + 2.84
213 0.82 25 1173 £ 235
258 0.91 26 10.08 + 1.98
3.07 0.99 27 8.79 + 1.69

Columns (3) represent the distance from the centre of the cluster.
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Figure B.4: Background selection with Gaia DR2 data for the Herbig Ae/Be star [LCep.
See description of figure B.3
Rolling window method

Following this, the same rolling window analysis that was carried out for the known
clusters (in section §2.2.1) was carried out for the sample of HAeBe stars here. In the

rolling window analysis the sum of the objects and ring areas in the original density
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Table B.4: Cluster aperture and densities for the Herbig Ae/Be star ILCep with Gaia DR2
data

Area Cluster aperture Distance Number of Stars  Density
pc? pc stars/pc—2
) 2) G) (4) ()
Background 16.5 1.0 14 0.85 £ 0.23
Cluster 0.02 0.08 3 136.57 £ 79.34
0.09 017 7 79.31 £ 303
0.2 0.25 8 39.87 £ 14.4
0.35 0.33 12 3351 £ 9.92
0.55 0.42 15 26.63 + 7.1
0.79 0.5 19 2333 £ 555
1.07 0.58 23 20.65 + 4.48
1.4 0.67 25 17.04 + 3.58
1.77 0.75 29 15.55 + 3.05
218 0.83 32 13.81 + 259
2.64 0.92 32 11.27 + 214

Columns (3) represent the distance from the centre of the cluster.

profiles that fell within the windows were added and used to calculate new densities for
the window region; this window was then moved across the density profile to produce a
new density profile. The window is defined by a window size (between 1 and 10) that
refers to the number of the ring areas from the original density profiles that are evaluated
within the window. For example with a window size of 5 the rolling window starts with the
sum of the first five ring areas in the original density profiles then the window is moved
along the original density profile away from the start, adding in the next ring area and
removing the last ring area in the window. The use of larger window sizes (a window size
of 1 reproduces the original density profiles) provided larger ring areas and higher counts
reducing the statistical uncertainties in the densities. However, larger window sizes do
reduce the resolution of the resultant density profiles.

Windows of size 1 to 10 were passed over the data and the location of all the point
to rise 2 and 30 over the background density are presented in table B.5; the values
highlighted show the clusters radius select for each object. Figure B.5 shows an example
of the new density profiles generated for the HAeBe stars V361Cep and ILCep; the location
of all the points that rise 2 and 3 sigma over the background density is given by a red

full point and open black squares, respectively, when these occurred.
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Table B.5: Windows of size 1 to 10 passed over sample of Known clusters and Herbig Ae/Be stars.

Star CEREAL Distance Sigma Level Count Distance Sigma Level Count Distance Sigma Level Count Distance Sigma Level Count Distance Sigma Level Count
Class pc Num Stars  pc Num Stars  pc Num Stars  pc Num Stars  pc Num Stars
Window 1 Window 2 Window 3 Window 4 Window 5
(1) @) @) (4) (5) (6) @) 8) (9) (10) (11) (12) (13) (14) (15) (16) (17)
A0974-15 M
AS310 M 0.39+0.04 232 6 0.43+0.09 222 6 047+0.13 234 7 0.52+0.17 222 7
AlphaPer KC 2,67 +£033 3.47 20 2.84+£0.50 347 23 3.34+0.67 31 25
BD+30549 Y 0.21£0.13 312 10 0.26 £0.17 310 10
Blanco1 KC 0.97+0.19 3.23 1 2.32+039 328 13 2.51+0.58 3.28 14 2.71+£0.77 342 16
GSC5360-1033 M 0.214+0.14 2.09 5
HD36982 M 0.68£0.00 210 6 0.73+£0.04 238 9 0.77£0.09 223 10 0.64+0.13 3.04 15 0.60£0.17 321 17
HD37371 M
HD46060 M 1.32+0.04 204 8 0.85+£0.09 229 9 0.90+0.13 242 " 1.19+0.17 201 12
HUCMa M 1.054+0.00 264 " 1.09+0.04 231 13 1.13+0.08 218 16 1.17+£0.12 222 20 1.13+0.16 210 22
Hen3-949 Y 0.89+0.13 3.04 13 0.94+0.17 318 15
1C2602 KC 1.12+0.12 218 6 2.23+£025 209 8 3.35+£037 204 " 1494+ 050 3.14 14
ILCep Y 0.42+£0.08 319 12 0.63+0.13 3.07 13 0.75+0.17 3.1 15
LKHa338 M 0.92+0.00 208 6 1.13+£0.04 224 9 1.094+£0.08 252 12 1.05+0.13 3.26 18 1.01+£0.17 335 20
LkHa324 Y 0.47+0.13 3.14 12 0.561+£0.17 3.02 12
MWC137 M 1.03+£0.08 227 9 1.07+£0.12 221 10 1.10+0.16 252 13
NGC6475 KC 2.61+£0.00 255 8 2.80+0.19 3.13 13 2.99+0.37 3.00 14 2.80£0.56 3.14 16 3.36+0.75 3.16 19
V361Cep Y 0.29 +0.04 3.19 1 0.33+£0.08 325 12 0.37+0.12 313 12 0.41+0.16 331 14
V373Cep Y 0.29+0.07 3.13 1 0.33+£0.11  3.04 " 0.36 £0.15 3.09 12

- Column 2: Y stars classified as yes and M stars classified as maybe, both by CEREAL; KC = KnownCluster.
- Bold values represent the cluster radius used for the analysis in this work.
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Table B.6: Continued table B.5

Star CEREAL Distance Sigma Level Count Distance Sigma Level Count Distance Sigma Level Count Distance Sigma Level Count Distance Sigma Level Count
Class pc Num Stars  pc Num Stars  pc Num Stars  pc Num Stars  pc Num Stars
Window 6 Window 7 Window 8 Window 9 Window 10
(1) @) @) (4) 5) (6) 7) (8) ©) (10) (11) (12) (13) (14) (15) (16) (17)
A0974-15 M 0.34+0.26 2.27 7 0.39+£0.30 215 7 043+0.34 202 7 047+0.39 210 8
AS310 M 0.56 +£0.22 209 7 0.60+£0.26 217 8 0.654+0.30 202 8 0.52+0.34 232 3 0.56+0.39 218 9
AlphaPer KC 3.51+£083 343 31 3.67+£1.00 295 31 3.514+1.17 359 38 4.01+1.34 319 4 4174150 3.04 44
BD+30549 Y 0.73+0.21 3.09 1 0.86£0.26 3.01 " 0.814+0.30 330 13 0.86+0.34 324 13 0.90+0.39 318 13
Blanco1 KC 290+097 354 18 3.09+1.16 363 20 3294135 345 20 3.48+1.55 339 21 3.68+1.74 318 21
GSC5360-1033 M 0.254+0.18 203 5
HD36982 M 0.73+£021 323 20 0.94+£026 3.03 23 0.90+0.30 3.29 26 1.03+0.34 3.16 29 1.07+0.38  3.08 31
HD37371 M 0.67+0.36 2.15 8
HD46060 M 1.154+0.21 219 14 1.114+0.26 254 17 1.07 £0.30 3.02 21 0.60+£0.34 3.07 17 0.64+£0.38 316 19
HUCMa M 1.09+£0.20 219 25 0.81+0.24 3.16 29 0.77+£0.28 324 31 0.81+£0.32 3.07 33 0.85+0.36  3.00 36
Hen3-949 Y 0.98+021 315 16 1.02+0.26 312 17 1.07+0.30 3.08 18 1.114+0.34 3.03 19 0.98+0.38 3.06 19
1C2602 KC 1.61+0.62 327 16 1.744+0.74 351 19 2.61+087 316 21 2.73+0.99 319 23 285+1.12 3.07 24
ILCep Y 0.79+0.21 3.06 16 0.84+0.25 3.01 17 0.794+029 321 19 0.92+0.33 3.01 20 0.88+0.38 3.21 22
LKHa338 M 1.054+0.21 3.07 20 1.094+0.25 3.06 22 1.134+0.29 3.05 24 1.17+0.34 3.02 26 1.13+0.38 3.28 29
LkHa324 Y 0.55+0.21 3.04 13 0.60£0.26 3.05 14 0.724+0.30 3.0 16 0.77+0.34 3.08 17 0.72+0.38 332 19
MWC137 M 1.14+0.20 225 13 1.18+0.24 252 16 1.22+0.28 243 17 1.26+£0.32 215 17 0.75+0.36 3.16 19
NGC6475 KC 3.55+0.93 314 21 336+1.12 327 23 3.92+1.31 3.04 25 3.73+1.49 318 27 3.55+1.68 3.46 30
V361Cep Y 0.45+021 332 15 0.49+£0.25 331 16 0.54+0.29 343 18 0.58 +£0.33 3.26 18 0.62+0.37 321 19
V373Cep Y 0.33+£0.18 322 13 0.36£0.22 310 13 0.474+0.25 3.00 14 0.51+0.29 3.01 15 0.47+0.33 314 16

- Column 2: Y stars classified as yes and M stars classified as maybe, both by CEREAL; KC = KnownCluster
- Bold values represent the cluster radius used for the analysis in this work.
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Figure B.5: Density profile created with different window of sizes for the Herbig Ae/Be
stars V361Cep (top panel) and ILCep (bottom panel). Each panel show the density profile
created with the different window of sizes from 1 to 10. The red full points and open black

squares show the location of the all the points that rise 3 and 20 over the background,
respectively.

For the stars found as yes in general for window sizes over 4 the new density profile
had regions that rose 30 over the background level. For the stars found as maybe the
majority had regions that rose 3o over the background level for window sizes greater than
7. Although for some stars found as maybe (e.g HD37371) even with window sizes of 10
there were no points found that rose 30 over the background density with this method.
For most of the HAeBe stars evaluated here the location of the first point to rise 30 above
the background was dependent on the window size used.

Evaluation of the window size dependence of the cluster radii assigned here was

carried out in the same manner as was described in section §2.2.1 for the known clusters.
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Where the change in cluster radius position with window size did not lead to a significant
change in the cluster radius within their combined errors, the radius assigned from the
smallest window size to generate points that rose 30 over the background was used to
assign the cluster radius. When step changes in the cluster radius with increased window
size led to a change in the cluster radius that was greater than the combined errors
(see figure B.6) the cluster radius was assigned using the smallest window size after the
change to a new consistent cluster radius had been reached. For example, for Herbig
Ae/Be stars BD+3549 for window sizes 4 and 5 find a small cluster radius associated
with the initial region closest to the central star with larger window sizes (6 and larger)
finding a region of density at a larger region that also then meets the criteria of being 3¢
over the background. Therefore, for BD+3549 the window size of 6 was chosen to assign
the cluster radius.

The cluster radii assigned using this rolling window method vary greatly in size and
range between 0.2pc and ~3pc. The lower limit for the cluster radii found here agree with
previous values from the literature that have been used to study clusters around HAeBe
stars by Hillenbrand et al. (1995, 0.15pc) and Testi et al. (1997, 1998, 1999, 0.2pc). In

these works the values for the cluster radius were chosen such that they were considered
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Figure B.6: Cluster radius assigned for the different window sizes for the Herbig Ae/Be
stars BD+30549. The figure show the different window sizes from 1 to 10 versus the
cluster radius find for each window size.
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to be large enough to capture all the important objects around the main star allowing the
study of both poor and rich clusters. For the known clusters studied here, the upper limit
of the cluster radius found here were comparable to the values found by Comez et al.
(1993) which found stars within 0.5 - 1pc (Testi et al, 1997, and their references). This
range of cluster radii should allow for the inclusion of most of the central objects within
the target clusters.

It is important to consider the impact that the size of the cluster radius values will
have on the subsequent calculations, where a larger cluster radius is used, it means that
more objects will be included in the clusters than would have been included had a radius
as the ones reported in the literature been chosen. The inclusion of a larger number of
objects in the clusters will not necessarily lead to an increase in the assigned stellar
densities. This is because increasing the cluster radius increases the cluster volume by
the cube of this, for example increasing the cluster radius by a factor of 2.5 increases the
volume by a factor of 15.6. Therefore, it is likely that despite additional objects being
captured using the larger radii found in this analysis, the stellar density assigned to the
cluster here will be reduced (chapter §5). Table B.7 shows the number of stars found for
the sample of HAeBe stars using the cluster radius assigned in this work and those used
by Hillenbrand et al. (1995, 0.15pc) and Testi et al. (1997, 1998, 1999, 0.2pc).

CEREAL also re-analysed the sample of the Herbig Ae/Be stars that were found to
have a sufficiently high density compared to the density of the background and compared
these with the original results found previously for the same stars. The classification
made by CEREAL assigned a flag of yes (Y) or maybe (M) if the star was considered to be
in a cluster or potentially in a cluster, respectively. The comparison show that the main
difference between both methods was in the number of stars found by each analysis. In
this comparison, CEREAL originally found 14 stars classified as yes and 1 star as maybe

and the quantitative analysis found 6 stars classified as yes and 9 stars as maybe.
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Table B.7: Number of stars found by each cluster radio

Number of Stars This Work  Testi et al. (1997) Hillenbrand et al. (1995)
Cluster Radio This Work 0.2 pc 0.15 pc
A0974-15 0.344 3 2 2
AS310 0.387 8 3 3
BD+30549 0.729 15 6 5
GS(C5360-1033 0.213 4 4 2
HD36982 0.641 18 3 2
HD37371 0.672 5 1 1
HD46060 1.067 24 5 4
HUCMa 0.808 21 1 1
Hen3-949 0.895 16 1 1

ILCep 0.627 27 9 6
LKHa338 1.048 27 3 3
LkHa324 0.468 15 5 4
MWC137 0.75 1" 1 0
V361Cep 0.288 16 8 4
V373Cep 0.291 4 1 0
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Appendix C

Stellar parameters of the Herbig

Ae/Be stars

This appendix contains the stellar parameters for the sample of 269 HAeBe stars intro-
duced in section 3.1.

Tables C.1 to C.11 contain the following parameters of the HAeBe stars: right as-
cension, declination, spectral type reported by Chen et al. (2016, flag C) and Vioque
et al. (2018, flag V), parallax, proper motions in RA and DEC, G magnitude, B,-R,, colour,
distance reported by Vioque et al. (2018), flag showing whether it was classified by The
et al. (1994) as a HAeBe star, and flags showing whether the object was in the Chen
et al. (2016, C) or Vioque et al. (2018, V) catalogues.

The stars with distance values reported in this table were those that had data from
Gaia DR2. These distances were not obtained by inverting the parallax since this con-
version is not trivial (Bailer-Jones, 2015; Vioque et al, 2018).

Instead, Vioque et al. (2018) followed the method of Luri et al. (2018) on how to manage
the parallax from Gaia, and estimated the distance by applying a simpler exponentially
decreasing prior. For more information about how to estimate the distance using Gaia
DR2 data please see Vioque et al. (2018, references therein).

