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Abstract

Multiplicity is known to be a common occurrence in massive stars (=8M ), and is intrin-
sically linked to their formation. However the speci ¢ formation processes of multiple
star systems are still in question. In order to study this phenomenon, massive stars
must be observed and studied at an early a stage as possible, and Massive Young Stellar
Objects (MYSOs) provide an ideal opportunity for this. Very few studies on MYSO

multiplicity currently exist, and so our knowledge of the phenomenon is limited.

This thesis presents three studies into the multiplicity of MYSOs, covering all scales and
multiple wavebands. Firstly, K band imaging was used to search for companions around
hundreds of MY SOs between 1000-100,000 au, comprising the largest MY SO multiplicity
study to date. 50% of MYSOs have at least one companion, and a signi cant number
of companions have mass ratios greater than 0.5. Monte Carlo simulations show that
triple systems must be a common occurrence in order to explain the observed separation
distribution. Secondly, high- and medium-resolution K band spectra of MYSOs were
used to search for radial velocity variations (an indication of a close-in companion), and
multiplicity fractions of 0% and 8% were found respectively. Masses and separations
of these companions were also estimated. Finally, Gaia DR3 data was used to search for
MY SO companions in the optical regime for the rst time, using parallaxes and proper
motions to nd companions comoving with MYSOs. A multiplicity fraction of 60%

was found for this sample.

After factoring in observational limitations of these studies, it can be asserted that
up to 100% of MYSOs form in multiple systems, with triple systems possibly forming
a signi cant fraction of those multiples. Additionally, the relatively high mass ratios

indicate that the capture scenario for binary formation is unlikely for MY SOs.
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Chapter 1

Introduction

Stars are an extremely important part of astrophysics research. Stars, in particular
massive stars, have a signi cant e ect on their galaxy's evolution. Many factors are
at play in the process of star formation, such as a star's initial mass, its evolutionary

path, and whether or not it exists in a multiple system.

Massive stars have a mass greater than 8 M. Above this limit, stars can burn hydro-
gen more e ciently into helium thanks to the CNO cycle, and can also burn heavier
elements than low-mass stars via rapid nuclear fusion. They produce high energy
photons which can ionise their surroundings and may create HIl regions (Churchwell,
2002). They also have strong stellar winds and out ows which transfer gas into the
surrounding regions and may potentially trigger further star formation in the local
vicinity, making them very important in the evolution of galaxies and the interstel-
lar medium (Sugitani et al., 1989; Kennicutt, 2005). Massive stars end their lives as
supernovae (SNe); powerful and hugely energetic explosions which distribute stellar

material into the the surrounding galaxy.

Star formation has always been an intense point of astrophysics research, however the

formation of massive stars is still not fully understood. The observation of these objects
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presents a di cult challenge; massive stars evolve onto the main sequence while still
embedded in their natal dust cloud, restricting a clear view of the whole formation
stage. Massive star formation is rapid compared to that of lower-mass stars, providing
a relatively short window to observe this evolutionary stage. As predicted by the
initial mass function (IMF), massive stars are rare (Salpeter, 1955). Their scarcity
also means that they are generally situated at larger distances ( kpc) than low-mass
stars ( 100s of pc). These factors hamper high-resolution studies of the early stages

of massive stars, especially ones with large samples of objects.

A crucial part of the debate centres around whether the formation scenario for mas-
sive stars is simply a variation of the intermediate and low-mass theories, or whether
they have a completely di erent origin. Many massive stars appear to be in binary or
multiple systems, and there are unanswered questions around how these form too. Ob-
servations of Massive Young Stellar Objects (MYSOSs) are key in trying to understand

massive star formation and binary formation.

This thesis aims to study the multiplicity of MYSOs in multiple wavebands and spa-

tial scales, to provide a comprehensive set of constraints which can inform formation
theories and models. To gain a complete picture of the formation of massive multiple
star systems, they must be studied as early in their lifetimes as possible. This chapter
outlines the background of star formation in both low- and high-mass stars, as well as
the formation theories for multiple systems, and nally discusses the current state of

MYSO observational studies.

1.1 Low-mass star formation

Some theories of massive star formation suggest that a scaled-up version of low-mass
star formation is one possible pathway. Therefore to understand massive star forma-

tion, an understanding of the formation of solar-mass stars is paramount. A detailed
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review of the processes of low-mass star formation can be found in Shu et al. (1987)

and Larson (2003).

Stars form from dust and gas in Giant Molecular Clouds (GMCs). These clouds are
initially stable against gravitational collapse, however a perturbation (such as stellar

winds from nearby massive stars or a supernova shock) may trigger a collapse. To form
a star, this gas and dust much reach the densities commonly found in stars through
the compression that occurs during gravitational collapse. The minimum mass needed

for collapse is known as the Jeans madsl; (Jeans, 1902):

5kg T
MJ(B

) (7)2 (1.1)

where kg is Boltzmann's constant, T is temperature, G is the gravitational constant,

is the mean molecular weight, np is the mass of a proton and is the density in
kg/m 3. If the mass of the GMC exceeds this mass, a runaway gravitational collapse
will occur. During collapse, the GMC begins to produce laments, which are dense
elongated structures generally around 0.1 pc long (Kenyves et al., 2015). As collapse
continues, pre-stellar cores begin to form at the densest regions of the laments. The
collapse remains generally isothermal, and so the increased density causes the Jeans

mass to decrease, potentially causing fragmentation.

This free-fall collapse is halted when a core is dense enough that it becomes optically
thick and it cannot radiate away the gravitational potential energy generated from the
contraction quickly enough. This heats the core up and prevents collapse. Eventually
the core reaches a temperature of 2000K, at which point H, dissociation begins; this
uses photon energy which would otherwise have been preventing gravitational collapse,
and as a result of this reduction in pressure the second stage of collapse begins. The
core becomes a 'protostar’, and forms an accretion disc around its equator. This disc

is the result of material in the surrounding envelope falling in; the centrifugal force of
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the protostar is more powerful than gravity at the equator due to the conservation of
angular momentum by the envelope. Therefore material builds around the equator,

whereas otherwise it falls into the star and is accreted.

As the core heats up and becomes convective, a magnetic eld forms which allows
material from the disc to be accreted by the protostar via magnetospheric accretion.
Additionally, the magnetic eld creates bipolar out ows and jets at the poles of the
protostar (Figure 1.1), where material has been rapidly ejected from the central core
(Machida, 2017), or from the disc (Blandford and Payne, 1982). This process transfers
angular momentum away from infalling material (Pudritz and Norman, 1986). When
the protostar begins to run out of material to accrete, it reaches its pre-main-sequence
(PMS) phase and the accretion process slows down, reducing the strength of the jets
and out ows. Eventually when accretion stops, radiative processes take over and the
star begins the burning of hydrogen into helium via nuclear fusion. Here the star has

reached its main sequence (MS) phase.