In addition, tables C.12 to C.17 show more information about the sample of HAeBe
stars, such as their luminosity class which was obtained from SIMBAD (flag S), Fairlamb

et al. (2015, flag F), Wichittanakom et al. (2020, flag W), their mass and age reported by
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Vioque et al. (2018) and the search radius angle used to select the data from the Gaia
archive, described in § 2.1.1.

Vioque et al. (2018) calculated the mass and age of the HAeBE stars by assigning
the two closest isochrone points in a HRD. The value was then estimated by assigning
the average value weighted by the distance to these points. This used hundred PARSEC
isochrones with solar metalicity (Bressan et al, 2012; Marigo et al, 2017) from 0.01 to
20 Myr. Additionally, the uncertainties of the mass and age were derived from the error

bars in their HRD, keeping a minimum error of 5% (Vioque et al, 2018).
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Table C.1: Stars parameters of the Herbig Ae/Be stars

Star RA DEC SPT w Lax 145 G B,-R, Distance The et al. (1994) flag Catalogue flag
h:m:s deg:m:s mas mas gr’l mas gr’1 mag pc

A0974-15 05:06:5550 -03:21:13.0 B3  2.51+£0.04 1.05+£007 -1.16+005 127 167  397.653 cv
ABAur 04:55:45.90 +30:33:040 A0  6.14£0.06 3.93+0.1 ~24.11£0.07 7.08 028  162.97%% Yes cv
AKSco 16:54:44.80 -36:53:190 F5  7.11+£0.06 -84+0.12 —2027+0.08 928 095 1406729 cv
AS310 18:33:21.20 -04:58:060 B1  0.39+£0.05 —0.18+0.07 —2.87+0.07 1239 145  2108.4725% Yes cv
AS470 21:36:1420 +57:21:31.0 A0 0.14£0.03 -222+0.06 -125+005 1217 135  4039.6755 7 cv
AS477 21:52:3410  +47:13:440 A0 1.29£0.03 -3.16£0.05 -292+0.04 100 068 7730725  Yes cv
BD+30549 03:29:19.80 +31:24:57.0 B8  3.38+£0.08 6.82+0.11 —945+0.08 1033 097 29547131 cv
BD+413731 20:24:1571 +42:18:01.3 B3 0.99£0.04 -2.53+£0.06 -—588+£0.05 9.84 017 100287537 v
BFOri 05:37:1330 -06:35:01.0 A7  2.57£0.05 0.88%0.1 0.46 £ 0.1 1036 056 38887125  Yes cv
BHCep 22:01:42.90 +69:44:36.0 F5  2.98+£0.02 9.65+003 -1.6+003 1117 095 335133 Yes cv
BOCep 22:116:5410 +70:03:45.0 F4  2.67+£0.02 504+£004 328+004 114 084 3745713 cv
BPPsc 23:22:2470 -02:13:41.0 G9  2.79+£0.39 454+0.76  —24.69+0.58 1128 136 34897517, cv
COOri 05:27:3830 +11:25:39.0 G5  247+£0.04 2.23+0.1 -2.21+£0.07 11.61 159 4040797 oY
CPM25 06:23:56.30 +14:30:280 B2  0.29+£0.07 —09+0.11 —097+£0.09 151 165 2128.9+2330 cv
CQTau 05:35:58.50 +24:44:540 F5  6.13£0.08 256+0.13 —26.03+£0.11 1045 114 163133 Yes cv
DGCir 15:03:23.80 -63:22580 B5  1.19+0.04 -226+0.05 -3.754+0.07 1271 198 8329731  Yes oY
DKCha 12:53:17.20 -77:07:11.0 A0 4.1+0.37 -1838+0.6 -3.58+0.53 1687 409 24297282  Yes cv
DWCMa 07:19:35.90 -17:39:180 B2  0.28+£0.04 -1.28+0.06 184+0.07 1292 232  25526130° cv
GSC1829-0331  04:30:50.29 +23:00:085 F1  8.05+0.16 11.85+0.33 —15.68+0.24 1499 3.75 C
GSC1876-0892 06:07:15.40 +29:57:550 B2  0.154£0.05 —0.33+0.09 —0.83+£0.07 1378 2.1 3001173882 oY
GSC3975-0579 21:38:0850 +57:26:48.0 A2  1.06+0.03 —2.58+0.06 -4.74+0.05 1149 051  9422%997 cv
GSC4805-1306  06:58:44.36 -03:41:10.0 09 1502 1.92 C
GSC4823-0146  07:08:38.80 -04:19:050 BO  0.12+0.05 —1.05+0.08 —0.17+0.07 1203 1.06  2887.915} cv
GSC5360-1033  05:57:49.50 -14:05:340 B5  1.65+0.03 —2.36+0.05 1.66+0.06 1382 161 60527392 cv
GSC5379-0359  06:49:58.60 -07:38:520 B9  0.75+0.02 -1.22+0.04 042+0.03 1324 112 131567351 cv
GSC5987-1399  07:31:48.80 -19:27:34.0 B ~74+38 61440 133 1.05 C
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Table C.2: Table C.1 continued

Star RA DEC SPT w Jhax 1b5 G B,-R, Distance The et al. (1994) flag  Catalogue flag
h:m:s deg:m:s mas mas yr—! mas yr—! mag pc

GSC5988-2257 07:41:41.00 -20:00:13.0 B3  —4.66+0.86 —514+1.13 3.11+1.11 16.0 172 98441201 cv
GSC5990-0021 06:48:41.70 -16:48:060 B9  0.88+0.02  —3.44+£0.03 5.08£0.03 1312 0.6 113007472 cv
GSC6542-2339  07:24:36.98 -24:34:47.4 09  1.12+0.11  —275+0.16 3.71+£0.19 1458 231  8465%97, cv
GSC6546-3156  07:24:17.60 -26:16:050 A0 0.7 40.02 —2.0840.03 2.1440.04 1438 113 1408.87551 cv
GSC8143-1225  07:59:11.60 -50:22:47.0 F3  259+0.02  —5.13+0.04 8.78+0.05 1283 127 3863121 cv
GSC8581-2002 08:44:23.60 -59:56:58.0 A5  1.79+£0.02 —81140.05 6.5+0.05 1072 038  557.671%5 cv
GSCB8645-1401 12:17:47.50 -59:43:59.0 F2  0.54+0.03 —6.39+£0.04 0.28£0.04 12.84 167 17767512 cv
GSC8993-0397 13:03:21.50 -62:13:26.0 B3 0.27+0.03 —6.98+0.04 —1.0+0.04 1274 079 2953473573 cv
GSC8994-3902 13:19:04.00 -62:34:100 B2  0.35+0.04 —43+£0.04  —1.824+0.04 1068 045  2393.7720C Yes cv
GUCMa 07:01:4951 -11:18:033 B2 2254204 —508+2.23 4.59+1.93 677 019 C
HBC1 00:07:02.60 +65:38:380 A5  0.16+£0.52 -7.6+£0.89  -10.82+£0.64 1598 274 76031132  VYes cv
HBC217 06:40:4220 +09:33:370 GO  143£0.04 —157£0.07 -3.68+£006 1185 079 6956125 cv
HBC222 06:40:51.20 +09:44:46.0 F8  1.41+£0.04 —247+0.06 -3.44+0.06 11.89 082 70637353 cv
HBC324 00:07:30.70 +65:39:520 A5  —0.27+0.47 1.56+0.74 -6.59+0.6 1535 147 8951773222  Yes cv
HBC334 02:16:30.71 +55:23:00.1 B3 0.53£0.03  —0.81+£0.06 —0.93+£0.07 1453 13 1774471371 Yes cv
HBC442 05:34:1420 -05:36:540 F8  2.5940.04  0.61+0.06 -0.28£0.07 1007 079  3857%%), cv
HBC694 20:24:2954 +42:14:020 A5 094043  —1.774+076 —7.1140.62 1722 164 67397135 Yes Y
HBC7 00:43:25.34 +61:38:233 B2  0.34+£0.02 —1.55+£0.03 -14£0.03 1302 18 2757.373%34 Vv
HBC705 20:51:0270 +43:49:31.0 BO  0.46+0.03 —08+0.04  —2.63+0.04 1348 223 206527525 Yes cv
HBC717 20:52:06.10 +44:17:160 F6  049+£0.12 -3.7£021  -286+021 129 187 1394972209 cv
HD100453 11:33:0550 -54:19:290 A9 9.6+£0.04  —36.93+£0.06 —6.08+£005 772 042 1042557 cv
HD100546 11:33:2530 -70:11:41.0 B9  9.09+0.05 —3859+0.08 —024+008 666 006 1100713  Yes cv
HD101412 11:39:44.40 -60:10:280 A0  243+0.03  —3.77+£0.04 —4.14+0.05 921 03 4113778 Yes cv
HD104237 12:00:04.90 -78:11:350 A4  9.23+0.06 —39.31+0.11 —6.21+0.08 654 039  108.4%}] Yes cv
HD114981 13:14:40.70 -38:39:06.0 B5 1.41+0.06 —124240.09 851+0.09 708 -0.03 7048%id cv
HD130437 14:50:50.20 -60:17:10.0 B8  0.57+£0.04 —3.79+0.04 —2.29+0.06 954 119  1653.27130% Ves cv
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Table C.3: Table C.1 continued

Star RA DEC SPT w Jha~ I G B,-R, Distance The et al. (1994) flag  Catalogue flag
h:m:s deg:m:s mas mas yr—! mas yr—! mag pc

HD132947  15:04:56.10 -63:07:53.0 A0  2.62+0.06 —6.924+0.07 —9.66+0.1 889 009 38167128  Yes cv
HD135344  15:15:48.42 -37:09:164 A0  7.37+0.08 —19.11+0.11 -23.14+0.08 851 073 1421129 Vv
HD135344B 15:15:4840 -37:09:160 F8  7.37+0.08 -19.11+£0.11 -23.14+0.08 851 073  1358%23 cv
HD139614  15:40:46.40 -42:29:540 A8  7.42+0.05 -18.0+0.12 —2534+0.08 821 035 1347118 cv
HD141569  15:49:57.70 -03:55:17.0 A0  9.04+0.04 —17.63+0.08 —18.95+0.07 709 016 1106105  Yes cv
HD141926  15:54:21.80 -55:19:440 B2  0.72+0.04 -3.11+0.06 —3.29+0.05 868 092  1338.27]%3 cv
HD142527  15:56:41.90 -42:19:240 F6  6.36+£0.05 -11.3+£0.09 —26.34+0.06 809 1.01  1573%19 cv
HD142666  15:56:40.00 -22:01:40.0 A8  6.74+0.05 -13.05+0.11 -22.16+£0.06 857 077  1483%19%  Yes cv
HD143006  15:58:36.90 -22:57:160 G6  6.02+0.15 —10.88+0.11 —20.96+0.06 9.89 1.1 166.1182 cv
HD144432  16:06:57.90 -27:43:100 A8  6.44+0.06 —1259+0.1 —244+0.05 81 055 1554122 Yes cv
HD149914  16:38:2860 -18:13:140 B9  6.3+0.08 —1391+0.16 —20.38+0.06 662 051  158.8132 cv
HD150193  16:40:17.90 -23:53:450 A0  6.63+0.07 —4.91+0.13 —19.09+£0.07 865 092 1508722  VYes cv
HD155448  17:12:58.80 -32:14:340 B9  1.02+0.06 1.99+0.1 -1.61+£0.07 872 012  953.9773%, cv
HD158643  17:31:24.95 -23:57:459 A0  8.15+0.3 1.6+0.49 —24.45+0.37 471 006 1228757 cv
HD163296  17:56:21.30 -21:57:220 A0  9.85+0.11 —7.61+0.15 —39.42+0.12 681 02 1015429 Yes cv
HD169142  18:24:29.80 -29:46:50.0 B9  8.77+0.06 -2.32+0.11 —37.8+£0.09 805 042 1140713 cv
HD17081 02:44:07.34 -13:51:31.6  B7  9.38+£0.37 -1061+£0.74 -2541£074 417 -016 106753 cv
HD174571  18:50:47.20 +08:42:10.0 B2  0.88+0.06 -1.17+0.1  —-1.64+0.09 873 079 109507737, cv
HD176386  19:01:38.90 -36:53:27.0 A0  6.28+0.06 4.16+0.11 —285+0.1 727 027  1592%%3 cv
HD179218  19:11:11.30 +15:47:150 A0  3.76+0.05 518+0.07  —20.82+£0.06 735 015 266.0722  Yes cv
HD199603  20:58:41.78 -14:28:595 A9  11.2+0.1 —5499+0.16 -1843+0.12 59 036 89314 cv
HD200775  21:01:36.90 +68:09:480 B2  2.77+£0.04 8.34+0.08 ~1.57£0.08 716 073 360810},  Yes cv
HD203024  21:16:03.05 +68:54:52.1 A5 10.5+ 1.4 —22+14 882 027 C
HD235495  21:21:27.50 +50:59:480 A0  1.91+0.03 1.95+0.06 —~1.73+0.07 959 044 5239739 cv
HD244314  05:30:19.00 +11:20:200 A1  2.3140.06 2.11+0.1 -2.13+0.08 1002 034  431.7575% cv
HD244604  05:31:57.30 +11:17:41.0 A0  2.37£0.06 0.73+0.09 -1.66£0.07 937 03 42067758 Yes cv
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Table C.4: Table C.1 continued

Star RA DEC SPT w fhax 5 G B,-R, Distance The et al. (1994) flag Catalogue flag
h:m:s deg:m:s mas mas yr—! mas yr—t mag pc

HD245185 05:35:09.60 +10:01:51.0 A0  2.32+0.11 0.34+0.14 -1.93+0.1 984 018 42867355  Yes cv
HD245906 05:39:30.50 +26:19:55.0 A6  0.67+£0.48 0.97+0.81 -3.57+0.72 1041 079 687553528 cv
HD249879 05:58:55.80 +16:39:57.0 B8  1.48+0.08 —0.84+0.13 —6.93+0.11 1063 006  669.0743 cv
HD250550 06:02:00.00 +16:30:57.0 B9  14+0.1  —059+0.13 —515+0.1 948 026 69717525  Yes cv
HD259431 06:33:05.20 +10:19:20.0 B6  1.38+0.05 -2.32+£0.08 -3.24+0.08 868 069 72097355  Yes cv
HD287823 05:24:08.00 +02:27:47.0 A0  2.78+£0.05 1.16+0.09 —0.27+0.07 969 024 35891137 cv
HD288012 05:33:04.80 +02:28:10.0 A0  2.52+0.06 1.95+0.1  0.33+£0.09 965 008 39587137 cv
HD290380 05:23:31.00 -01:04:240 FO  2.82+0.05 1.27+0.09 —0.52+0.07 1028 073 354317, cv
HD290409 05:27:0550 +00:25:08.0 B9  2.19+£0.08 0.64+0.14  1.21+0.12 995 017 4549727 oY
HD290500 05:29:48.10 -00:23:43.0 A2  2.28+£0.07 2.0+0.1 0.91 £ 0.08 1099 0.48 438373970 cv
HD290764 05:38:0530 -01:15:220 FO  2.51+£0.06 —0.28+£0.1 —0.68+£0.09 976 05 397.97124 cv
HD290770 05:37:02.40 -01:37:21.0 B9  25+0.07 —057+0.1 —0.72+0.09 921 0.1 39915578 cv
HD305298 10:33:05.00 -60:19:51.0 08  0.13+0.03 —4.52+0.05 2.0240.05 1078 039  4039.57 525 cv
HD313571 18:01:07.20 -22:15:040 B3  0.62+£0.08 —0.05+£0.09 -2.39+£0.07 967 09 1397.07375 \%
HD31648  04:58:46.30 +29:50:37.0 A5  6.18+£0.08 4.79+0.13  -2535+0.07 765 029  161.8%53 Yes cv
HD319896 17:31:05.80 -35:08:29.0 B4 0.72+0.06 0.26+0.08 —0.51+0.07 1066 1.04  12952%1%9 cv
HD323771 17:34:0460 -39:23:41.0 B5 0.91+0.06 1.4+0.16 —3.21+0.11 1098 061  1067.9+553, cv
HD34282  05:16:00.50 -09:48:35.0 A0  3.21+0.05 0.314+0.08 —0.99+0.08 987 028  3115%72 Yes cv
HD344261 19:21:53.54 +21:31:50.8 F2  3.33+0.04 24124004 11.23£0.05 1052 072  3005%32 v
HD34700  05:19:41.40 +05:38:43.0 GO  2.8+0.05 0.69+0.09 1.44+0.06 901 076  356.4%55 cv
HD35187  05:24:01.20 +24:57:37.0 A2  6.13+0.1 439+03  -25.83+0.19 84 035 163.0%)2 cv
HD35929  05:27:42.80 -08:19:39.0 A5  258+0.05 —1.28+01 -49+0.08 80 061 38747322  Yes cv
HD36112  05:30:27.50 +25:19:57.0 A8  6.24+0.07 3.59+0.11  -26.75+0.08 82 042  1603%3%5 Yes cv
HD36408  05:32:14.10 +17:03:29.0 B7  220+0.1 -529+0.18 -9.71+0.13 605 003 4351127} cv
HD36917  05:34:47.00 -05:34:15.0 A0  2.1+0.07 1.67+0.13 -233+0.11 794 039 474012} cv
HD36982  05:35:09.84 -05:27:532 B1.5 245+0.06 148+0.12 1.61+0.1 833 031  408.077%3 \%
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Table C.5: Table C.1 continued

Star RA DEC SPT w o~ 1t5 G B,-R, Distance The et al. (1994) flag Catalogue flag
h:m:s deg:m:s mas mas yr—! mas yr—! mag pc

HD37357  05:37:47.10 -06:4230.0 A0 1.27+0.3 0.59+0.6 0.2+0.55 8.85 0.2 649.67323%  Yes oY
HD37371  05:38:09.90 -00:11:020 B9  243+0.06 -0.0+0.09 -0.7+0.08 877 011 4113759 cv
HD37411  05:38:1451 -05:25:133 B9 ~1.6+14 -08+14 979 028 C
HD37490  05:39:11.10 +04:07:17.0 B3  3.16+£0.36 0.04+0.66  0.23+0.58 444 -0.02 31205725  Yes cv
HD37806  05:41:02.30 -02:43:01.0 B9  2.34+£0.06 4.37+0.09 ~1.324£0.09 786 018 42767158  Yes oY
HD38087  05:43:00.60 -02:18:45.0 B5 2.95+0.1 —0.79+0.14 -246+0.14 821 032  3381737¢ cv
HD38120  05:43:11.90 -04:59:50.0 AQ0  2.46+£0.08 0.39+0.1 -2.05+0.1 903 013 40507338 cv
HD39014  05:44:46.40 -65:44:080 A7  22.68+0.3 —28.83+0.73 7.08+0.74 423 033 441703 cv
HD41511  06:04:59.10 -16:29:040 A2  45+0.17 -595+039 —3.71+04 461 093 2222772 oY
HD45677  06:28:17.42 -13:03:11.1 B2  1.6+£0.06 1.32+0.09 1.7140.09 727 022 6205752 \%
HD46060  06:30:49.80 -09:39:150 B8  1.05+0.06 —3.63+£0.1  0.08+£0.09 876 045 93297708 cv
HD50083  06:51:45.80 +05:05:040 B3  0.9+0.05 —041+0.11 -179+0.1 6.82 021  1089.8*771 oY
HD50138  06:51:33.40 -06:57:59.0 B8 2.63+0.06 —3.68+0.1  3.86+0.1 652 017 379973 cv
HD53367  07:04:2550 -10:27:16.0 BO  7.77+£0.79 7.19+1.38 —7.04+121 699 075 12977157 Yes cv
HD56895B 07:18:31.80 -11:11:340 F2  6.05+0.05 1.38+0.07  5.05+0.06 831 053  1653%21 cv
HD58647  07:25:56.10 -14:10:440 B9  3.14+0.04 —496+0.06 —3.27+0.05 676 015 3185154 cv
HD59319  07:28:36.80 -21:57:49.0 B8  1.49+0.05 -3.82+0.06 —04+0.07 829 -008 66847328 \%
HD68695  08:11:44.60 -44:05:09.0 A0  2.53+0.04 —6.38+0.06 8.82+0.06 98 017 395775} cv
HD72106  08:29:34.89 -38:36:21.0 A0  0.03+0.83 -8.08+139 512+1.27 878 002 597.27;592 cv
HD76534  08:55:08.70 -43:28:000 B2 1.09+0.04 —568+0.06 561+0.06 828 026 91067235  Yes cv
HD85567  09:50:28.50 -60:58:03.0 B2  0.97+0.03 -846+0.05 577+0.05 843 042  1023.0*%%  Yes cv
HD87403  10:02:51.40 -59:16:55.0 A1  047+0.04 —6.88+0.08 3.95+0.08 922 013 190557233 cv
HD87643  10:04:30.27 -58:39:520 B3  0.01+£0.12 -7.84+0.19 854+0.18 874 141 201477353 \%
HD94509  10:53:27.20 -58:25:240 B8  0.51+0.03 -7.66+£0.06 2.56+0.06 913 008 1833771017 Yes cv
HD95881  11:01:57.60 -71:30:480 A0  0.84+£0.03 -8.99+0.06 1.22+0.06 818 033  11683*37 Yes cv
HD96042  11:03:4050 -59:25:59.0 B1  0.22+0.03 -7.01+£0.05 2.18+0.05 842 022 3100273503 @Y




091

Table C.6: Table C.1 continued

Star RA DEC SPT w Hax 145 G B,-R, Distance The et al. (1994) flag Catalogue flag
h:m:s deg:m:s mas mas yr—t mas yr—! mag pc

HD9672 01:34:37.88 -15:40:349 A1 17.52+0.1 94214019 —3.17+011 559 007 571793 Vv
HDY7048 11:08:0320 -77:39:170 A0 541+0.04 —2244+0.06 1.30.06 834 061 1848121 Yes cv
HDY8922 11:22:31.70  -53:22:11.0 B9  145+0.03 -8.66+0.05 082+0.04 671 018 6888725  Yes cv
HKOri 05:31:28.05 +12:09:10.1 A2 —2.2422 11421 11.29 0.84 C
HR5999 16:08:3430 -39:06:19.0 A7  6.21+£0.07 -895+0.15 —23.01+£008 787 082 1611729 Yes cv
HTCMa 07:02:4250 -11:26:120 A0  0.88+0.04 —3.88+£0.07 1.41+0.07 1174 077 112087852 Yes cv
HUCMa 07:04:06.70 -11:26:080 B8  0.83+0.04 —4.43+£0.07 1.58+£0.07 1166 052 117425073  Yes cv
Hen2-80 12:22:2320 -63:17:170 B5  0.71+0.38 0.83+0.71 1.12+£056 1278 149 753513597 cv
Hen3-1121  15:58:09.62 -53:51:184 B05 0.31+0.1 —2.72+0.14 -246+0.12 1268 157 1749972751 Vv
Hen3-1121S  15:58:09.66 -53:51:353 B0  0.55+0.17 —2.31+£0.27 —4.01+0.24 11.08 121  1149.47205¢ Vv
Hen3-1191  16:27:15.10 -48:39:26.0 B0  0.49£0.07 5.62=£0.08 2.52 % 0.06 13.08 166 166151207 Yes cv
Hen3-1475  17:45:14.18 -17:56:46.9 B7 1251 178 C
Hen3-373  10:10:00.30 -57:02:070 B2  0.4240.06 —529+0.11 291+0.11 1272 237 1925513338 cv
Hen3-823  12:48:4240 -59:54:350 B3 0.8+£0.07 —6.97+0.08 —0.59+0.09 1024 041 1166171107 Vv
Hen3-847  13:01:17.80 -48:53:19.0 B5  1.03+0.23 -853+0.35 5.41+0.28 1076 034 784871102 Yes cv
Hen3-938  13:52:4290 -63:32:49.0 09 0.1240.03 —9.09+0.04 —24440.05 1237 212  3851.6T 4100 cv
Hen3-949  13:57:44.00 -39:58:47.0 B3  1.55+£0.04 —947+£0.06 —0.66+0.06 1023 047 642527 cv
ILCep 22:53:1560 +62:08:450 B2  1.24+0.03 —0.76+0.04 —2.01+0.04 899 111 8052743  Yes cv
IPPer 03:40:47.00 +32:31:540 A6  3.25£0.08 6.73+£0.14  -9.71+£0.08 1029 054 307503  Yes cv
KKOph 17:10:08.10 -27:15:19.0 A5  4.52+0.14 1.89+0.25 —204440.15 1211 121 2211H%% Yes cv
LKHa260 18:19:09.40 -13:50:41.0 B6  0.77+£0.06 0.4+ 0.07 —1.48+0.06 1438 142 12345122 cv
LKHa338 06:10:47.13 -06:12:50.6 B9  1.124+0.04 —3.09+0.07 0.5+ 0.07 1418 201  884.67503 oY
LkHa208 06:07:49.50 +18:39:26.0 A7  1.49+0.2 —0.89+0.37 —7.28+0.33 1137 074 6272705, Yes cv
LkHa215 06:32:41.80 +10:09:340 B6  1.39+£0.04 —1.58+£0.09 —4.2£0.07 1051 115 7131552 Yes cv
LkHa257 21:54:1870 +47:12:090 B5  1.26+0.02 —2.694+0.03 —2440.03 1306 107  7938%1%¢  Yes cv
LkHa259 23:58:41.60 +66:26:13.0 A9  1.324+0.03 0.61+0.06 ~1.874+0.05 1426 264 75557292  Yes oY




191

Table C.7: Table C.1 continued

Star RA DEC SPT w o ILs G B,-R, Distance The et al. (1994) flag  Catalogue flag
h:m:s deg:m:s mas mas yr—! mas yr—! mag pc

LkHa324  21:03:5420 +50:15:10.0 B9  1.65+0.02  0.97+0.05 —3.5440.05 1222 162 6053742  Yes cv
LkHa339  06:10:57.80 -06:14:40.0 A1  1.16+0.03 -3.79+0.04 039+0.04 1327 135 85717205  Yes cv
MQCas 00:09:37.50 +58:13:10.0 A0  1.224+0.09  8.04+0.11 —2.86+£0.09 1349 101  797.2773. cv
MWC1021 20:29:26.90 +41:40:440 BO  0.51+0.07 —3.12+0.11 —4.25+01 107 332 1643672007 cv
MWC1080 23:17:25.60 +60:50:43.0 BO  0.73+£0.09 —3.75+£0.16 —2.55+0.16 10.87 219  1203.072317 VYes cv
MWC137  06:18:45.50 +15:16:520 BO  0.11+£0.05 —0.26+0.09 —0.41+0.07 1117 1.86  2907.47850% Yes cv
MWC297  18:27:39.50 -03:49:52.0 B1  2.66+0.09  1.45+0.14 -8.32+0.14 1031 297 37497180 Yes cv
MWC314  19:21:33.97 +14:52:56.8 B3  0.19+0.04 —233+0.06 —4.82+0.06 894 217  2977.0+371 cv
MWC342  20:23:03.60 +39:29:50.0 BO  0.54+0.02 —3.05+£0.04 —58£0.05 972 1.88  1808.371j)% cv
MWC593  17:49:1020 -24:14:21.0 B4  0.68+£0.06  1.79+£0.13 —-0.52+0.1 965 107  1341.47%159 Vv
MWC623  19:56:31.50 +31:06:200 BO  0.17+£0.04 —2.83+0.05 —523+0.06 9.93 1.99  3279.873%52 cv
MWC655  22:38:31.80 +55:50:05.0 B1  0.42+0.03 —2.39+0.05 —1.49+0.05 919 07 2170.0+1824 cv
MWC657  22:42:41.80 +60:24:000 BO  0.26+0.02 —32+004  —1.83+0.04 1185 1.99  3164.2%67 cv
MWC778  05:50:13.90 +23:52:17.7 B1 1295 15 C
MWC878  17:24:4470 -38:43:51.0 B1  049+0.05  0.33 +0.08 ~1.1840.06 1024 122 177387178 cv
MWC930  18:26:2520 -07:13:180 BO  —0.16+0.09 —295+0.16 —6.63+0.15 957 35 2585.87 422 cv
MWC953  18:43:2840 -03:46:17.0 B2  0.49+0.06 —0.69+0.08 —1.78+0.07 1055 151  1721.37203 Vv
NSV2968  06:26:53.90 -10:15:350 BO  0.94+0.06 —3.264+0.1  0.78+£0.09 1393 213 10263755}, cv
NVOri 05:35:31.40 -05:33:09.0 F6  2.5840.06  1.55+0.11 042£0.09 969 061 38651157 cv
NXPup 07:19:28.30 -44:35:11.0 A0  —9.84+0.65 —24.31+1.38 6.76+£1.25 1024 093 1672553735 Yes cv
PDS002  01:17:4350 -52:33:31.0 F3  241+0.03 —21.33+0.04 -2.39+0.04 1078 054 4146173 cv
PDS004  03:39:00.60 +29:41:46.0 A0  2.540.05 3.29 4+ 0.08 —4.854+0.05 1058 055  399.07{24 cv
PDS021  06:02:14.90 -10:00:59.0 B5 1.12+0.04 -1.75+0.06 1.79+0.06 1027 052  886.8715% cv
PDS022  06:03:37.10 -14:53:03.0 A0  1.11+0.1 —0.43+0.17  1.6+0.17 1082 021 85467525, cv
PDS025  06:54:27.90 -25:02:16.0 A3  1.314+0.02  —347+0.02 3.63+0.03 1326 112  7635717¢ cv
PDS123  05:50:54.77 +20:14:47.7 BO  0.65+0.03  0.62+0.06 —0.96 £0.05 12.89 1.1 1487.113972 cv
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Table C.8: Table C.1 continued