These formation stages can be classi ed when studied via observations, and are as-
signed a class based on how its ux is related to its wavelength, i.e. the form of its
spectral energy distribution (SED). Class 0 is the youngest phase, where the rst rapid
accretion phase is beginning (Barsony, 1994). These objects are dust-rich and cold.
Class | objects are undergoing the main accretion phase (Shu, 1977) and emit mainly
in the far-infrared (FIR). These are heavily embedded in the prestellar envelope. Class
Il objects (Shu, 1977) are less obstructed by the envelope but are still undergoing ac-
cretion. This class of object are brightest in the near-infrared (NIR). Finally, Class IlI
objects are post-accretion (Shu, 1977). The SED appear similar to that of an MS star
as the ux is mainly from the star itself, but they have remnants of their circumstellar

disc and may show substructures.
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Figure 1.1: A diagram of the jet and out ow produced by a forming protostar. Taken
from Machida et al. (2009).
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1.2 High-mass star formation

Massive star formation occurs in cold, highly-dense regions of gas in molecular clouds.
The formation of massive stars remains a topic of debate, namely whether their evo-
lution mirrors that of low mass stars or not. Massive stars have a shorter Kelvin-
Helmholtz timescale than its free-fall collapse timescale; gravitational potential energy
is rapidly converted to luminosity while the central source is still obscured by its sur-
rounding natal gas and dust. A massive star can also continue accretion after it has
begun to burn hydrogen, i.e. it can accrete while on the MS and therefore can move

on a Hertzsprung-Russell (H-R) diagram during its evolution.

Previously it was theorised that an upper limit on the mass existed for massive stars
(Kahn, 1974), and that radiation pressure prevented further accretion. The outwards

acceleration of radiation pressure from a protostar is given by:

Bradiation = ﬁM (1.2)
where L is the luminosity of the protostar, c is the speed of light,r is the distance
between the material and the protostar, nq is the number density of dust grains, 4 is
the cross-sectional size of a dust grain and is the density of the grain material (Ward-
Thompson and Whitworth, 2015; Sivkova et al., 2021). The inwards acceleration of
gravity due to an accreting star of massM at a distancer is given by agravity = GT""r
By comparing the inward acceleration due to the protostellar gravity with the outward
acceleration due to radiation pressure, an upper limit of approximately 201 should

exist, beyond which accretion would cease. However, stars well above this mass limit

have been observed (Hillier, 2008; Crowther et al., 2016).

To overcome this 'barrier' of radiation pressure, the accretion rate needs to be su -

ciently high so that the gravitational force from accretion is higher than the outward
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luminosity/radiation pressure (Hosokawa and Omukai, 2009; Kuiper and Hosokawa,
2018). One explanation is that accretion does not occur spherically, and that disc
accretion causes the infalling material to experience less radiation pressure (Bonnell et
al., 1998; Yorke and Sonnhalter, 2002), allowing accretion to continue beyond 20
Additionally, the properties of the dust may not align with that of the ISM. Rosen
(2022) performed 3D radiation-magnetohydrodynamic simulations of massive core col-
lapse and found that feedback from stellar winds prevents accretion onto protostars
with 30M . Therefore & 30M stars require large dynamical in ows from their

host cloud to combat the wind feedback and continue accretion.

Currently there is no clear-cut formation path for massive stars. The two central theo-
ries that aim to explain the process are monolithic collapse and competitive accretion.

The details of each theory are discussed below.

1.2.1 Monolithic collapse

Monolithic collapse (also known as core accretion) is the theory that massive stars
follow a scaled-up version of the low-mass formation path, where a single pre-stellar
core forms a single massive star and its nal mass is set only by the mass of the core.
This theory infers that the pre-stellar core mass function is aligned with the stellar

IMF, which is supported by observations (Ande et al., 2010).

McKee and Tan (2003) present a turbulent core model where the molecular cloud
fragments into clumps which are in quasi-equilibrium. Kinetic energy is transferred

from out ows, accretion shocks and the GMC to keep the clump in this state. These

cores are turbulent on a supersonic scale, are signi cantly denser than the clump
surrounding it, and have higher pressures than that of the average di use ISM pressure
or the cloud pressure (Tan et al.,, 2014). From these models, timescales of order
10° years are estimated, with a larger dependence on the clump's surface density (t

/ 3=4

cIump) than the stellar mass (t/ M 1=4).
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Similarly to the low-mass paradigm, an accretion disc forms to conserve the angular
momentum of the system, and a magnetic eld causes jets and out ows to be present
at the poles which removes angular momentum. Radiation pressure is alleviated in
two ways: self-shielding by the disc against radiation pressure, and the release of radi-
ation pressure through optically thin bubbles (Krumholz et al., 2009). Consequently,

accretion is not halted and so the upper limit on the stellar mass is nulli ed.

3D radiation-hydrodynamic simulations of core collapse by Rosen et al. (2016) found
a solution for radiation pressure by simulating the absorption of the radiation eld
(with the caveat of excluding out ows, ionisation or magnetic elds). These simula-
tions found that instabilities are caused by radiation bubbles which reducing radiation
pressure, similar to that of Krumholz et al. (2009). These bubbles also cool down
the disc and make it more likely to fragment, therefore increasing the likelihood of

companions.

Hosokawa et al. (2010) modelled massive protostars with very high accretion rates.
They found that the energy from accretion could not be dissipated e ectively by ra-
diative cooling, as the models had short timescales. The accretion becomes adiabatic,
and as the stellar mass grows its opacity increases, resulting in cooling of the star.
The Stefan-Boltzmann law states that the temperature is inversely proportional to the
square root of the stellar radius, and so the models predict bloated stars with radii up
to 100 R . The opacity eventually decreases, causing an increase in the luminosity and
a shorter Kelvin-Helmholtz contraction timescale. Contraction occurs until it reaches
the ZAMS when hydrogen burning begins. These models provide an explanation as
to how massive stars can reach such high luminosities while not being hot enough to

ionise their surroundings to create HIl regions.
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1.2.2 Competitive accretion

An alternative approach to massive star formation is competitive accretion: the idea
that a cloud's fragmentation into clumps is non-uniform and ine cient. This theory
has been simulated extensively (e.g. Bonnell et al., 1997; Bonnell and Bate, 2006).
A large gas reservoir must be available and under the same gravitational acceleration
as the cores, and it cannot be a ected by magnetic elds. Cores located towards the
centre of the cloud accrete more material faster than those found further out, as they
experience its full gravitational potential; they compete for the material available in

the cloud.

The accretion follows the Bondi-Hoyle law of spherical accretion on a compact object
moving through the ISM. A star-dominated regime was argued as the better t for
massive star formation (Bonnell et al., 2001; a gas-dominated regime was also mod-
elled). The accretion rate is initially low, only accreting gas in close proximity to the
cores, but as they gain mass the gravitational pull increases, allowing gas in further
out regions of the clump to be accreted onto the cores. Essentially, the core's nal
mass is in uenced more by its location in the clump than the core's initial mass. Discs
smaller than those found in the monolithic collapse model are predicted to exist, with
their smaller size due to multi-core interactions in the dense cluster. Fragmentation or
stellar feedback will eventually halt the accretion process. Competitive accretion alone
is not enough to solve the radiation pressure problem, however additional hypotheses
such as disc accretion, stellar collisions and binary mergers exist which are able to

overcome this issue (Bonnell and Bate, 2006).

1.3 Multiplicity of massive stars

Single-star formation theories have been established for many years, but multiplicity

is now known to be a very common phenomenon which has its own implications on
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the process of star formation. Multiplicity properties are established early on in the
lives of stellar systems, particularly in the PMS stage (Mathieu, 1994; Duchéne and
Kraus, 2013). Multiplicity also signi cantly a ects the ongoing evolution of massive
stars (Sana et al., 2012), such as changing the nature of stellar out ows (Sana, 2022).
The frequency of multiples, and their properties and dependence on the primary star
provide a unique insight into the origins of a multiple system. Large-scale studies
into this phenomenon have been historically tricky, but within the last two decades
all-sky surveys have made a comprehensive analysis of stellar multiplicity much more
feasible. Multiplicity studies can inform star formation models with initial conditions
and evolutionary changes, which in turn can help re ne the theoretical picture of
star formation. A large proportion of stars are thought to form in multiple systems
(Duchene and Kraus, 2013), and it is also known that up to 100% of OB-type stars
are in multiple systems (Chini et al., 2012). King et al. (2012) and Marks and Kroupa

(2012) suggested that multiplicity is higher in dense clusters.