Star RA DEC SPT w Hox 145 G B,-R, Distance The et al. (1994) flag Catalogue flag
h:m:s deg:m:s mas mas yr—t mas yr—! mag pc

PDS124  06:06:5850 -05:55:07.0 A0  1.16+£0.05 —1.440.07  0.6340.09 1234 08 852.8752 cv
PDS126  06:13:37.30 -06:25:02.0 A7  1.17+£0.04 —3.77+0.06 0.56 £0.06 11.65 075  846.67322 cv
PDS129  06:31:03.60 +10:01:13.0 F5 1454007 -23140.09 -49+007 1193 099 68387454 cv
PDS133  07:25:04.90 -25:45:49.0 B6  0.67+£0.02 —2.68+0.03 3.1440.04 1444 142 147461505 cv
PDS134  07:32:2660 -21:55:36.0 B6  0.33+£0.03 —2.040.04 1574005 11.93 063  2551.972552 oY
PDS138  11:53:1320 -62:05:21.0 BO  0.04+0.03 —62£005 197+0.04 1261 194 46309733 cv
PDS144S  15:49:1531 -26:00:55.1 A5 6.69+0.12 —1521+0.18 -253+0.11 1316 088  149.6%12 cv
PDS211  06:10:17.30 +29:25:17.0 B9  0.92+£0.03 —0.07£0.05 —2.14+0.04 1342 127 107387337 cv
PDS229  06:55:40.00 -03:09:50.0 A0  —0.52+0.53 —243+0.92 0.53+0.94 1332 099  879.9722)5 oY
PDS24 06:48:41.68 -16:48:055 B9  0.88+0.02 —3.44+0.03 508+0.04 1312 06 v
PDS277  08:23:11.80 -39:07:01.0 F3  2.89+0.04 —7.04+£0.05 10.14+0.05 987 058 3458755 cv
PDS286  09:06:00.00 -47:18:580 BO  0.52+£0.03 —3.44+0.06 7.1140.06 1115 2.4 1817.9735%¢ cv
PDS290  09:26:11.10 -52:42:27.0 B7  1.15+£0.03 —11.75+£0.05 18.24+£0.04 1488 1.2 869.1751-3 cv
PDS297  09:42:4030 -56:15:340 A7  0.61+£0.03 —6.46+0.05 4.88+0.05 11.96 0.5 1586.57 1054 cv
PDS322  10:52:08.68 -56:12:06.8 B3  —1.3+£0.27 —595+£044 589=+0.5 11.99 035  1732.013528 cv
PDS324  10:57:2430 -62:53:130 B1  0.31+£0.02 —6.17£0.04 237£0.03 1422 143 2879.8123%1 cv
PDS33 08:48:4570 -40:48:21.0 A0  1.05£0.03 —6.14£0.04 4.68+£004 1228 043 95117371 cv
PDS34 08:49:58.50 -45:53:060 B2 0464002 —4.86+0.03 5.62+0.03 1369 128 2132971118 oY
PDS344  11:40:32.80 -64:32:06.0 B5 0.4+ 0.02 —6.96£0.03  0.28£0.03 1312 049 2439571357 cv
PDS364  13:20:03.60 -62:23:540 B2  —0.394+0.12 —447+0.16 —2.18+0.15 1333 084 24347721 cv
PDS371  13:47:31.40 -36:39:500 09  9.87+£021  —34.32+£046 -25.59+0.32 1562 254 101473} cv
PDS389  15:14:47.05 -62:16:59.8 A3  1.24+0.03  —2.85+0.04 —4.44+0.05 1319 237 80447321 oY
PDS394  15:35:17.13 -61:59:042 FO 1336 1.21 C
PDS406  16:05:03.91 -39:45:03.8 A5 1414 091 C
PDS415N  16:18:37.22 -24:05:185 FO  6.93+0.13 —9.0+031  —21.34£0.19 1142 129  1442+12 cv
PDS431  16:54:59.20 -43:21:50.0 A0  0.53+0.03  1.74+0.06 —0.644+0.04 1326 089 1811571221 oY
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Table C.9: Table C.1 continued

Star RA DEC SPT w e I G B,-R, Distance The et al. (1994) flag Catalogue flag
h:m:s deg:m:s mas mas yr—! mas yr—! mag pc

PDS453 17:20:56.10 -26:03:31.0 F2  57+057 —9.57+0.87 —28.87+£0.68 1311 115 17597222 v
PDS469 17:50:58.10 -14:16:120 A0  0.86=£0.08 1.08=£0.12 —0.61+0.09 1289 098 1075671209 cv
PDS477 18:00:30.30 -16:47:260 B1  —0.194+0.1 -1.16+0.18 —0.69+0.14 1365 191  2471.971138 cv
PDS520 18:30:06.20 +00:42:340 F3  2.6+0.19 4.44+0.21 ~8.68+0.17 1454 282 38041207 cv
PDS530 18:41:3440 +08:08:21.0 FO  0.27+£0.17 -1.16+0.25 —6.37+0.24 1404 084  1391.47379 cv
PDS543 18:48:00.70 +02:54:17.0 B1  0.64+£0.06 —0.19+0.11 -2.24+0.11 1123 261 141327132 cv
PDS551 18:55:22.98 +04:04:351 09  1.99£0.12 148=+0.2 -3.97+£0.19 1631 25 496.17245 cv
PDS581 19:36:18.90 +29:32:500 BO  0.96+0.38 —2.02+061 -7.28+0.63 1352 113  687.97307 cv
PVCep 20:45:53.98 +67:57:386 A5  2.914+0.06 823+0.13 ~1.9840.11 1384 328 3434799  Yes oY
PXVul 19:26:40.30 +23:53:51.0 F3  1.58+£0.07 0.64+0.1 -6.12+0.1 1125 133 6274751 cv
RCrA 19:01:53.69 -36:57:086 A5  10.54+0.7 1.58+1.2 —-30.84+1.19 1279 235  954%%7 Yes v
RMon 06:39:09.95 +08:44:09.6 B8 1277 1.29 C
RRTau 05:39:30.50 +26:22:27.0 A0 1.28+0.05 —1.16+0.09 —4.2+007 1235 127 77345902 Yes cv
RYOri 05:32:09.90 -02:49:47.0 F6  2.714+0.04 1.4240.07 —-0.63+0.06 1139 1.09 3685753 cv
SA0185668 17:43:55.60 -22:05:45.0 B3  0.6+£0.06 2.02+0.11 —0.06+0.08 945 064 1481673537 cv
SA0220669 08:55:45.90 -44:25:140 B4  1.07+0.03 —10.734+0.05 6.67+0.06 869 09 93211493 cv
SVCep 22:21:33.20  +73:40:27.0 A0 2.940.02  5.21+0.04 1594004 1035 061 3443735  VYes cv
TCrA 19:01:58.79 -36:57:50.3 FO 5.3+4.7 —24.9+47 1333 154 C
TOri 05:35:50.50 -05:28:35.0 A3 245+0.04 2.1440.08 0.59 £ 0.07 1144 112 40757158 Yes cv
TYCrA 19:01:40.80 -36:52:340 B9  7.33+£0.15 215+024  -3272£023 922 111 1365737  Yes cv
UXOri 05:04:30.00 -03:47:14.0 A2  3.08£0.05 0.79£0.09  -3.92+006 104 075 324953  Yes cv
UYOri 05:32:0030 -04:55:540 B9  2.814+0.08 1.74+0.18 0.88+0.11 124 036  35537}56 cv
V10120ri  05:11:36.55 -02:22:485 A3 259£0.05 1.8540.11 —0.65+0.00 1222 084 38647115  Yes cv
V1295Aql  20:03:0250 +05:44:170 A0  1.1240.07 045+0.1 -9.25+0.06 778 023  870.9771%%  VYes cv
V1478Cyg  20:32:4550 +40:39:37.0 BO  0.62+£0.1  —3.01+£0.19 -411+02  11.03 296  1296.77155% cv
V1493Cyg  20:52:04.60 +44:37:30.0 A2  0.83+£0.09 -—2.05+0.13 —2.96+0.13 1387 287 1105073303 Yes @Y
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Table C.10: Table C.1 continued

Star RA DEC SPT w Jha~ 145 G B,-R, Distance The et al. (1994) flag Catalogue flag
h:m:s deg:m:s mas mas yr—! mas yr—! mag pc

V1685Cyg 20:20:2820 +41:21:51.0 B3 1.09+£0.03 -24+0.04 —577+£0.05 1023 141 9102730  Yes cv
V1686Cyg  20:20:29.40 +41:21:280 A4 0.78+0.12 -1.67+0.44 —6.98+0.72 1321 218 107887105 VYes cv
V17870ri  05:38:09.30 -06:49:17.0 A5  2.56+£0.05 0.24+0.08 —0.54+£009 1302 228  391.07:%5  Yes cv
V18180ri  05:53:42.60 -10:24:01.0 B7  141+0.09 -142+0.16 1.42+0.21 1058 211 69507357 cv
V1977Cyg  20:47:37.50 +43:47:250 B8  1.16+£0.03 -1.67+£0.04 -1.73+£0.05 1073 1.08  859.87335  Yes oY
V2019Cyg 20:48:04.80 +43:47:260 B2  1.18£0.03 -13+005 -199+004 1101 107 8426730  Yes cv
V3460ri  05:24:42.80 +01:43:480 A8  2.73+0.04 1.08+0.07 —0.94+0.06 1008 037  366.470%  Yes cv
V3500ri  05:40:11.80 -09:42:11.0 Al 255+0.12 1.23+021  0.14+0.18 1173 09 39037266 Yes cv
V3510ri  05:44:18.80 +00:08:40.0 A7  2.92+0.05 2.32+£008 —0.77+£0.08 889 055 341.875% cv
V361Cep  21:42:50.20 +66:06:350 B2  1.12+£0.03 -1.9+0.05 -3.75+£0.05 992 076 89277310  Yes cv
V373Cep  21:43:06.80 +66:06:540 B5  1.08£0.02 —1.54+0.04 -324+£004 122 156 9221720  Yes cv
V374Cep  23:05:07.50 +62:15:36.0 B4  1.14+0.03 -1.35+0.05 -222+0.04 1021 125 87227308  Yes cv
V375Lac  22:34:40.99 +40:40:043 A7 ~157+£54 9.9+54 1414 138 C
V376Cas  00:11:26.56 +58:50:03.8 B5 1643 233 C
V3800ri  05:36:25.40 -06:42:580 A1  2.04£0.16 0.02+029 -242+025 1052 152 48177222  Yes cv
V388Vel  08:42:17.30 -40:44:100 Al 02+0.06 —6.33+£01 3.73+0.1 1539 243 246697315 Yes cv
V431Sct  18:29:2570 -06:04:37.0 B1  0.63+0.07 —207+0.11 -564+01 1122 15 1403.8735)3  Yes cv
V5860ri  05:36:59.25 -06:09:163 A2 2.75+0.1 238+017 —1.56+0.16 964 025 36277332  Yes cv
V590Mon  06:40:44.60 +09:48:020 B7  1.14+0.13 -155+0.23 -35+0.21 1275 036 818471925  Yes cv
V594Cas  00:43:18.30 +61:54:400 B8  1.76+£0.03 3.37+£0.04 —2.08+004 1026 104 56927722  Yes cv
V5990ri  05:38:58.60 -07:16:460 A8  244+0.04 013+0.08 —059+0.1 1276 232 41021112 Yes cv
V633Cas  00:11:26.50 +58:49:29.0 B9 2.7+33 82446 142 1.69 C
V645Cyg  21:39:5830 +50:14:21.0 07  0.53+£0.4 —6.98+0.73 —0.73+£0.67 1221 247 786971529  Yes cv
V669Cep  22:26:38.70 +61:13:320 B5  0.99+0.07 -1.37+0.12 -24+0.12 1194 135 97767552 cv
V718Sco  16:13:11.60 -22:29:07.0 A8  6.56+£0.08 —-8.6+0.12 -23.64+£008 873 069 1525759 cv
V8830ri  05:38:18.10 -07:02:260 BO  3.71+£0.44 3.34+0.82 —204+0.71 1666 509 C
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Table C.11: Table C.1 continued

Star RA DEC SPT w Hox 145 G B,-R, Distance The et al. (1994) flag Catalogue flag
h:m:s deg:m:s mas mas yr—t mas yr—! mag pc

V892Tau 04:18:40.60 +28:19:160 A0  8.52+0.12  6.62+0.24 —29.87+0.14 1348 326 1175723 Yes oY
V921Sco 16:59:06.80 -42:42:080 BO  0.59+£0.05 1.02+013 -289+0.09 1031 218 1545613505 Yes cv
VVSer 18:28:47.90 +00:08:400 B6  2.38+£0.05 347+0.07 —861+£007 1175 17 4197+126 Yes cv
VXCas 00:31:30.70 +61:58:51.0 A0  1.86+£0.04 3.41+£0.05 -25+005 1145 052 53661753  Yes cv
VYMon 06:31:06.90 +10:26:050 B5  —1.94+0.38 7.740.56 —6.724+0.51 1386 267 1467273321 Yes oY
WRAY15-1435 16:13:06.70 -50:23:201 B1  047+£0.05 -3.15+£01 -2.58+0.06 1236 161 1858313001 Vv
WWVul 19:25:58.80 +21:12:31.0 A3 1.98+0.04 0.84+005 —647+£005 1042 059 50357745  Yes cv
XYPere+w 03:49:36.35 +38:58:55.4 A2 2.1740.09  8.61+0.2 ~7.82+0.14 946 071 45917204 Yes cv
ZCMa 07:03:43.20 -11:33:060 B5  4.3+0.89 —3.474+1.43 5.04+1.38 915 164 22977158 Yes @Y
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Table C.12: Other stellar parameters of the Herbig Ae/Be stars

Star LumClass Ref Mass Age Angle | Star LumClass Ref Mass Age Angle
LumClass Mg Muyr deg LumClass Mg Myr deg
) (2 €) (4) ) (6) (7) (8) 9) (10) (11) (12)
A0974-15 B3e F 2711036 1931777 036 | GSC5988-2257 B3 S 0.146
ABAur AOVe S 2151036 4057145 0.879 | GSC5990-0021 B9e S 1.95731 101792, 0127
AKSco F5V F 147507 8387072 1.019 | GSC6542-2339 09 S 0.169
AS310 Ble S 11.89737%  0.0670501  0.068 | GSC6546-3156 A0 S 2041529 56871432 0.102
AS470 A: S 70528 01752 0035 | GSC8143-1225 F3V S 1271008 17737228 0.371
AS477 A0S5lller S 333043 1257068 0185 | GSC8581-2002 A5V F 1.887005  7.8770%4% 0257
BD-+30549 B8:p S 2287037 54873452 0.485 | GSCB8645-1401 F2 S 404155 0567033 0.081
BD-+413731 B3n S 4987320 0527296 0143 | GSC8993-0397 B3 S 5.0739 06737 0048
BFOri A7l F 1811009 63810792 0368 | GSC8994-3902 B2V S 8.427355 012108 0.6
BHCep F5llle S 1377545 10577398 0.427 | GUCMa B2Vne F 1.0
BOCep F5Ve S 1227506 17.1%985 0382 | HBC1 F4? S 0.188
BPPsc GOllle S 19195, 1667155 0.411 | HBC217 Go S 1517046 7297018 0.206
COOri F7Ve S 26752, 1767552 0355 | HBC222 F8v S 1537504 716985 0.203
CPM25 B2 S 5171225 0657570 0.067 | HBC324 A5e S 1519028 13.227878 016
CQTau F5IVe S 1471010 89728, 0878 | HBC334 B3 S 3711049 2007429 0.081
DGCir Ae/Ble] F 23706, 4418705 0172 | HBC442 F8 S 18702 446703 0.371
DKCha A0_sh F 1377597 1716728 059 | HBC694 A5V S 0.213
DWCMa B2% F 12247532 0.047007  0.056 | HBC7 B2e S 9551542 009704 0.052
GSC1829-0331 F1 S 1.0 HBC705 B2e S 8.45%361 012732 0.069
GSC1876-0892 B2 S 9.42%522  0.09700%  0.048 | HBC717 Folll S 337159 088733 0.103
GSC3975-0579 A2 S 2061937 4371071 0152 | HD100453 A9Ve F 1.2573% 6537045 1.375
GSC4805-1306 097 S 1.0 HD100546 AOVaekB8 1B F 206101,  548T 3 1302
GSC4823-0146 B0 F 11,0723 008700 0.05 | HD101412 A3VaekAOmAO IB F 21101 437752 0348
GSC5360-1033  B5? S 0.237 | HD104237 A0 sh S 1.8570%5 5487027 1.321
GSC5379-0359 B9 F 2.33%012 3487021 0109 | HD114981 B5V F 6.091939 028733 0203
GSC5987-1399  Be S 1.0 | HD130437 B1V S 13.447338 0051005  0.087
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Table C.13: Table C.12 continued

Star LumClass Ref Mass Age Angle | Star LumClass Ref Mass Age Angle

LumClass Mg Myr deg LumClass Mg Myr deg
() (2 ) (4) () (6) (7) (8) 9 (19) (11) (12)
HD130437  B1V S 13447358 0057398  0.087 | HD244604 AOVesh  F 198701 489732 0341
HD132947 B9V F 2221010 405103% 0375 | HD245185 AOVae F 1.927018 7647123 0.334
HD135344 A0V S 1745000 575708 1.0 HD245906 A6 S 2390392 277431 0.208
HD135344B F8V F 1437007 8931057 1.055 | HD249879 B8%e S 225104 5.08073%)? 0214
HD139614  A9VekA5SmA5(IB) F 1.487007 1449734 1.063 | HD250550 B9e F 26703, 256704 0.205
HD141569  AOVe w 186709 8621138 1205 | HD259431 B6ep S 5167184 0427933 0.199
HD141926  B2llin F 19517248 0027001 0107 | HD287823 A0 F 177585 7437037 0.399
HD142527  F6lll F 1617042 663793 091 | HD288012 A2 S 222%039 375%062 0.362
HD142666  A8Ve W 1497098 9337077 0.966 | HD290380 keF6IVeb S 1537008 721708 0.404
HD143006  G5IVe S 156101, 375757 0862 | HD290409 B85Ve  F 197008 743H%7 0315
HD144432  A9/FOV F 1397007 4981028 0922 | HD290500 A2 F 1387008 104193, 0327
HD149914  B95IV S 2977539 1747550 0902 | HD290764 FOV F 1697083 6897951 036
HD150193  B9.5Ve/A2IVe w 1.897000 5487031 095 | HD290770 B9 F 2221040 4591040 0359
HD155448  B1V S 4827592 04470 015 | HD305298 08 F 17.72738% 004703 0.035
HD158643 A0V S 3357579 1.22%929 1166 | HD313571 B3Ve S 7267254 0471504 0103
HD163296  A1Vep w 1837000 767195 1411 | HD31648  A5Vep S 1787008 6.27031 0.885
HD169142  F1VekA3mA3.B? S 207013 8.98+iL02 1257 | HD319896 B4 S 59702 037918 0.111
HD17081 B7IV S 3.947081 089704, 1.342 | HD323771 B5Vp S 3.84103%  1.08%05: 0134
HD174571 B2 S 12857504 0047395 0131 | HD34282  B9.5V F 1457007 654724 0.46
HD176386 B9V S 237040 40570%° 09 | HD344261 F2 S 1347000 12145578 0.477
HD179218  AOIVe w 2987548 1667555 0539 | HD34700  GOIV S 2667532 141023 0.402
HD199603 A9V S 20354 405%92 1605 | HD35187  A2e+A7 S 217035 497154 0.879
HD200775  B2Ve S 534703 041732 0397 | HD244604 AOVesh  F 1.98701 489702 0341
HD203024 A5V w 1.0 HD245185 AOVae F 1921018 76471236 0334
HD235495 A0 S 206102 4711970 0.273 | HD245906 A6 S 2397092 277+ 0.208
HD244314 A1V F 1.69 000 7437037 0332 | HD249879 B8% S 2251018 5.0813472 0214
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Table C.14:

Table C.12 continued

Star LumClass Ref Mass Age Angle | Star LumClass Ref Mass Age Angle
LumClass Mg Myr deg LumClass Mg Muyr deg
M 2) 3) 4) ©) (6) (7) (8) 9 (10) (1) (12)
HD250550 BYe F 26708, 256704 0205 | HD37490  B3Ve S 8587388 01104 0459
HD259431 B6ep S 5167154 0.42%05% 0199 | HD37806  B9/9.5lN/NI S 311058 156708 0335
HD287823 A0 F 17759 7437337 0399 | HD38087 B3l S 3.2170% 1757040 0424
HD288012 A2 S 2221089 3757992 0362 | HD38120  B9Vnne S 2377033 3.48%13%2 0354
HD290380 keF6IVeb S 1531046 7211081 0404 | HD39014 A7V S 207028 4371022 3248
HD290409 B8.5Ve F 1.97018 74311257 0315 | HD41511  A3+K/M S 5797520 022%01" 0645
HD290500 A2 F 1381008 104153, 0327 | HD45677  B2IV/V S 4727019 0613 0.231
HD290764 FOV F 1697043 6897951 036 | HD46060  B2II S 964733 009702 0154
HD290770 B9 F 2227001 4597549 0359 | HD50083 B3 S 11.42+385 0057501 0131
HD305298 08 F 17.72428% 004103 0035 | HD50138  Allb/Il S 417703 0631018 0377
HD313571 B3Ve S 7267254 0171311 0103 | HD53367  BOIV/Ve F 1.105
HD31648  A5Vep S 1787005 6.27031  0.885 | HD56895B FOV S 153104 8311042 0.867
HD319896 B4 S 597522 03%31% 0111 | HD58647  BIIV S 3.8710%% 0847012 045
HD323771 B5Vp S 3847036 1087032 0134 | HD59319 B8V F 381703 096702 0214
HD34282 B9.5V F 1457007 6541241 046 | HD68695  A3VbekAOmAOIB F 1.837009 759719 0362
HD344261 F2 S 1.34100T  1214737¢ 0477 | HD72106  AOIV F 267754 2131238 10
HD34700  GOIV S 2667032 147028 0402 | HD76534  B2Vn F 746705 0177992 0457
HD35187  A2e+A7 S 21702 497151 0879 | HD85567  B5Vne F 6.321952 0227005 014
HD35929  F2IV/V F 2927042 1461397 037 | HD87403 A1l F 551139 028704 0075
HD36112 A8V S 1567008 8297941 0.894 | HD87643  B3l[e] S 17.723%87 002139 0.071
HD36408  B7III S 6217148 0227337 0329 | HD94509  Bp_sh F 5609701 0287017 0078
HD36917  BIlll/IV S 371109 099752 0302 | HD95881 A0 F 5505 0.28%995 0123
HD36982 B1.5V S 527042 073%317 0351 | HD96042  B1(V)ne F 20775398 002799 0.046
HD37357 A1V S 2957096 17108 0221 | HD9672 A1V S 1817505 6.89703 251
HD37371  AOIV S 3.8510% 086795 0348 | HD97048  AOVep F 2251041 4377k 0775
HD37411  hA3VakAOmAO(eb)IB F 1.0 HD98922  B9Ve F 6177037 021000 0.208
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Table C.15: Table C.12 continued

Star LumClass Ref Mass Age Angle | Star LumClass Ref Mass Age Angle

LumClass Mg Myr deg LumClass Mg Myr deg
) ) 3) (4) ) (6) (7) (8) 9) (10) (11) (12)
HKOri A27e+G0% F 1.0 MWC1021 Bpe S 320%15,, 001739%  0.087
HR5999 A7 F 2431012 273702 0889 | MWC1080 BOeq S 16.0875-30  0.047055  0.119
HTCMa Ale F 2121015 5211419 0128 | MWC137  sgBle] S 2341855 0027392 0.049
HUCMa B8e F 3.0219015 204793 0122 | MWC297  B15Ve F 1697157 0.037001  0.382
Hen2-80 B6Ve S 3.07%9% 22787, 019 | MWC314  B3lbe S 24587128 001733 0.048
Hen3-1121  B0.5Ve S 10.0673%3 011503 0082 | MWC342  Ble] S 2245730, 0027097 0.079
Hen3-1121S  BOV S 121153 0081058 0125 | MWC593  B4Ve S 799715 0127092 0.107
Hen3-1191  Ble] S 814720 0237037 0,086 | MWC623  K2Ib/II+B4Ill S 18.27350  0.027391  0.044
Hen3-1475  B7e S 1.0 | MWC655  Bl:V:nnpe S 11.467542 0071051  0.066
Hen3-373  B2? F 10897353 0.06%01, 0074 | MWC657  Be S 17.915%8 002105, 0.045
Hen3-823  B3Ve S 4831037 0567348 0123 | MWC778  BQ S 1.0
Hen3-847  Bb5e F 3.0755; 238102 0183 | MWC878  B1Ve S 13511582 0.05755;  0.081
Hen3-938 09 S 25797850 0027591 0.037 | MWC930  B5/9laeq S 0.055
Hen3-949  B4+B7 F 418101 0821538 1.0 MWC953  B2Ve S 1266755 0.047005  0.083
ILCep B3IVe+A3 S 9.851%85 0077393  0.178 | NSV2968  BOe S 8.971251 02751 0.14
IPPer A7II1:kA2.5mA3e(r) S 1567015 11.99%5390  0.466 | NVOri Féllle S 1.847025 4947098 0.371
KKOph A6Ve+G5Ve F 1517008 185775 0.648 | NXPup Ale/F2llle S 50701, 028732 0.086
LKHa260 Be S 3.031933 22787 0.116 | PDS002  F3Ve S 1.38739% 1097032  0.346
LKHa338 B9 S 1.88700%  933T1%57 0162 | PDS004 A0 S 1.97032 74371257 0.359
LkHa208 FOVe S 1567017 8.6571L% 0228 | PDS021  B3Ve] F 3.94%%4L 10730 0162
LkHa215 B7llne S 3.8219%9  1.03%025 0201 | PDS022  AOVa-e S 2461578 285199, 0.168
LkHa257 B5/A2e S 3.08%015  362F19% 018 | PDS025 A3 S 1.237396  11.34%535  0.188
LkHa259 AQe S 175015 63875 019 | PDS123 S 5037398 0713%  0.096
LkHa324 B9Ve S 2821061 2127040 0237 | PDS124 A0 F 207101, 5.92714% 0168
LkHa339 Ale F 2597018 254702 0167 | PDS126 A7V S 1.947502 471712 0169
MQCas B S 1.8%93, 11.297%7, 018 | PDS129  F5V S 15775022 72429 0209
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Table C.16: Table C.12 continued

Star LumClass Ref Mass Age Angle | Star LumClass  Ref Mass Age Angle

LumClass Mg Myr deg LumClass Mg Myr deg
) (2 ) (4) ) (6) (7) (8) 9 (19) (11) (12)
PDS133  B6 F 2921048 2771433 0,097 | PDS520 F3Ve S 126708 14137387 0377
PDS134  B6 F 428702 0731022 0.056 | PDS530 FOV? S 1.897052 5227221 0103
PDS138  BO S 28327735 0.01709"  0.031 | PDS543 B0.5Ib S 30747597 0017551 0.101
PDS144S A5V W 0.958 | PDS551 09 S 0.289
PDS211 B9 S 241752 322%1388 0133 | PDS581 BOS5IVe] S 535728 06751 0208
PDS229 S 2511947 455%1255 0163 | PVCep A5 S 0.417
PDS24 BYe F 1.0 PXVul F3Ve S 217032 348712 0228
PDS277  F3V S 1547008 7767039 0414 | RCrA ASllevar S 1,502
PDS286  BOV F 31177358 0017051 0.079 | RMon B8llle F 1.0
PDS290  B7 S 236702 47111529 04165 | RRTau AO:IVe S 2827546 198754, 0.185
PDS297  A7? S 2987027 175106 0.09 | RYOri F7 S 15408 7151987 0.389
PDS322 B3 S 5.4128 1.0715% 0083 | SAO185668 OB S 9.38738L 0081397  0.097
PDS324  B1 S 7747336 0267312 005 | SA0220669 B4 F 7.941130 0431008 0.154
PDS33 A0 F 1.857395 10757328 0.151 | SVCep A2IVe S 1557008 6.2271348  0.416
PDS34 B2 S 5281193 0657583 0067 | TCrA FO S 1.0
PDS344  B5? S 3481007 175753 0.059 | TOri A3IVeb F 211101 4451098 0.351
PDS364  B8Ve F 33702 1.467072  0.059 | TYCrA BYe S 2061032 6.3872%5%  1.05
PDS371 09 S 1.413 | UXOri A4lVe F 1617008 11.387552  0.441
PDS389 A3V S 291793¢ 168107, 0178 | UYOri B9 F 0.403
PDS394  FOVe S 1.0 | V10120ri  A3e F 137000 847130 0371
PDS406 A5V S 1.0 | VI295Agl  AOIVp+sh W 580108 0221011 0.164
PDS415N  FOV S 1217315 1313338 0993 | V1478Cyg  Bep S 2837123, 001795 0.1
PDS431 A0 F 2527030 2777035 0079 | V1493Cyg  A1/9e S 335054 116105 043
PDS453  F2v S 0.815 | V1685Cyg  B2Ve S 908733 010 04157
PDS469 A0 S 2157098 40578 0133 | V1686Cyg  A4:Ve S 2857072 1.24754 0433
PDS477 Bl S 8.34733% 01775 0058 | V17870ri  AbSe S 1.6670%%  7.43T952 0366
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Table C.17: Table C.12 continued