An important statistic in this area of study is a measure of how commonly these mul-
tiple systems occur; this is represented by the multiplicity fraction of a population
of stars, which is the percentage of multiple systems in that population. Another
useful statistic is the companion fraction, which represents the average number of
companions per system in that population; this value can exceed 100%. Additional
important parameters include the the orbital semi-major axis (found using the appar-
ent separation from a directly imaged binary) and the orbital period of a binary system
(determined through spectroscopic analysis). The distribution of orbital periods can
be parameterised by a power lawf (P) / P , with =-1 a common choice known as
the logarithmically at Opik's law (Opik, 1924) which suggests a scale-free process of
binary formation; i.e. there is a constant number of binary systems per logarithmic
interval. Duquennoy and Mayor (1991) shows a good t for solar-mass stars tdDpik's

law, but a system's orbital period may be a ected through dynamical evolution, so

10
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Figure 1.2: Multiplicity fraction (left, thick), triple/higher-order multiplicity fraction
(left, thin) and companion frequency (right) against primary mass for brown dwarfs
and main-sequence stars. Taken from O ner et al. (2022).

the observed and primordial period distributions may not be identical. The mass ratio
of a primary source and its companion = M¢=M;) can be derived from the ratio of

their observed uxes; for PMS objects this is model-dependent.

Multiplicity surveys should be as uniform and as complete as possible using a volume-
limited sample, using multiple methods of observation depending on the separations
of the systems being observed: imaging for wider binaries which can be individually
resolved, and spectroscopy/interferometry for closer binaries which cannot be resolved
using imaging. Biases can a ect a survey through di erential extinction or magnitude
limitations, and these must be corrected for or at least taken into context with results.
For a precision of 5% in the multiplicity fraction, at least 100 targets are needed in a
sample. To study orbital parameters e ectively, a sample size many times larger than
this is required (Duché&ne and Kraus, 2013). Magnitude-limited surveys are susceptible
to Malmquist bias - while correctable, this can be avoided using volume-complete
samples with distance measurements or samples that are free from distance biases.
Distances also introduce a resolution bias for distant rare objects (Duchéne and Kraus,

2013).

11
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The frequency of massive binary systems (and the order of multiplicity) generally
increases with stellar mass (see Figure 1.2). There are a large range of estimates
for the frequency of companions detected through spectroscopy, as these methods are
susceptible to bias and are commonly small and/or incomplete samples; the most recent
estimate of the MF for spectroscopic companions is 709%. Imaging surveys can have
an even wider range of results, thanks to di erences in techniques and wavelength
ranges, but a MF of 45 5% is generally accepted for visual companions (Duchéne
and Kraus, 2013). In many cases, companions to massive stars are close enough to
interact with the primary, via common envelope evolution, envelope stripping, spin-up
(by accretion or coalescence) or binary mergers. Sana et al. (2012) found that at least

70% of massive star companions are close enough to exchange mass with the primary.

Duchéne and Kraus (2013) and O ner et al. (2022) summarise how massive stars
may form in binary and multiple systems. Like with massive star formation, there

are multiple theories which aim to explain how massive stars come to be in binary or
multiple systems, and some theories favour di erent mass ranges. The theories also aim
to address whether massive binary systems are primordial or are formed throughout

the star's evolution.

1.3.1 Disc fragmentation

Disc fragmentation is when the accretion disc around a prestellar core experiences
gravitational instability and fragments into clumps which may then go on to form
companion stars. This theory has been discussed for more than 30 years (Adams et al.,
1989; Shu et al., 1990). Two important criterion have been discussed for fragmentation;
rstly the Toomre Q-criterion describes the relation between the sizes and masses of

the disc and star, and how instability can occur (Toomre, 1964):

1; (1.3)
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whereM =My is the star-disc mass ratio,H=r is the aspect ratio between the disc scale
height H and its radius r, and f is a scale factor depending on the surface density power
law chosen. The second criterion is a cooling criterion, which describes how radiating
away heat from the disc can lead from instability to full fragmentation (Gammie, 2001):
discs must rapidly cool on roughly the orbital timescale for fragmentation to occur.
However these two criterion alone are not enough to predict fragmentation in massive
discs (Takahashi et al., 2016), as they are too easily satis ed (Lau and Bertin, 1978;
Kratter and Lodato, 2016). The most likely explanation for instability in discs is that
the surface density increases without an increase in temperature, such as when material
is accreted by a star more slowly than material falling onto the disc (Kratter et al.,
2010; Zhu et al., 2012). For fragments to survive and become binary companions,
they must cool and shrink rapidly otherwise they will fall victim to disc/fragment

interactions.

Disc fragmentation is more common for massive stars than for the low-mass case as
gravitational instability is more likely to occur in massive systems (Kratter et al.,
2008; Krumholz et al., 2009), and it also favours closer{ 100au) binaries (Meyer et
al., 2018) and equal mass binaries (Young and Clarke, 2015). Simulations by Tokovinin
and Moe (2020) suggest that disc fragmentation creates companions around massive
stars which then migrate inwards as they accrete from the disc, and the model predicts
a large fraction of binary mergers early on in the accretion process. Their model also
suggests that disc fragmentation (and subsequent migration driven by accretion) is the

main formation path for close binaries and compact triple systems.

1.3.2 Core and lament fragmentation

The core fragmentation (or turbulent fragmentation) theory suggests that a prestellar
core with a large amount of turbulence can cause irregularities in the core's density,

some of which may be above the Jeans mass and therefore will lead to a secondary

13
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collapse away from the main core, producing potential companions (Goodwin et al.,
2004). Even a low level of turbulence can cause secondary objects to form in the
majority of cores. This scenario lends itself more towards the formation of low-mass
binary systems, and binaries at wide separations (O ner et al., 2010). Wide binaries
formed through turbulent fragmentation can initially form at up to 0.1pc, then tend

to migrate inwards to  10% au within 10° years (O ner et al., 2016; Lee et al., 2019).
As a result of these wide initial separations, the di erential angular momentum from
accreted gas means that misalignment in accretion discs and out ows are common,
with simulations exhibiting a random distribution (O ner et al.,, 2016; Lee et al.,

2019), meaning that misalignment may be a signature of turbulent fragmentation.

Filament fragmentation follows a similar process to core fragmentation; overly dense
regions of a lament will fragment into smaller separate structures which go on to form

a multiple system. Filamentary structures are thought to be a result of turbulence, and
so these two theories may go hand-in-hand. Models have been used to determine the
relation between a lament's initial properties and the masses of fragments; Ande et
al. (2019) determined that a lament fragment will collapse if its mass is greater than a
critical mass known as the Bonnor-Ebert mass. The dependencies of this critical mass
limit suggest that closely-spaced fragments can only form from dense, narrow laments,
and therefore strong magnetic elds must be involved in the lament fragmentation

process.

1.3.3 Capture

In binary capture, two isolated stars form and then interact to become a gravitation-
ally bound pair. This can be assisted by an accretion disc when a star is still in its
protostellar stage; the disc e ectively widens the interaction area which could result in
a more e cient capture rate. Moeckel and Bally (2007) found that the rate of binary

capture for massive stars is an order of magnitude greater than that of low-mass stars.