Star LumClass Ref Mass Age Angle | Star LumClass Ref Mass Age Angle
LumClass Mg Myr deg LumClass Mg Myr deg
(1) (2) 3) (4) ) (6) (7) (8) ) (10) (11) (12)
V18180ri  Ae S 5287132 0371939 0.206 | V594Cas B8eq S 2941059 1.8970-49 0.252
V1977Cyg  B8Ve S 3.89103%  0.84731% 0167 | V5990ri A8.9 F 203131 4297042 0.349
V2019Cyg B8/A0e S 357048 143709L 017 | V633Cas BYe S 1.0
V3460ri A8V F 1571008 9331047 0391 | V645Cyg 06/9eq S 0.182
V3500ri A7V F 1711009 12174783 0.367 | V669Cep Ble] S 401049 0961044 0.147
V3510ri A7V S 1.987019 4517028 0419 | V718Sco A8IV W 1617008 9g*28 0.939
V361Cep  B3IV-Vne S 531739 0417313 016 | v8830ri Fil: S 1.0
V373Cep  B5Ve S 348505 1631057 0155 | V892Tau AOVe S 1.22
V374Cep  B5Vep S 6.8475-96 0197059 0164 | V921Sco BOIVe S 19.96780%  0.0270:03 0.093
V375Lac  A7Ve S 1.0 | VVSer A5Ve S 2891014 277%813 0.341
V376Cas  A3/F2e S 1.0 | VXCas AOVep S 1.887005  9.33+10.67_385 0.267
V3800ri  Ale F 2.82705% 196703 0.297 | VYMon A5:Vep F 88708 0087009 0.098
V388Vel S 4001192 0681072 0.058 | WRAY15-1435 B1Ve S 8.7472% 01572 0.077
V431Sct  Blla+fe] S 9367342 01705 0102 | Wwwul A2IVe S 1.95H011 508108 0.284
V5860ri  A3Ve F 1.887011  7.93129" 10 XYPere+w A211+B6 S 2821029 1967043 1.0
V590Mon  B4Ve F 237048 593T1457 0175 | ZCMa B5/8eq+F5/7 F 376755 08705 0.624




Appendix D

Different stages on the selection
process made by CEREAL for the

sample of Herbig Ae/Be stars

The following figures represent an example of the different stages of the selection process
made by CEREAL for the sample of Herbig stars that were found in clusters in section
3.2.4. These stars are part of the catalogue shown in the tables 3.1 and 3.2 in chapter 3.

The HAeBe stars shown below are HD37371 (spectral type B9), HD46060 (spectral
type B8), HUCMa (spectral type B8), and V590Mon (spectral type B7), which have been
classified as yes by CEREAL due to the distribution of their parallax and their proper
motions appearing to be evenly distributed around the known values; the density profiles
show a smooth decrease in the density as a function of the distance, and the spatial and
proper motion distribution show that the low mass companions around the HAeBe stars

share similar parallax values.
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Figure D.1: First iteration of CEREAL for HD37371. The histograms (top panel) represent
the astrometric parameters and the black dashed vertical lines show the position of the
known values. The density profile is also shown in the top panel. The bottom panel shows
the spatial distribution, CMD and the proper motions with a colour code showing how
the parallax values are distributed in the three figures. The purple star in the spatial
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distribution box represents the position of the HAeBe.
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Figure D.2: Step by step of evolution of the astrometric parameters selection made with
CEREAL for the HD37371 with the Gaia DR2 data. This shows the expected peak for the
astrometric parameter around 2.43 mas in parallax, —0.0034 mas/yr in proper motion in
RA and —0.70 mas/yr in proper motion in DEC. The black dashed vertical line shows the
known value for each parameter; and, each coloured box represents how the astrometric
parameters were affected during the different stages of the selection process made by
CEREAL. These coloured boxes represent the selection made in parallax (green), proper
motions in RA (light blue) and proper motion in DEC (light purple). From the top to bottom
each panel represents an astrometric parameter, on the top the parallax, the middle the
proper motion in RA and the bottom the proper motion in DEC.
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Figure D.3: Images from the final iteration of CEREAL to establish if the stars were a
yes, maybe or no. This image represent a yes and shows the data for the HAeBe star
HD37371. Same label from figure D.1
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Figure D.4: Images from the first iteration of CEREAL for HD46060. The histograms (top
panel) represents the astrometric parameter and the black dashed vertical line shows the
position of the known value. The density profile is also given in the top panel. The bottom
panel shows the spatial distribution, CMD and a proper motion distribution with a colour
code showing how the parallax values were distributed in the three figures. The purple
star in the spatial distribution box represents the position of the HAEBE.
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Figure D.5: Step by step progression of the astrometric parameters selections made with
CEREAL for the HD46060 with the Gaia DR2 data. This show the expected peak for the

astrometric parameter around 1.05 mas in parallax, —3.63 mas/yr in proper motion in RA

and 0.08 mas/yr in proper motion in DEC. The black dashed vertical line shows the known
value for each parameter; and, each colour box represents how the astrometric parameters
are affected during the different stages on the selection process made by CEREAL. The
coloured boxes represent the selections made in parallax (green), proper motion in RA
(light blue) and proper motion in DEC (light purple). From the top to the bottom each
panel represents a different astrometric parameter, on the top the parallax, the middle the
proper motion in RA and the bottom the proper motion in DEC.
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Figure D.6: Images from the final iteration with CEREAL to establish if the stars were a
yes, maybe or no. This image represents a yes and shows the data for the HAeBe star
HD46060. Same labels as used in figure D.4
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Figure D.7: First iteration of CEREAL for HUCMa. The histograms (top panel) represent
the astrometric parameters and the black dashed vertical lines show the position of the
known values. The density profile is also given in the top panel. The bottom panel shows
the spatial distribution, CMD and a proper motion distribution with a colour code showing
how the parallax values are distributed in the three figures. The purple star in the spatial
distribution box represents the position of the HAeBe star.
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Figure D.8: Step by step progression of the astrometric parameters selections made by
CEREAL for HUCMa with the Gaia DR2 data. This shows the expected peak for the
astrometric parameter around 0.83 mas in parallax, —4.43 mas/yr in proper motion in
RA and 1.58 mas/yr in proper motion in DEC. The black dashed vertical lines show the
known value for each parameter; and, each coloured box represents how the astrometric
parameters were affected during the different stages of the selection process made with
CEREAL. The coloured boxes represent the selections made in parallax (green), proper

motion in RA (light blue) and proper motion in DEC (light purple).

From the top to

bottom each panel represents an astrometric parameter, on the top the parallax, in the

middle the proper motion in RA and at the bottom the proper motion in DEC.
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Figure D.9: Images from the final iteration of CEREAL used to establish if the star was a
yes, maybe or no. These images represents a yes and show the data for the HAeBe star
HUCMa. Same labels as used in figure D.7
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Figure D.10: Images from the first iteration of CEREAL for V590Mon. The histograms (top
panel) represent the astrometric parameters and the black dashed vertical lines show the
position of the known values. The density profile is also given in the top panel. The
bottom panel shows the spatial distribution, CMD and a proper motion distribution with
a colour code showing how the parallax values were distributed in the three parts. The
purple star in the spatial distribution box represents the position of the HAEBE.
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Figure D.11: Step by step progression through the astrometric parameters selection made
with CEREAL for V590Mon with the Gaia DR2 data. This shows the expected peak for
the astrometric parameter around 1.14 mas in parallax, —1.55 mas/yr in proper motion in
RA and —3.50 mas/yr in proper motion in DEC. The black dashed vertical lines show the
known values for each parameter; and, each coloured box represents how the astrometric
parameters were affected during the different stages of the selection process made with
CEREAL. The coloured boxes represent the selections made in parallax (green), proper
motion in RA (light blue) and proper motion in DEC (light purple). From the top to
bottom each panel represents an astrometric parameter, at the top the parallax, in the
middle the proper motion in RA and at the bottom the proper motion in DEC.

183



] 50 A
60 60000 -
8 a0 3
RN o
5401 30 S 40000
o >
g 20 i |
2 20 1 0 8 20000 A I|
*M“«&'Ww..,
0 - T 0 T r 0+ :
1 2 -2 0 -4 -2 0.0 0.1
O (mas) Hg* (mas/yr) Mg (mas/yr) Distance (deg)
ol & e . . 21 2.00
o PP = N
» 2 "s{f'-,t'. s & =21 o o 4 175
g 9.9 +d .::.. . é . - §. ?E'P 1.50
~ o ooyt ¢, & o 0y E 61
» 3 X =39 c4 e g 1.25
O w thae o o %3k M ©
B98q° :* i‘._‘?%'... . 3 K3 . = g 1.00 B
IE I LR ERAPRE . X 0.75
e . o o °
9.7 o Pt L TR St e e 10 0.50
o’)to‘ [hid —5 A M ¢ o d i
oo o . 12 0.25
100.2 100.0 -2 0 1 2 3
RA (deg) Ma* (mas/yr) Ggp - Grp (mag)

Figure D.12: Images from the final iteration of CEREAL to establish if the stars was a
yes, maybe or no. This image represents a yes and shows the data for the HAeBe star

V590Mon. The same labels are used as in figure D.10
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Appendix E

Catalogue of stars defined by CEREAL

to not be in a cluster

The following tables represent all the HAeBe stars that were classified by CEREAL to be

not found in clusters from section 3.2.4.

Table E.1: Catalogue of Herbig Ae/Be stars not found in clusters by CEREAL

Star RA DEC Spectral type CEREAL Know Cluster
h:m:s deg:m:s
ABAur  04:55:45.90 +30:33:04.0 A0 NO Taurus Dark Cloud!
AKSco 16:54:44.80 -36:53:19.0 F5 NO Upper Centaurus Lupus?
BHCep 22:01:4290 +69:44:36.0 F5 NO
BOCep 22:16:5410 +70:03:45.0 F4 NO
BPPsc  23:22:2470 -02:13:41.0 G9 NO
CPM25 06:23:56.30 +14:30:28.0 B2 NO
CQTau  05:35:5850 +24:44:540 F5 NO
DGCir  15:03:23.80 -63:22:580 B5 NO Circinus cloud?
DKCha 12:53:17.20 -77:07:11.0 A0 NO Cha Il in Chan Dark Cloud*

Reference of the Known Cluster taken from SIMBAD (Wenger et al,, 2000): (1) Roccatagliata et al. (2020),
(2) Luhman & Esplin (2020), (3) Shimoikura & Dobashi (2011), (4) Li et al. (2019), (5) Bachiller et al. (1998),
(6) Soubiran et al. (2018), (7) Lee & Lim (2008), (8) Zucker et al. (2020), (9) Hara et al. (1999),

(10) Kauffmann et al. (2008), (11) Sen et al. (2010),(12) Bricefio et al. (2019), (13) Barrado et al. (2018),

(14) Magakian (2003b), (15) Saul (2015)
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Table E.2: Table E.1 continued

Star RA DEC Spectral type CEREAL Know Cluster
h:m:s deg:m:s
DWCMa 07:19:35.90 -17:39:18.0 B2 NO
(GSC1829-0331  04:30:50.29 +23:00:08.5 F1 NO Taurus Dark Cloud!
GSC1876-0892 06:07:15.40 +29:57:55.0 B2 NO
GSC4805-1306 06:58:44.36 -03:41:10.0 09 NO Iron-clad Nebula®
(GSC4823-0146 07:08:38.80 -04:19:05.0 BO NO
GSC5379-0359 06:49:58.60 -07:38:52.0 B9 NO
GSCH987-1399  07:31:48.80 -19:27:340 B1 NO
(GSCh988-2257 07:41:41.00 -20:00:13.0 B3 NO
GSC5990-0021 06:48:41.70 -16:48:06.0 B9 NO
GSC6542-2339 07:24:36.98 -24:34:474 09 NO
GSC6546-3156  07:24:17.60 -26:16:05.0 A0 NO
GSC8143-1225 07:59:11.60 -50:22:470 F3 NO
(GSC8581-2002 08:44:23.60 -59:56:58.0 A5 NO
GSC8645-1401 12:17:4750 -59:43:59.0 F2 NO
(GS(C8993-0397 13:03:21.50 -62:13:26.0 B3 NO
(GSC8994-3902 13:19:04.00 -62:34:10.0 B2 NO HIP 67014 Cluster®
GUCMa 07:01:49.51 -11:18:03.3 B2 NO
HBC1 00:07:02.60 +65:38:38.0 A5 NO
HBC324 00:07:30.70  +65:39:52.0 A5 NO
HBC334 02:16:30.71  +55:23:00.1 B3 NO Per OB1 Association”
HBC7 00:43:25.34 +61:38:23.3 B2 NO
HBC705 20:51:02.70 +43:49:31.0 BO NO
HBC717 20:52:06.10 +44:17:16.0 F6 NO
HD100453 11:33:0550 -54:19:29.0 A9 NO NAME ASSOC Il SCO®
HD100546 11:33:25.30 -70:11:41.0 B9 NO NAME ASSOC Il SCO?®
HD101412 11:39:44.40 -60:10:28.0 A0 NO Cha Association?
HD104237 12:00:04.90 -78:11:35.0 A4 NO
HD114981 13:14:40.70 -38:39:06.0 B5 NO
HD130437 14:50:50.20 -60:17:10.0 B8 NO
HD132947 15:04:56.10 -63:07:53.0 A0 NO
HD135344 15:15:48.42 -37:09:16.4 A0 NO
HD135344B 15:15:48.40 -37:09:16.0 F8 NO
HD139614 15:40:46.40 -42:29:54.0 A8 NO Sco OB?
HD141569 15:49:57.70 -03:55:17.0 A0 NO
HD141926 15:54:21.80 -55:19:440 B2 NO
HD142527 15:56:41.90 -42:19:240 F6 NO

Reference of the Known Cluster taken from SIMBAD (Wenger et al,, 2000): (1) Roccatagliata et al. (2020),
(2) Luhman & Esplin (2020), (3) Shimoikura & Dobashi (2011), (4) Li et al. (2019), (5) Bachiller et al. (1998),
(6) Soubiran et al. (2018), (7) Lee & Lim (2008), (8) Zucker et al. (2020), (9) Hara et al. (1999),

(10) Kauffmann et al. (2008), (11) Sen et al. (2010),(12) Bricefio et al. (2019), (13) Barrado et al. (2018),
(14) Magakian (2003b), (15) Saul (2015)

186



Table E.3: Table E.1 continued

Star RA DEC Spectral type CEREAL Know Cluster
h:m:s deg:m:s

HD142666 15:56:40.00 -22:01:40.0 A8 NO Sco OB?