14
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However these were likely to be soft binary systems that could easily break up; massive
companions have more chance of holding on to their primary in a dense cluster in com-
parison to low-mass companions. Rozner et al. (2023) found that gas-assisted capture
is a signi cant and e cient method of forming binaries in star-forming regions, with

the capture rate increasing with gas density. The capture rate was found to be highest
for more massive primary stars capturing less massive companion stars, suggesting

that this theory lends itself to lower mass ratios.

Post-capture migration can also occur to form close binaries (or in some cases push
companions further out). Possible migration processes include friction from the gas
producing a torque that reduces the size of the orbit (Bate and Bonnell, 1997; Lee
and Stahler, 2011), torques produced by circumstellar and circumbinary discs (Munoz
et al., 2019; Dempsey et al., 2021), and secular evolution caused by long-term orbital

oscillations in triple systems (Fabrycky and Tremaine, 2007; Moe and Kratter, 2018).

1.3.4 Stellar multiplicity studies

Studies have shown how di erent factors in massive star formation can a ect multi-
plicity. The binary fraction of a system has been shown to scale with the mass of the
primary object, according to hydrodynamical simulations of stellar cluster formation
(Bate, 2012). This is thought to occur because the more massive a core is initially, the
more fragments it will generally produce. It has also been suggested that magnetic
elds and radiative feedback play an important part in suppressing fragmentation, due
to the low number of quadruple and higher systems in eld stars. These mechanisms
prevent the fragmentation process from becoming too violent, which would cause stellar

ejections and reduce the overall multiplicity fraction (Bate, 2012).

Rosen et al. (2019) performed radiation-hydrodynamic simulations on massive prestel-
lar cores to determine how their initial state a ects binary formation. The virialised

prestellar cores experience a slow, gradual gravitational collapse, along with signi cant
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Figure 1.3: A summary of the possible binary formation mechanisms. Top: model of
each formation theory with time and length scales. Middle: observational examples of
each process. From left to right: Perseus B5 (Pineda et al., 2015), Ophiuchus SM1N
(Kirk et al., 2017), L1448 IRS3B in Perseus (Reynolds et al., 2021) and RW Aurigae
(Rodriguez et al., 2018). Bottom: Simulations of each formation mechanism. From
left to right: Guszejnov et al. (2021), O ner et al. (2016), Bate (2018), and Mufoz
et al. (2015). Summary diagram taken from O ner et al. (2022).

turbulent fragmentation early on. Conversely, subvirial cores are not supported by tur-
bulence, and therefore are very unstable to collapse - their high accretion rate means
that at early times, fragmentation is prevented. Regardless of their early virial state,
accretion disks form around massive stars later on and eventually the disks fragment

to form companions.

Primordial massive wide binaries (MWBs) with seperations larger than 1¢ au are more
likely to survive in low-density regions with few surrounding stars; in high density

regions they have a high risk of destruction. MWBs are more likely to form later
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in their lifetime in a dense cluster than in a low-density environment (Gri ths et al.,
2018). Massive close binaries are thought to be a result of inward migration from wider
separations, occurring through interaction with a disk remnant or another young stellar
object (Ramrez-Tannus et al., 2021). Atacama Large Millimetre/submillimetre Array
(ALMA) observations of high-mass star-forming regions at sub-50 au spatial scales
have shown close-in substructures with masses and separations consistent with thermal
Jeans fragmentation of a dense core, indicating that this fragmentation process occurs
down to the smallest observable scales (Beuther et al., 2019; Meyer et al., 2019). In
massive MS (O- type) stars, 53% of them have been reported to be in binary systems
at separations less than 200 au, with the multiplicity fraction increasing to 90% when

taking larger separations into account (Sana et al., 2014; Bordier et al., 2022).

1.4 Massive Young Stellar Objects

As a result of dynamical processes such as capture or magnetic braking (Lund and
Bonnell, 2018) occurring during the evolution of a star, the multiplicity statistics of
main-sequence (MS) stars may not be an accurate indicator of the primordial properties
of a multiple system (Kratter, 2011); young stars are therefore the best windows into

this primordial stage of binary star formation.

Massive Young Stellar Objects (MYSOSs) represent a key point early on in a star's life-
time where the process of accretion can be observed and investigated. This phase lasts
around 10 years, and heavy dust extinction is common during this phase which ren-
ders the majority of MYSOs e ectively invisible at < 1 m (Davies et al., 2011). They
are bright in the mid-infrared which makes this wavelength range ideal for observing
them. MYSOs commonly exhibit bipolar out ows, but despite their high bolometric
luminosity they do not emit ionising radiation, indicating that they are still undergoing

the accretion process (Oudmaijer and de Wit, 2014).
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Small-scale gap-like substructures in MYSO disks have been connected to the high
binary fractions of MYSOs and may be due to the presence of one or more companions
(Frost et al., 2021). Accretion disc-like structures have been detected around MYSOs
through ALMA observations (Johnston et al., 2015; llee et al., 2018a) and NIR disc
tracers (Wheelwright et al., 2010; Cooper et al., 2013; llee et al., 2013) at large sep-
arations (1000-1500 au). More recently, direct evidence of discs around MYSOs has
been found at scales of a few au (Kraus et al., 2010; GRAVITY Collaboration et al.,

2020; Koumpia et al., 2021; Koumpia et al., 2023).

Observational studies of MYSOs are a di cult undertaking, due to their heavily ex-
tincted nature (Ay =42 mag, Cooper et al., 2013), rarity and large distances (of order
kpc). Only the newest high-resolution instruments are able to study MYSOs in enough
detail. One of the earliest attempts at creating a catalogue of MYSOs used data from
the IRAS satellite (Neugebauer et al., 1984), and Campbell et al. (1989) identi ed
115 YSOs from the data based on their IR colors. This study was followed up by
that of Molinari et al. (1996) and Molinari et al. (1998) who used radio and NH3
observations of sources identi ed by IRAS, but the study was biased against sources
in larger HIl regions or SFRs due to the exclusion of sources less than 3Morth of
the celestial equator and sources within 1' of HII regions. Further follow-up studies
by Sridharan et al. (2002) and Beuther et al. (2002) included molecular line data and
FIR, radio continuum and maser observations, focusing on objects with gas densities
and luminosities similar to that of UCHII (Ultracompact HIl) regions. This focus led

to a similar bias as Molinari et al. (1996); only some MYSOs exhibited maser emission
and the nature of the transition varied between sources, which implies that during
the MYSO phase, molecules which produce maser emission are being destroyed. This

means that maser-based MYSO catalogues are unreliable.

Robitaille et al. (2008) used the GLIMPSE catalogue to identify 11000 YSO candidates

using colour selection criteria, but no follow-up studies were performed. Therefore
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some of the detected YSOs may actually be di erent types of object with a similar
colour; HIl regions, planetary nebulae or evolved stars. Churchwell et al. (2006) and
Churchwell et al. (2007) used GLIMPSE data to nd 600 HII regions and bubbles,
and determined that 10% had associated YSOs and 12% had a morphology which

suggested that triggered star formation had occurred.

1.4.1 The RMS Survey

The Red MSX Source (RMS) survey (Lumsden et al.,, 2013) was constructed with
the aim of creating a complete and unbiased database of the Galactic population of
MYSOs. The RMS survey was initially derived from the MSX point source catalogue
(Egan et al., 2003); as MYSOs are bright in the infrared, MSX was ideal due to its
higher resolution and because bright objects do not saturate. The selection criteria
were outlined in Lumsden et al. (2002); the inner 10 of the centre of the galaxy was
excluded so that issues with source confusion and distance estimates were avoided.
The MSX bands A, D and E were used to classify MYSOs, and they correspond to
wavelengths of 8, 14 and 21 respectively. Using the E-band of MSX, a lower ux limit

of Fo1m = 2:7 Jy was set due to the 95% completeness rate of the MSX catalogue
at this sensitivity. Sources had to have a signal-to-noise ratio (SNR) of> 5 in the

E-band.