HD143006 15:58:36.90 -22:57:16.0 G6 NO Sco OB?

HD144432 16:06:57.90 -27:43:10.0 A8 NO Sco OB?

HD149914 16:38:28.60 -18:13:14.0 B9 NO Sco OB?

HD150193 16:40:17.90 -23:53:45.0 A0 NO Sco OB?

HD155448 17:12:58.80 -32:14:34.0 B9 NO

HD158643 17:31:24.95 -23:57:459 A0 NO

HD163296 17:56:21.30 -21:57:22.0 A0 NO

HD169142 18:24:29.80 -29:46:50.0 B9 NO

HD17081  02:44:.07.34 -13:51:31.6 B7 NO

HD174571 18:50:47.20 +08:42:10.0 B2 NO

HD176386 19:01:38.90 -36:53:27.0 A0 NO

HD179218 19:11:11.30 +15:47:15.0 A0 NO

HD199603 20:58:41.78 -14:28:59.5 A9 NO

HD203024 21:16:03.05 +68:54:52.1 A5 NO

HD235495 21:21:27.50 +50:59:48.0 A0 NO LDN 102119

HD244314 05:30:19.00 +11:20:20.0 A1 NO

HD244604 05:31:57.30 +11:17:41.0 A0 NO

HD245906 05:39:30.50 +26:19:55.0 A6 NO

HD249879 05:58:55.80 +16:39:57.0 B8 NO

HD250550 06:02:00.00 +16:30:57.0 B9 NO [CB88] 39!!

HD259431 06:33:05.20 +10:19:20.0 B6 NO

HD290409 05:27:05.50 +00:25:08.0 B9 NO

HD290500 05:29:48.10 -00:23:43.0 A2 NO

HD290764 05:38:05.30 -01:15:22.0 FO NO

HD305298 10:33:05.00 -60:19:51.0 08 NO

HD313571 18:01:07.20 -22:15:04.0 B3 NO

HD31648  04:58:46.30 +29:50:37.0 A5 NO Taurus Dark Cloud!

HD319896 17:31:05.80 -35:08:29.0 B4 NO

HD34282  05:16:00.50 -09:48:35.0 A0 NO

HD344261 19:21:53.54 +21:31:50.8 F2 NO

HD34700  05:19:41.40 +05:38:43.0 GO NO

HD35187  05:24:01.20 +24:57:37.0 A2 NO

HD35929  05:27:42.80 -08:19:39.0 A5 NO

HD36112  05:30:27.50 +25:19:57.0 A8 NO

HD37357  05:37:47.10 -06:42:30.0 A0 NO LDN 1641 in Orion A!2

Reference of the Known Cluster taken from SIMBAD (Wenger et al,, 2000): (1) Roccatagliata et al. (2020),

(2) Luhman & Esplin (2020), (3) Shimoikura & Dobashi (2011), (4) Li et al. (2019), (5) Bachiller et al. (1998),
(6) Soubiran et al. (2018), (7) Lee & Lim (2008), (8) Zucker et al. (2020), (9) Hara et al. (1999),
(10) Kauffmann et al. (2008), (11) Sen et al. (2010),(12) Bricefo et al. (2019), (13) Barrado et al. (2018),
(

14) Magakian (2003b), (15) Saul (2015)
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Table E.4: Table E.1 continued

Star RA DEC Spectral type CEREAL Know Cluster
h:m:s deg:m:s
HD37411 05:38:14.51 -05:25:13.3 B9 NO
HD37490 05:39:11.10 +04:07:17.0 B3 NO
HD38087 05:43:00.60 -02:18:45.0 B5 NO
HD38120 05:43:11.90 -04:59:50.0 A0 NO
HD39014 05:44:46.40 -65:44:.08.0 A7 NO
HD41511 06:04:59.10 -16:29:04.0 A2 NO
HD45677 06:28:17.42 -13:03:11.1 B2 NO
HD50083 06:51:45.80 +05:05:04.0 B3 NO
HD50138 06:51:33.40 -06:57:59.0 B8 NO
HD53367 07:04:2550 -10:27:16.0 BO NO
HD56895B  07:18:31.80 -11:11:34.0 F2 NO
HD58647 07:25:56.10 -14:10:44.0 B9 NO
HD59319 07:28:36.80 -21:57:49.0 B8 NO
HD72106 08:29:34.89 -38:36:21.0 A0 NO
HD76534 08:55:08.70 -43:28:00.0 B2 NO
HD85567 09:50:28.50 -60:58:03.0 B2 NO
HD87643 10:04:30.27 -58:39:52.0 B3 NO
HD94509 10:53:27.20 -58:25:240 B8 NO
HD95881 11:01:57.60 -71:30:48.0 A0 NO
HD9672 01:34:37.88 -15:40:349 A1 NO
HD98922 11:22:31.70 -53:22:11.0 B9 NO
HKOri 05:31:28.05 +12:09:10.1 A2 NO Barnard 30%3
Hen3-1121S 15:58:09.66 -53:51:35.3 BO NO
Hen3-1191 16:27:15.10 -48:39:26.0 BO NO
Hen3-1475  17:45:1418 -17:56:46.9 B7 NO
Hen3-373 10:10:00.30 -57:02:07.0 B2 NO
Hen3-823 12:48:42.40 -59:54:350 B3 NO
Hen3-847 13:01:17.80 -48:53:19.0 Bb5 NO
Hen3-938 13:52:42.90 -63:32:49.0 09 NO
IPPer 03:40:47.00 +32:31:540 A6 NO
KKOph 17:10:08.10 -27:15:19.0 A5 NO
LkHa208 06:07:49.50 +18:39:26.0 A7 NO NGC 21634
LkHa259 23:58:41.60 +66:26:13.0 A9 NO
MQCas 00:09:3750 +58:13:10.0 A0 NO
MWC314 19:21:33.97 +14:52:56.8 B3 NO
MW(C342 20:23:03.60 +39:29:50.0 BO NO

Reference of the Known Cluster taken from SIMBAD (Wenger et al,, 2000): (1) Roccatagliata et al. (2020),
2) Luhman & Esplin (2020), (3) Shimoikura & Dobashi (2011), (4) Li et al. (2019), (5) Bachiller et al. (1998),
6) Soubiran et al. (2018), (7) Lee & Lim (2008), (8) Zucker et al. (2020), (9) Hara et al. (1999),

10) Kauffmann et al. (2008), (11) Sen et al. (2010),(12) Bricefo et al. (2019), (13) Barrado et al. (2018),

14) Magakian (2003b), (15) Saul (2015) 188



Table E.5: Table E.1 continued

Star RA DEC Spectral type CEREAL Know Cluster
h:m:s deg:m:s
MWC593  17:49:10.20 -24:14:21.0 B4 NO
MWC623  19:56:31.50 +31:06:20.0 BO NO
MWC655  22:38:31.80 +55:50:05.0 B1 NO
MWC657  22:42:41.80 +60:24:00.0 BO NO
MWC778  05:50:13.90 +23:52:17.7 B1 NO
MWC878 17:24:44.70 -38:43:51.0 B1 NO
MWC930 18:26:25.20 -07:13:180 BO NO
MWC953  18:43:28.40 -03:46:17.0 B2 NO
NSV2968 06:26:53.90 10:15:35.0 BO NO
NXPup 07:19:28.30 -44:35:111.0 A0 NO
PDS002  01:17:4350 -52:33:31.0 F3 NO
PDS004  03:39:00.60 +29:41:46.0 A0 NO
PDS021  06:02:14.90 -10:00:59.0 B5 NO
PDS022  06:03:37.10 -14:53:03.0 A0 NO
PDS025  06:54:27.90 -25:02:16.0 A3 NO
PDS123  05:50:54.77 +20:14:47.7 BO NO
PDS124  06:06:58.50 -05:55:07.0 A0 NO
PDS133  07:25:04.90 -25:45:49.0 B6 NO
PDS138  11:53:13.20 -62:05:21.0 BO NO
PDS144S  15:49:15.31 -26:00:55.1 A5 NO
PDS211  06:10:17.30 +29:25:17.0 B9 NO
PDS229  06:55:40.00 -03:09:50.0 A0 NO
PDS24 06:48:41.68 -16:48:055 B9 NO
PDS286  09:06:00.00 -47:18:58.0 BO NO
PDS290  09:26:11.10 -52:42:27.0 B7 NO
PDS297  09:42:40.30 -56:15:34.0 A7 NO
PDS322  10:52:08.68 -56:12:06.8 B3 NO
PDS33 08:48:45.70 -40:48:21.0 A0 NO
PDS34 08:49:58.50 -45:53:06.0 B2 NO
PDS344  11:40:32.80 -64:32:06.0 B5 NO
PDS364  13:20:03.60 -62:23:540 B2 NO
PDS371 13:47:31.40 -36:39:50.0 09 NO
PDS389  15:14:47.05 -62:16:59.8 A3 NO
PDS394  15:35:17.13 -61:59:04.2 FO NO
PDS406  16:05:03.91 -39:45:03.8 A5 NO
PDS431 16:54:59.20 -43:21:50.0 A0 NO

Reference of the Known Cluster taken from SIMBAD (Wenger et al,, 2000): (1) Roccatagliata et al. (2020),
2) Luhman & Esplin (2020), (3) Shimoikura & Dobashi (2011), (4) Li et al. (2019), (5) Bachiller et al. (1998),
6) Soubiran et al. (2018), (7) Lee & Lim (2008), (8) Zucker et al. (2020), (9) Hara et al. (1999),

10) Kauffmann et al. (2008), (11) Sen et al. (2010),(12) Bricefo et al. (2019), (13) Barrado et al. (2018),

14) Magakian (2003b), (15) Saul (2015) 189



Table E.6: Table E.1 continued

Star RA DEC Spectral type CEREAL Know Cluster
h:m:s deg:m:s
PDS453 17:20:56.10 -26:03:31.0 F2 NO
PDS469 17:50:58.10 -14:16:12.0 A0 NO
PDS477 18:00:30.30 -16:47:26.0 B1 NO
PDS530 18:41:34.40 +08:08:21.0 FO NO
PDS543 18:48:00.70 +02:54:17.0 B1 NO
PDS581 19:36:18.90 +29:32:50.0 BO NO
PVCep 20:45:53.98 +67:57:38.6 A5 NO Cep Flare®
PXVul 19:26:40.30 +23:53:51.0 F3 NO
RCrA 19:01:53.69 -36:57:086 A5 NO IRAS 18585-370115
RMon 06:39:09.95 +08:44:09.6 B8 NO
RYOri 05:32:09.90 -02:49:470 F6 NO
SA0185668 17:43:55.60 -22:05:45.0 B3 NO
SA0220669 08:55:45.90 -44:25:140 B4 NO
SVCep 22:21:33.20  473:40:27.0 A0 NO
TCrA 19:01:58.79 -36:57:50.3 FO NO IRAS 18585-370115
TYCrA 19:01:40.80 -36:52:34.0 B9 NO
UXOri 05:04:30.00 -03:47:140 A2 NO LDN 1616%
V10120ri 05:11:36.55 -02:22:485 A3 NO
V1295Aql 20:03:0250 +05:44:17.0 A0 NO
V1493Cyg 20:52:04.60 +44:37:30.0 A2 NO
V1686Cyg 20:20:29.40 +41:21:28.0 A4 NO
V18180ri 05:53:42.60 -10:24:01.0 B7 NO
V3510ri 05:44:18.80 +00:08:40.0 A7 NO
V374Cep 23:05:07.50 +62:15:36.0 B4 NO
V375Lac 22:34:40.99 +40:40:04.3 A7 NO
V376Cas 00:11:26.56  +58:50:03.8 B5 NO
V431Sct 18:29:25.70 -06:04:37.0 B1 NO
V633Cas 00:11:26.50 +58:49:29.0 B9 NO
V645Cyg 21:39:58.30 +50:14:21.0 0O7 NO
V669Cep 22:26:38.70 +61:13:320 B5 NO
V718Sco 16:13:11.60 -22:29:070 A8 NO Upper Scorpius in Sco OB II®
V8830ri 05:38:18.10 -07:02:26.0 BO NO LDN 1641 in Orion A'?
V892Tau 04:18:40.60 +28:19:16.0 A0 NO Taurus Dark Cloud!
V921Sco 16:59:06.80 -42:42:08.0 BO NO
VVSer 18:28:47.90 +00:08:40.0 B6 NO Serpens Cloud®
VXCas 00:31:30.70 +61:58:51.0 A0 NO
VYMon 06:31:06.90 +10:26:05.0 B5 NO
WRAY15-1435 16:13:06.70 -50:23:20.1  B1 NO
XYPere+w 03:49:36.35 +38:58:55.4 A2 NO
ZCMa 07:03:43.20 -11:33:06.0 B5 NO

Reference of the Known Cluster taken from SIMBAD (Wenger et al, 2000): (1) Roccatagliata et al. (2020),
(2) Luhman & Esplin (2020), (3) Shimoikura & Dobashi (2011), (4) Li et al. (2019), (5) Bachiller et al. (1998),
(6) Soubiran et al. (2018), (7) Lee & Lim (2008), (8) Zucker et al. (2020), (9) Hara et al. (1999),

(10) Kauffmann et al. (2008), (11) Sen et al. (2010),(12) Bricefio et al. (2019), (13) Barrado et al. (2018),

(14) Magakian (2003b), (15) Saul (2015)
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Appendix F

Machine Learning algorithms

In recent years a wide variety of different methodologies have begun to be implemented
for the analysis of the large volume of data available. More specific, the high volume of
astronomical data. These techniques include machine learning algorithms, which is the
field of study that gives computers the ability to learn without being explicitly programmed
(Alpaydin, 2014; Géron, 2019).

In the literature it was possible to find a large number of machine learning algorithms
depending on the analysis that needed to be performed. Clustering is a branch within the
entire machine learning which only needs the data to be analyzed to work. Within the
clustering methods, it was also possible to identify a variety of algorithms which studied
overdensities in large samples. The Density-based clustering algorithms (DCAs) are an
example of the clustering methods that analyse over densities. In these algorithms, the
over densities represent the clusters in the sample (Pedregosa et al, 2011). Additionally,
the clusters from the DCAs are defined as an area of higher density with an arbitrary
shape with respect to the remainder of the data (Pedregosa et al, 2011).