MYSOs have a red rising continuum due to their dust extinction, and so the pri-
mary colour selection criterion was that ux must increase with wavelength (Fgn <
Fiam < F21m ). Colour-colour plots in Lumsden et al. (2002) (an updated version
of these plots from Lumsden et al., 2013 is shown in Figure 1.4) showed that MYSOs
segregate from evolved stars, and that younger sources had the limiz; m =Fgm > 2.
Additionally, the planetary nebulae (PNe) lie towards the blue end of the plots as they
are not obscured by a molecular cloud. As a result of this, the limits ofFg, =Fx > 5

and Fx =F; > 2 were added to the selection criteria. Objects that showed extended
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1.5. Multiplicity studies of massive protostars Introduction

Figure 1.4: Colour-colour plot from Lumsden et al., 2013 showing distributions of
YSOs (red s), HIl regions (green +s), planetary nebulae (cyan4 s) and evolved stars
(blue dots).

emission larger than the MSX beam size were rejected, and classi ed as 'di use Hll
regions', background emission or simply erroneous image artifacts. Follow-up radio ob-
servations and CORNISH survey data (Urquhart et al., 2009; Purcell et al., 2013) were
used to distinguish HIl regions and YSOs that did not segregate on the colour-colour
plots, and to exclude evolved stars that had not been excluded by the earlier selection
criteria. Additional multi-wavelength data (including radio, infrared and millimetre

CO observations) was used to form a spectral energy distribution and determine the

luminosity of the sources.

1.5 Multiplicity studies of massive protostars

Until recently, there had been no dedicated studies into the multiplicity of MYSOs;
there have been serendipitous discoveries of companions (e.g. Caratti o Garatti et al.,
2015), and stars of similar masses and ages have been studied for companions, such

as in the Herbig Ae/Be studies of Baines et al. (2006) and Wheelwright et al. (2011).
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Both studies found multiplicity fractions over 70% and high mass ratio, which disagrees
with the IMF random sampling that the capture theory predicts. They also found a
similar mass-multiplicity relation to MS stars, and coplanarity between the binary
orbits and disc axes. These ndings suggest an agreement with the formation theory
of disc fragmentation. However Herbig Ae/Be stars are of lower masses than MYSOs
(2-8 M ). Sana et al. (2012) investigated a sample of 71 massive Galactic O-type stars
and found that at least 70% of them orbit a companion in close enough proximity for
mass exchange, or in some cases for a binary merger to occur. Kraus et al. (2017)
conducted a NIR survey of the MYSO IRAS 17216-3801 using VLTI observations and
found it to be a binary system with masses of 20 and 181 with both components
showing evidence of misaligned circumstellar discs (the masses are rough estimates as
the SED model used did not incorporate the companion). However, no comprehensive

study of MYSOs existed until a few years ago.

The rst dedicated study into MYSO multiplicity from Pomohaci et al. (2019) was
performed on a sample of 32 MYSOs from the RMS survey (Lumsden et al., 2013).
Using K-band adaptive optics (AO) observations from NACO, 18 previously undiscov-
ered companions were found within 3" of their primaries. The multiplicity fraction was
determined to be 31 8% and the companion fraction was 53 9%, although it was
asserted that the total multiplicity fraction could be up to 100%. Mass ratios for the
sample were generally found to be greater than 0.5. This is consistent with multiplicity
studies on Herbig AeBe stars (Wheelwright et al., 2011). However, caveats of this sur-
vey include the small sample size, and the shallow limiting magnitude (between K =
12 and K = 15). Additionally, the mass ratios had a relatively large error ( 30%) due
to signi cant uncertainties in the primary ux, secondary photometry and secondary

extinction.

More studies on the multiplicity properties of MYSOs have since been performed.

Koumpia et al. (2019) investigated two MYSOs, PDS 27 and PDS 37, using H-band
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VLTI/PIONIER observations (with a maximum angular resolution of 3.3 au and
2.5 au respectively) and discovered that both were each part of a binary system. A
companion was detected at 30 au for PDS 27, and one at 42-54 au for PDS 37, making
these some of the closest MYSO companions ever resolved. There were issues con-
straining the model parameters for both objects (particularly for PDS 27), and so this
method would benet from a more detailed model. Koumpia et al. (2021) presented
the rst interferometric K-band survey of MYSOs, using VLTI observations of six ob-
jects, and found a binary fraction of 17 15% at separations between 2-300 au (shown

in Figure 1.5). The very small number of objects means this result is highly uncertain,
and the limited UV coverage across the sample means that up to 50% of close-ix &

mas) companions may have been missed.

In summary, while multiple studies of MYSO multiplicity have been conducted, each
one is subject to caveats due to their relatively small size; a large-scale study (100s

of objects) is yet to be performed.

1.6 Thesis outline

This introduction has summarised the current state of our knowledge of the formation
and multiplicity of massive stars, specically MYSOs. Thanks to near-infrared and
ALMA observations, MYSOs which were once thought of as deeply embedded and
di cult to observe can now be studied in detail. To gain a complete understanding
of the multiplicity properties of the MYSO stage, these objects must be observed
in multiple wavebands and using multiple observing techniques to probe as much of
the parameter space as possible. The aim of this thesis is to do just that: to study
MYSOs at both wide and close separation ranges, and in di erent wavebands, to
gain a clearer picture of where companions form around MYSOs, how massive these
companions are and how often they form. Although this thesis will not provide a

de nitive answer to every question surrounding MY SO multiplicity, it will provide vital
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new information which can inform simulations and models of massive star formation

to nd those answers.

Chapter 2 presents an imaging study of MYSO multiplicity, using the UKIDSS and
VVV K-band surveys (as well as RMS UKIRT K-band images) to search for wide-
separation companions around YSOs across the entire RMS survey using statistical
methods. This chapter serves as a successor to the MYSO multiplicity pilot study of

Pomohaci et al. (2019), using a much larger sample size.

Chapter 3 presents a K-band spectroscopic study of MYSOs, using both high-resolution
(R 45000) IGRINS and medium-resolution (R 11000) X-shooter spectra to search
for radial velocity variations in the Brackett  emission line. These variations are an

indication of close-in companions which could not have been resolved through imaging.

Chapter 4 presents a survey of MYSO multiplicity in the optical regime using Gaia
DR3 data. Despite previous assumptions that no YSOs would be visible at optical
wavelengths, around a quarter of YSOs in the RMS catalogue are present in Gaia
thanks to its unprecedented depth compared to other optical surveys. By comparing
proper motions and parallaxes between primary YSOs and nearby objects, companions

can be found in the vicinity.

Chapter 5 brings together all the results of the previous chapters and discusses the
entire picture of MYSO multiplicity that they form, and highlights potential future

studies that could further this work.
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Figure 1.5: A comparison of binary statistics for companions located between 2 - 300 au
for both low- and high-mass stars at various evolutionary stages: (i) embedded objects:
low-mass Class | vs. MYSOs ¥ 8M ), (ii) pre-main-sequence: YSOs (0.25{2.5 M)
vs. young OBs, (iii) main-sequence: OBs vs. solar mass. Taken from Koumpia et al.
(2021).

References: Connelley et al. 2008 (Class I), Koumpia et al. 2021 (MYSOs), Kraus et al.
2011 (YSOs), Gravity Collaboration et al. 2018 (young OBs), Sana et al. 2014 (MS
OBs), Raghavan et al. 2010 (MS solar type).
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Chapter 2

Searching for MYSO companions

In K-band imaging surveys

2.1 Introduction

Multiplicity properties of massive stars are established early on in their lives, partic-
ularly in the pre-main-sequence (PMS) stage (Mathieu, 1994; Duch&ne and Kraus,
2013), and it also aects their evolution (Sana et al., 2012). The phenomenon of
multiplicity has multiple theorised origins: disc fragmentation (Kratter et al., 2008;
Krumholz et al., 2009), binary capture (Moeckel and Bally, 2007) and turbulent frag-
mentation (Goodwin et al., 2004) are three key theories. Many stars are thought to
form in multiple systems (Duchéne and Kraus, 2013), with the fraction rising to up to

100% for OB-type stars (Chini et al., 2012).

When investigating stellar multiplicity, two key parameters of interest are the multi-
plicity fraction (MF) and the companion fraction (CF), which represent the fraction
of stars in multiple systems and the average number of companions per systems re-

spectively.
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2.1. Introduction Imaging MYSO companions

The multiplicity statistics of main-sequence (MS) stars may not be an accurate in-
dicator of the primordial properties of a multiple system, due to processes such as
capture or magnetic braking (Kratter, 2011; Lund and Bonnell, 2018). Thanks to the
early stage of MYSOs, accretion and early multiplicity properties can be observed and
investigated. Heavy dust extinction is common during this phase which renders the
majority of MYSOs e ectively invisible at < 1 m (Davies et al., 2011), making the
mid-infrared the ideal wavelength range for observations. Small gaps in MYSO disks

may be due to the presence of one or more companions (Frost et al., 2021).

An important recent investigation into massive young binaries comes from Pomohaci
et al., 2019 in which the very rst MYSO multiplicity study was performed on a
sample of 32 MYSOs from the RMS survey (Lumsden et al., 2013). Using  -band
observations, 18 previously undiscovered companions were detected within 3" of their
primaries. The multiplicity fraction was found to be 31 8% and the companion
fraction was 53 9%. From these ndings it was asserted that the total multiplicity
fraction could be up to 100%. Mass ratios for the sample were generally found to be
greater than 0:5. This is consistent with multiplicity studies on Herbig AeBe stars
(Wheelwright et al., 2010). However, caveats of this survey include the small sample
size, and the shallow limiting magnitude (betweenK =12 and K = 15). Additionally,
the mass ratios had a relatively large error ( 30%) due to signi cant uncertainties in
the primary ux, secondary photometry and secondary extinction. This chapter aims

to further the work done by Pomohaci's pilot survey, using a larger sample of MYSOs.

This chapter is structured as follows. Section 2.2 outlines the nature of the observa-
tions used in the sample of MYSOs. Section 2.3 explains the results of the multiplicity
analysis, including the details of completeness and accounting for chance projections.
In Section 2.4 | discuss the multiplicity statistics achieved from this sample and com-
pare them to other previous studies, and | also explore mass ratios of the potential

companions detected. Section 2.5 summarises the ndings of this chapter.
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Imaging MYSO companions 2.2. Observational Data

2.2 Observational Data

2.2.1 Sample selection

The master sample consists of 681 YSOs, 402 of which are MYSO% (8M ). All

of the targets are drawn from the Red MSX Source (RMS) survey (Lumsden et al.,
2013). This survey was constructed with the aim of creating a complete and unbiased
database of the Galactic population of Young Stellar Objects (YSOs), by using mul-
tiwavelength data to discern YSOs from other similar objects, including HII regions
and evolved stars (see Subsection 1.4.1 and references therein for more details). The
full catalogue can be found athttp://rms.leeds.ac.uk . The survey is complete for
massive protostellar objects brighter than 2 10°L  out to 18 kpc, and is restricted

to 10 < | < 350 to avoid source confusion towards the Galactic centre. The nal
selection of targets was e ectively any YSO in the RMS catalogue that was present
in the surveys described below, minus a few objects which had to be discarded due
to poor data (e.g. corrupted/low quality images). The YSOs in this sample have dis-
tances ranging between 1.4-11.2 kpc; for the chosen detection range of 0.5-10 arcsec,

this places any detected companions between 700-100,000 au away from the primary.

2.2.2 Galactic Plane Surveys

Point source catalogue data from the UKIRT Infrared Deep Sky Survey Galactic Plane
Survey (UKIDSS GPS, Lucas et al. 2008) was used for targets in the Northern sky. We
used theK band so that YSOs are visible at short wavelengths despite high extinction.
The WFCAM instrument used for UKIDSS has a pixel size of 0.4", and the limiting
magnitude of the data isK  18.2. The GPS survey has a spatial resolution of 0.8-1".

From the UKIDSS DR11 catalogue, 395 YSOs were found, with 221 classed as MYSOs.

Alongside UKIDSS, point source catalogue data from the Vista Variables in the Via

Lactea (VVV, Saito et al. 2012) survey was used. VVV focuses on the Southern part
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of the Galactic plane, and DR5 contains data on 279 YSOs with 181 of them classed as
MYSOs. The VVV DR5 catalogue does not yet cover the entirety of the Southern sky,
and so there is a region of the galactic plane left uncovered by either of these surveys;
the VVV Extended Survey (VVVX, Minniti 2018) has since been conducted which
includes observations of the regions left uncovered by VVV. There is an overlap of two
YSOs between UKIDSS and VVV for these samples. VVV's VIRCAM has a pixel size
of 0.34" and an average limiting magnitude ofK s=18.5, with a spatial resolution of

0.9".

The main advantage of using these surveys is their coverage of the RMS catalogue
and their deep limiting magnitudes, as well as the availability of multi-colour data
(specically J- and H-bands) which is useful in determining interstellar extinction.
This data allows deeper probing than that of the NaCo images used in Pomohaci
et al. (2019) which had an average limiting magnitude ofK =14. The main trade-

o of this study compared to NaCo is the lower spatial resolution of these surveys.
These di erences are visible in Figure 2.1, where the four resolved bright objects in
the centre of the RMS and UKIDSS images appear as one extended luminous object
in the 2MASS image. UKIDSS/VVV are able to resolve objects almost as well as the
RMS images, due to their similar resolution, but are deeper and have multi-colour

information as mentioned above.

In addition, the 2MASS survey was used for photometry brighter than the saturation
limit of UKIDSS/VVV ( K 12). The 2MASS survey is the only existing database
of near-IR images of the whole sky and while it was an unprecedented project at the
time, advancements in observational technology since then have vastly enhanced our
view of the sky. 2MASS uses a pixel size of 1" and has a spatial resolution of2",

meaning it has only half of the resolution of UKIDSS/VVV.
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2.2.3 UKIRT/RMS K-band imaging

K-band imaging data was obtained for a sample of 88 RMS objects (referred to from
here onwards as the 'RMS images') taken in theK -band by the United Kingdom Infra-
Red Telescope (UKIRT) in Hawaii between 2001 and 2006. 38 images were taken using

the UIST instrument and 50 were taken with the UFTI instrument as a follow-up.