To process the data, the DCAs required two main parameters as an input. These

parameters were:

* € or eps-distance, which is the distance between two points in the N-dimensional

space; and,

* mPts which is the minimum number of points required to form a dense region.
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To define a cluster, the DCAs needed to establish a core and border points, which are
represented in figure F.1. The cores were the points which had at least mPts of neighbours
within a distance d = €. The border points were separated by a distance d < ¢ from a
core point and had a number of neighbours n < mPts (i.e,, they are less dense than core
points; Ankerst et al, 1999; Ester et al, 1996). The noise points did not belong to the
cluster (Ester et al, 1996). These parameters can be modified at any point during the

process of finding the clusters, to improve the results.

y . mPts = 10
. ) C: core point
e . _
n . o b: border point
) Fe 50 ¢ |n:noise

Figure F.1: Fundamental parameters used by DBSCAN and OPTICS to find cluster. e
and mPts are the main parameters that can be modified during the process of finding
clusters. The core and border points define the limit of the cluster. See the text for more
information.
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For this study, three density-based clustering algorithms (DCAs) were chosen from
the literature to compare their efficiency in finding clusters with CEREAL (see §3.3). The
DCAs selected were:

* DBSCAN. This code views clusters as areas of high density separated by areas of
low density which can have any shape (Pedregosa et al, 2011). This gives them
the advantage of separating clusters of high density in contrast with clusters of low

density within the same data (Ester et al,, 1996).

* OPTICS. As DBSCAN, finds clusters in high density areas and is capable of dis-
tinguishing between the clusters densities. However, if the data contains clusters of
different densities it would be difficult to detect all the members of an each cluster

(Ankerst et al,, 1999).

* HDBSCAN. OPTICS, can identify clusters with different densities and is sensitive
to the density gradients inside a cluster (Campello et al,, 2015; Mclnnes et al., 2017).
This method only uses one parameter called the minimum clusters size (mCls) to

determinate the presence of clusters, which is similar to mPts defined previously.
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Appendix G

CEREAL and DCAs: Comparison and

quality condition samples

This appendix shows how the raw data from Gaia DR2 is affected when different quality
conditions are applied to it. The quality conditions applied have been described in sections
§ 3.3 and § 3.3.3. These condition were: RUWE < 1.40 and parallax signal to noise >
10.

Table G.1 show the number of stars used as an input in this analysis, specifically
column 3 and 7 shows the original CEREAL sample and column 4 and 8 the sample used
in §3.3.3.

This appendix also shows the number of stars found by each of the DCAs (DBSCAN,
OPTICS and HDBSCAN; Ankerst et al,, 1999; Campello et al, 2015; Ester et al., 1996;
Mclnnes et al., 2017, respectively) used in section § 3.3 in table G.2. The table shows the
combined results found by the DCAs and the stars found in common and not in common
by each of the DCAs. The combined results of the DCAS (column 5 and 12) were the
ones used to compare with the data found by CEREAL.
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Table G.1: Number of stars from Gaia DR2 catalogue by applying different quality con-
ditions

Star Gaia Gaia Gaia Star Gaia Gaia Gaia

raw RUWE RUWE/% raw RUWE RUWE/%
(1) 2) 3) 4 () (6) (7) (8)
A097415 3389 3175 454 HTCMa 1969 1898 146
AS310 1681 1571 71 HUCMa 2689 2487 169
AS477 6628 6318 431 Hen3-1121 2822 2665 157
BD+30549 3919 3773 333 Hen3-949 830305 804248 46103
BD+413731 1091 990 178 ILCep 2561 2393 176
BFOri 1520 1375 324 LKHa260 2332 1605 175
COOri 6357 6112 459 LKHa338 1030 973 126
GS(C3975-0579 9743 9310 436 LkHa257 6731 6317 422
GSCh360-1033 2030 1937 233 LkHa324 7930 7525 386
HBC217 1900 1714 307 LkHa339 1132 1074 123
HBC222 1753 1549 321 PDS126 1924 1833 119
HBC442 2485 1773 766 PDS129 4476 4208 178
HBC694 2756 2573 430 PDS324 1607 1515 51
HD200775 7202 6855 770 PDS415N 110480 107251 3441
HD245185 7220 6925 592 PDS520 10830 10279 232
HD287823 7383 6295 633 TOri 2904 1931 845
HD288012 7068 6724 671 V1685Cyg 1191 1117 179
HD290380 6466 6192 699 V17870ri 1586 1445 241
HD290770 6373 6019 589 V3460ri 7260 6909 782
HD36917 1920 1091 656 V361Cep 2115 1958 190
HD36982 2648 1641 886 V373Cep 1868 1716 172
HD37371 5796 5231 515 V3800ri 846 773 213
HD46060 1147 1087 106 V590Mon 1404 1247 242
HD87403 2116 1952 153 V594Cas 10590 10107 651
HD96042 2398 2212 50 WWWul 99683 92722 1122
HD97048 39227 37810 3237

- Column 2 and 6: raw data from Gaia DR2
- Column 3 and 7: Gaia DR2 data reduced with the RUWE < 1.40
- Column 4 and 8: Gaia DR2 data reduced with the RUWE < 1.40, % > 10
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Table G.2: Number of stars found by each DCas

961

Star DBSCAN OPTICS HDBSCA All DCAs Star DBSCAN OPTICS HDBSCA All DCAs
Combined Common  Not common Combined Common  Not common
(1) @ Q) ) ) 6) ) ®) ©) (10 (1) (12) (13) (14)
A097415 17 33 16 33 16 17 HTCMa 9 17 15 21 7 14
AS310 6 6 5 " 3 8 HUCMa 40 24 37 40 24 16
AS477 26 45 17 45 17 28 Hen31121 9 13 8 18 3 15
BD+30549 40 53 43 53 40 13 Hen3949 15 19 10 22 9 13
BD+413731 21 28 8 30 8 22 ILCep 10 24 7 24 7 17
BFOri 40 122 88 122 40 82 LKHa260 21 31 1 32 1" 21
COOri 84 17 85 16 69 LKHa338 8 14 5 14 5 9
(GS(C3975-0579 18 76 4 76 16 60 LkHa257 5 5 5
GSC5360-1033 6 1" 8 " 6 5 LkHa324 27 38 16 38 16 22
HBC217 7 9 " 5 6 LkHa339 15 14 1" 16 1 5
HBC222 9 6 9 6 3 PDS126 4 10 3 10 3 7
HBC442 29 29 29 PDS129 8 20 1" 20 5 15
HBC694 11 " 35 35 9 26 PDS324 14 16 22 26 10 16
HD200775 18 31 13 31 13 18 PDS415N 64 64 64
HD245185 60 102 20 102 20 82 PDS520 1" 1" 19 22 7 15
HD287823 15 35 16 35 14 21 TOri 6 8 5 9 5 4
HD288012 1" " 1 V1685Cyg 13 22 12 24 9 15
HD290380 8 8 8 V17870ri 66 62 4 70 4 29
HD290770 26 111 70 115 20 95 V3460ri 12 15 36 43 8 35
HD36917 97 164 195 231 77 154 V361Cep 12 16 10 16 10 6
HD36982 17 7 17 7 10 V373Cep 12 16 19 19 12
HD37371 16 1" 10 17 8 9 V3800ri 21 33 1" 33 1" 22
HD46060 12 21 22 22 12 10 V590Mon 12 1" 12 16 7
HD87403 14 31 9 31 9 22 V594Cas 10 8 1" 12 8
HD96042 7 21 10 22 6 16 WWwul 18 52 13 52 13 39

HD97048 30 88 22 88 22 66




Appendix H

Mass magnitude relation

For the analysis in section 5.2 a mass ratio (mass-magnitude) relation was created to
find the lower mass limit detected for each cluster, using the mass of the full sample
of HAeBe stars (with has masses reported by Vioque et al, 2018, see §3.2) and their
absolute magnitudes.

The absolute magnitudes of the HAeBe stars used to find the mass ratio relation were
corrected by extinction, as it is known that the dust present along the line of sight towards
the stars leads to a dimming and reddening of their observed light (Gaia Collaboration
et al, 2018a). This decision was taken even though the extinction values were not avail-
able for the low mass companions (possible cluster members) as it is probable that the
extinction for the HAeBe star is higher than the possible cluster members.

Figure H.1 shows the relation between the mass and absolute magnitude of the HAeBe
stars. The stars show a relation close to a straight line that can be represented as
log(M) = m % Mg + ¢, with M in solar units. The top panel show a value of Mg not
corrected by Ag even if the data show a large scatter, the stars show a relation close
to a straight line where m and ¢ as —0.124 £ 0.007 and 0.700 £ 0.018, respectively.
The bottom panel, show a tighter distribution around the fit for the sample, where Mg
was corrected by Ag using the extinction relation found by Wang & Chen (2019, Ag =
0.789Ay); the Ay for the Herbig stars were taken from Vioque et al. (2018). This data
also appeared to be very close to linearity and was fitted with a straight line where m

and ¢ as —0.131 £ 0.002 and 0.532 £ 0.006, respectively.
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The bottom panel of figure H.1 shows the lowest scatter around the fit to the data and
the general importance of the correction for extinction, since all the stars look less faint
compared to the top panel of figure H.1 but even with the correction the slope (m) in both
figures are very similar. The small variation of the slope (compared to the change in AMg)

between the corrected and uncorrected data will not significantly change the result for

M
" MpgaeBe

the object in the cluster and the Herbig Ae/Be star. However, the change in AM¢g will

the mass ratio found

= 10mAMa  with A Mg is the magnitude difference between

lead to a much larger minimum mass than those calculated in section 5.2.2.

To asses the influence that correcting only the absolute magnitude of the HAeBe
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Figure H.1: Mass magnitude relation for a HAeBe star. The full blue represents he full
sample of HAeBe stars (see §3.2 ) and their absolute magnitude. The data show a relation
close to a straight line (magenta dashed line) which is represent as log(M) = m % x + c.
Top panel: data not corrected by Ag Bottom panel: data corrected by Ag.
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star for extinction could have on the results obtained in section 5.2.2 AM¢g was also
calculated using the uncorrected absolute magnitudes of the HAeBe stars. Using the
Mg not corrected by A allowed a direct comparison for the possible cluster members
found around the HAeBe stars since these companions do not have a known value of Ag.
When the Mg of the HAeBe star is corrected by Ag and the Mg of the possible cluster
members are not, then the value of AM¢ will be larger than if both were uncorrected. As
it is probable that the HAeBe star has higher extinction that its possible cluster members
then when Mg of the HAeBe star and not that of its low mass companion will produce
a AM¢ that is more representative of the true difference in magnitudes than using the
difference in the uncorrected magnitudes. Although, Andrae et al. (2018) state that, due
to large uncertainties, extinction corrections are less useful at the individual star level
but have good performance for correcting large samples of stars, as can be seen in the
improved correlation in figure H.1. Also, it has been shown that inside clusters a large
spread of Ag can be found (Arenou et al, 2018, see their figure 47). Future analysis of
Ag, similar to the work carried out by Vioque et al. (2020), for both the HAeBe stars and
their companions would allow for improved estimation of the lower mass limit detected for
each cluster and would improve the characterisation of these samples.

The slope from the plot of the masses of the HAeBe stars against their uncorrected
absolute magnitudes (top panel on figure H.1) was used in conjunction with the uncorrected
A Mg to generate minimum masses for all the clusters. These minimum masses were then
used to generate IMF correction factors and corrected stellar densities. The results of
this are presented in table H.1 and figure H.2 which are the equivalents of table 5.1 and
figure 5.10 in sections 5.2.6 and 5.2.7 respectively. The key difference between these
plots is in the absolute values for the stellar densities calculated with the IMF correction.
With the minimum mass found in section 5.2.2 after correcting the Mg of the HAeBe
stars for extinction, the IMF correction accounted for >84% of the total stellar density
observed. When the uncorrected Mg were used to calculate AM the proportion of the
stellar densities that comes from the IMF correction increases to >95% of the overall
stellar densities calculated.

Even with the higher densities found without applying the extinction corrections to
the HAeBe stars the results differ from the work of Bonnell et al. (2003). As discussed in
section 5.2.7 there are elements of the model that are replicated. There is again an early

time increase in density followed by a general trend for the stellar densities to decrease
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in age. The magnitude of these changes are however still not in good agreement with the

results of Bonnell et al. (2003). The stellar densities found here are roughly a factor of 3

higher than those found in section 5.2.7 but the multiple order of magnitude changes in

stellar densities (from Bonnell et al, 2003) are not seen in these results.

Table H.1: Summary of the cluster parameters

Star Spectral  Distance Mass Age Cluster Num Low Mass  IMF Stellar Complete Stellar
type Radius Stars  Limit ratio Density Density
pc Mg Myr pc Mg stars pc™®  stars pc 3

M 2 63 4 ) (6) 7) (8) ©)] (10) n
A0974-15 B3 397.6t§;‘;‘ 2714038 20450 0.34+£0.26  4+2 064700 23.0t}g;g 20.0£47.0 50073109
AS310 B1 2110053500 11,9454 0061057  0.387+£0.043 93 21705 108.01930 38.0+£18.0 410073109
BD+30549 B8 29504130 2284081 504130 0.73+£0.21  18+4 01667005 337]3 11.0+£10.0 36457
HD36982  B15 408.04100  5.24033 0734047 0.64+£0.13  24£5 03997007, 108732  220+140 23047
HD37371 B9 41104190 3851082 086105,  0.67+£036 62 02417000 54731 45+73 24+
HD46060 B8 933.012%0 96754 0.09%032  1.07£0.3 29+£5 0457015 125728 57+49 7148
HUCMa B8 174212990 3024002 204703 081+024 25+5 0235005 5.3%% 11.0+£10.0  58%3%
Hen3-949 B3 643.01350 4181073 08155 0.94+0.13 20+£4 022775057 50733 6.5+3.1 32433
ILCep B2 805.01310  9.9%37 00740033 0.63+£0.13 326 0477017 13275 3L.0+19.0 41045
LKHa338 B9 885.01550  1.88510001 9.013%0 1.05+£0.13  31+6 04097001 12.3t3;§ 6.4+2.6 78470
LkHa324 B9 605.01150 282405 242403 047+013 174 042705 122757 400+340 48015
MWC137 B0 2910015000 234H%6 001810058 0.75+£0.36 12+£4 105705 3907350  7.o0+100 - 280170
V361Cep B2 8930530 5317090 0417013 0.288+£0.041 18+4 0403T505 109735  180.0 £88.0 zoooj_}ggg
V373Cep  B5 92201330 3485050 1631057 0.201+£0073 5+£2 057704 1875)%'  44.0+39.0 8201530
Columns (3), (4) and (5) taking from Vioque et al. (2018)
Columns (7): Number of stars found using column (6) (§5.2.1) and Gaia DR2 completeness (§5.2.3).
Columns (8): Low mass limit detected for each cluster (§5.2.2).
Columns (9): Initial mass function ratio of each cluster (§5.2.5).
Columns (10): Stellar density for each cluster (§5.2.4).
Columns (11): Stellar density for each cluster corrected by their IMF (§5.2.6).
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Figure H.2: Real Stellar densities vs Age. The open grey circles represent the B stars
found to be in a cluster by CEREAL and the purple filled circles represent the median
rolling average (for every 2 points) of those stars. The purple shadows represent the
median error of the rolling average. The light orange area represents the time scale
depicted in figure 5.9.
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