These 88 YSOs were sampled from the RMS catalogue. The RMS images taken were
acquisition images used for obtaining spectra (Clarke et al., 2006; Cooper, 2013), and
were calibrated using at eld frames and sky subtraction and had their astrometry
corrected. This sample is therefore brighter on average compared to the entire YSO
sample, hence their use in spectroscopy. The eld of view of each of the images is32
arcminutes. The images have an average limiting magnitude oK =17.5, and a seeing
of 0.7" on average. The UIST and UFTI instruments of UKIRT have pixel sizes of
0.12" and 0.09" respectively. The main bene t of these images is the better resolution
compared to UKIDSS/VVV. UKIDSS/VVV data was used as a reference to calibrate
the K -band ux in the RMS images. There is no overlap with the VVV catalogue but
75 of the YSOs in the RMS image sample are also in the UKIDSS sample. The whole
sample of YSOs is listed in Table A.1.

2.3 Binary detection

To determine companions, two methods were used for the two di erent types of survey.
The RMS K band images did not have a pre-existing point source catalogue, and so
one had to be constructed. The UKIDSS and VVV surveys have point source cata-
logues readily available, and instead of using images the data was taken straight from
the catalogues. The point source catalogues were tested against both the UKIDSS sur-
vey's own imaging and the RMS images, to determine the reliability of the catalogued

sources. From the tested objects, there were no signi cant omissions or erroneous
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entries in the catalogue that could not be ltered out using ags or by simple visual

inspection.

2.3.1 Point source catalogues

For each YSO in the sample, a region of 1.5 arcminute radius surrounding it (to cover
the same FoV of the RMS images) was retrieved from the WFCAM Science Archive
(http://wsa.roe.ac.uk ) or the VISTA Science Archive (http://vsa.roe.ac.uk )s
depending on whether it was in the Northern or Southern sky respectively. The RMS
coordinates were cross-matched with the catalogue data of the regions corresponding
to each primary. The closest target to the inputted coordinates was initially assumed
to be the primary, and a manual check was done for objects which had a signi cant
separation between the coordinates of the RMS target and the UKIDSS target. In a
few cases where a di erent point source had been selected instead of the primary, the

primary was manually selected.

One issue with the point source catalogues was the existence of duplicated or saturated
sources. Objects brighter thanK =11-12 could potentially be saturated (according to
UKIDSS and VVV documentation), with some exhibiting ring-like artifacts which
then are registered as multiple detections around the ring. Also in rare cases, some
non-saturated point sources are entered more than once in the UKIDSS point source
catalogue (due to the existence of primary and secondary detections in the catalogue).
To overcome this, the UKIRT and VVV catalogues have additional quality ags that
allow for most of the saturated and duplicate objects to be removed from the analysis;
some visual inspections had to be done afterwards to manually remove some outlying

sources and ensure no false detections were still included.

To detect objects in the RMS images, a point source catalogue was constructed using
the source detection program DAOphot (Stetson, 1987) along with Astropy (Astropy
Collaboration et al., 2013; Price-Whelan et al., 2018). Objects with a brightness 3
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Imaging MYSO companions 2.3. Binary detection

Figure 2.1: A comparison between 2MASS (top), UKIDSS (middle) and RMS (bottom)
infrared K-band images for the YSO G040.5451+02.5961. The superior resolution of
the RMS and UKIDSS/VVV images allows for the detection of companions which were
previously unresolved in 2MASS.
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above the image's background value were classed as true detections. DAOphot also
provides estimates for the magnitude of each source along with its uncertainty, which
were calibrated using UKIDSS K-band photometry. This calibration was veri ed by

checking known UKIDSS magnitudes against DAOphot ux-calibrated magnitudes.

Pomohaci et al. (2019) used 2MASS photometry to calibrate magnitudes, however due
to the relatively poor resolution of 2MASS the ux from multiple objects is sometimes
erroneously interpreted as a single source; a good example of this is in Figure 2.1, where
the four resolved bright objects in the centre of the RMS and UKIDSS images appear
as a single luminous object in the 2MASS image. This is re ected in the 2MASS point
source catalogue, as these four objects are grouped together as a single source with a
presumable overestimate of the magnitude. UKIDSS is able to resolve objects almost

as well as the RMS images, but has the added bene t of multi-colour information.

2.3.2 Completeness

To determine the completeness of the data, the limiting magnitude of the images was
determined by injecting multiple arti cial Gaussian sources of varying intensity and
distance from the parent object into the images, using Astropy's Gaussian2DKernel
function (Astropy Collaboration et al., 2013). For each image, four copies were created
which then had 10 arti cial sources injected into them; the results of the analysis for
each copy were compiled together into a single data set for each image. These arti cial
sources were set to the same FWHM as the average seeing of the sources in the images.
The minimum intensity at which the arti cial sources would be detected by DAOphot
would correspond to the limiting magnitude of the images; the distance was also varied
to see how closeness to the central MYSO would a ect this limit. A hindrance of
detecting faint close-in companions will a ect the accuracy of the companion statistics.
The results for two objects can be seen in Figure 2.2, with the detected arti cial stars

shown in blue and the undetected arti cial stars in red. It was concluded that in the
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Figure 2.2: Arti cial star analysis on two MYSOs, G040.5451+02.5961 and G150.6862-
00.6887, for the UKIDSS K-band image and the corresponding RMS K-band image.
The blue dots represent detected fake stars and the red dots show undetected fake

stars.
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RMS images, close-in binaries at distances within 1.5 arcsec of the primary would not
be consistently detected, and the limiting magnitude in these inner regions can increase
toup to 3 magnitudes brighter. This is due to extended emission or crowded regions
leading to source confusion or obfuscation. At 2 arcsec and beyond, the sensitivity
improves and stars around 3.5 mag fainter than the primary are detected. Arti cial
star analysis was also performed on the UKIDSS/VVV images to show the di erence
in the detection ability of DAOphot for each survey. UKIDSS/VVV struggle more

within 2 arcsec of the primary but perform similarly to the RMS images beyond that.

These comparisons demonstrated the bene ts and caveats of each of these surveys:
the RMS, UKIDSS and VVV surveys can probe deeper than the NaCo images used in
Pomohaci et al. (2019), allowing fainter objects to be detected (the UKIDSS limiting
magnitude is K 18.2, making it the best tool for the faintest objects and a large
improvement over the K =14 of the NaCo images). However, the NaCo images have
a much better resolution meaning that objects within 1 arcsecond of the primary
(or other nearby objects) may not be resolved in the RMS/UKIDSS/VVV survey
data. The RMS image data takes the middle ground, having a better resolution than
UKIDSS/VVV but worse than NaCo, and a slightly worse limiting magnitude than
UKIDSS/VVV but better than NaCo. UKIDSS/VVV have the added bene t of full J-,

H- and K-band photometry, providing more information on the companion candidates.

2.3.3 Visual binary probability

An important factor to take into account is the fact that any detected potential com-
panion may simply be a chance projection on the sky, and not a physical binary. For
each primary YSO, the density of background objects within 1.5 arcminutes was
assessed to quantify how many objects laid in the nearby line of sight. This was done
by sorting every background object in the region by itsK band magnitude, and then

determining the number of background objects brighter than each object (i.e. every
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object above the one in question) by the total observed area in arcsecontls This
allows us to assign a background source density to each background object which ef-
fectively scales with the brightness of the object in question; a bright object amongst
more numerous fainter sources is more likely to be a companion than a faint source
among equally faint background sources. Therefore the likelihood of an object being
a physical companion has three dependencies in total: a) the further away an object
is from the primary, b) the fainter an object is in relation to background objects, or c)

the denser the background, the less likely the object will be a physical companion.

The Poisson distribution (van Albada 1968; Correia et al. 2006, see also Halbwachs

1988) de nes this probability:

Pp=1 e 9° (2.1)

where d is the distance from the primary to the potential companion in arcseconds
and is the background density of objects brighter than the potential companion in
arcsec?. In this equation, the right-hand side is the probability that no sources from
a random background are projected within the given radiusd. The full 1.5 arcminute
radius of the retrieved catalogue data was used to determine the background density.
Spot checks were performed to ensure that the chance projection probability of objects

scaled correctly with each of the di erent dependencies.

2.3.4 Physical companions

For each primary in the sample, objects in their neighbourhood were investigated to
see if they could be classed as probable companions. The probability of each candidate
being a visual binary was calculated using Equation 2.1, and those withPchance > 20%
were disregarded as probable chance projections. The multiplicity and companion

fractions (MF and CF) were calculated for the potential companions detected within
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Figure 2.3: Top: Separation between the companion and its primary in arcseconds
plotted against the K band magnitude di erence between the companion and the
primary. The UKIDSS companions are shown with red crosses while the VVV com-
panions are shown with blue pluses. It is also apparent that very few VVV objects
have a mag greater than 3, while numerous UKIDSS objects have mag up to and
greater than 6. Objects with mag< 0 are brighter than the primary. Bottom: the
same plot but including objects with Pchance > 20% and to 25 arcseconds.
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Np+2 Nt +3 NQ+ il

No+Npr N+ Ng+ v Where

this limit, de ned by the formulae: MF = ,\'\,'T’mt and CF =
N is the number of multiple systems, Ny is the total number of systems,Ng is the
number of single systemsNy, is the number of binary systems,N; is the number of

triple systems, N is the number of quadruple systems, and so on.

A plot of the detectability of binary sources can be seen in Figure 2.3, showing how com-
panion brightness relative to the primary ( mag) relates to proximity to the primary.

A clear dearth of fainter detected sources is visible ak 2 arcseconds, demonstrating
that only the brightest objects can be detected at very close separations. Additionally,
there seems to be a binary "sweet spot” with more companions between 3-6 arcseconds,
and a drop-o at >7 arcsec. This drop-o can be understood when exploring Equa-
tion 2.1, as a fainter object at a large separation is much less likely to be registered as
a probable binary companion at all. It therefore makes sense that companions of any

brightness are more likely to be found at a mid-point, such as this "sweet spot".

10 arcseconds was the chosen upper limit for companion detection because there is a
distinct attening in the number of objects in the eld beyond this point in each of the
samples; this is where the random distribution of background stars is being probed.
Distances larger than this upper limit were tested in order to ensure that the method

was not overly sensitive to small clusters or other small-distance e ects.

A table of all companions detected in the IR surveys is presented in Table B.1. The
multiplicity fractions for each sample can be found in Table 2.1. A histogram show-
ing the number of detected companions depending on their separation is shown in

Figure 2.4. | investigate these ndings further in Section 2.4.
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Figure 2.4: Top: a histogram of the separation between the detected companions and
their primaries. Bottom: a histogram of the separation between all detected companion
candidates and their primaries. The red objects have &Pchance l€Ss than 20%. The
black line represents the ratio between the frequency oPchance < 20% objects and the

whole sample at each separation.
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Table 2.1: Multiplicity results for each sample, separated into subsets based on YSO
mass. The uncertainties are determined through binomial con dence intervals.

Sample Subset MF CF
(%) (%)
UKIDSS All 65 4 147 6

High-mass 67 5
Low-mass 66 6

VVV All 53 4 84 5
High-mass 54 8
Low-mass 54 5

UKIRT/RMS All 64 8 139 9
High-mass 60 11
Low-mass 69 14

2.3.5 Mass ratios

Primary YSO masses were determined using the bolometric luminosities from the RMS
catalogue' along with mass-luminosity relations from Davies et al. (2011). To deter-
mine the ratio of masses between a primary and its companions, previous studies have
used the K-band magnitudes as a proxy for companion masses under the assumption
of them being an MS star, once corrected for extinction (Oudmaijer and Parr, 2010).
In Pomohaci et al. (2019) lower and upper limits for binary mass ratios were deter-
mined using both the foreground extinction and primary 'total' extinction (foreground

+ circumstellar extinction) respectively, from extinction maps and comparing with

expected colours.

This is taken a step further as | estimate mass limits for YSO companions across the
entire RMS catalogue. The multi-colour information available in the UKIDSS/VVV
point source catalogues allows estimations of the total extinction of the companion

itself.

The dust map chosen for the foreground extinction estimates was Bayestarl9 (Green

1The primary YSO luminosities and masses used in this chapter are from an older version of the
RMS catalogue; later chapters use the most recent version of the catalogue as of June 2023.
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et al., 2019), a three-dimensional map of dust reddening across most of the Galaxy.
However, Bayestarl9 does not cover the Southern sky at<  30. For these objects,
dust maps of Stilism (Capitanio et al., 2017) were instead used, which cover the whole
Galactic plane but have a lower distance cuto than Bayestarl9. Therefore Bayestar19
was used as the main dust map, while Stilism was used for the regions that Bayestar19

does not cover.

To determine the total extinction towards a companion, J H photometry from
UKIDSS and VVV was used to estimate Ay as in Cooper et al. (2013), where the
photometry was compared to the expected colours of a MS BO star. Not every YSO in
UKIDSS and VVV has J band photometry; whered H photometry was unavailable,
H K was used instead. Once the companion’® band photometry was corrected for
extinction, the distance to the primary was used to convert from apparent to absolute
(K aps) magnitude; the distances were retrieved from the RMS catalogue. Using the
K aps estimates found through the foregroundAg , the total Ax to the companion and
the total Ak to the primary, estimates of the companion mass could be determined

using the main-sequence assumption of Oudmaijer and Parr (2010):

log(M=M )= 0:18K gps + 0:64 (2.2)

Using the same method as Oudmaijer and Parr (2010), thel band magnitude could

also be used as a proxy for the mass:

log(M=M )= 0:16Japs+ 0:65 (2.3)

Using the primary mass determined from the RMS luminosities, estimates of the mass
ratios could then be made. The mass ratio estimates for each companion can be found

in Table B.1.
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2.4 Results & Discussion

2.4.1 Statistical di erences in surveys and galactic regions

The companion statistics vary when comparing the UKIDSS and VVV surveys with
each other (see Table 2.1). The existence of these di erences is counter-intuitive as
the surveys are highly comparable, however when comparing di erent regions of the
galactic plane, there is variation in the statistics of the UKIDSS survey alone. It is
good to keep in mind that a physical binary has a larger chance of being identi ed
in a lower density region than a higher density region. When considering the inner
Galaxy, the stellar background appears more dense, and so according to Equation 2.1
the YSOs in this region are less likely to have companions. Conversely, when looking
towards the outer Galaxy the stellar background appears to be less dense. This will
increase the likelihood of nearby objects meeting the criteria of a physical companion

and therefore driving up the observed multiplicity fraction.

Figure 2.5 shows the di erent regions of the Galaxy and the surveys that probed them.
The outer section of the Galactic plane was surveyed by UKIDSS and has a binary
fraction of 91%. The Northern inner part of the Galaxy, also surveyed by UKIDSS, has
a binary fraction of 55%, much lower than the outer galaxy. The UKIDSS inner region
aligns statistically with the VVV fraction of 53%, which only surveys the Southern
inner galaxy. This shows that the outer, less dense region of the Galaxy as surveyed by
UKIDSS is responsible for the signi cantly larger binary fraction in UKIDSS compared

to VVV, and that a large number of objects are missed in the inner Galaxy due to

observational bias.

2.4.2 Multiplicity statistics

Despite the similar limiting magnitudes and resolutions between UKIDSS and VVV,

the MF and CF of the VVV sample are signi cantly lower than that of the UKIDSS
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