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Abstract

Disintegrating multiple systems are thought to be very common based on numeri-
cal simulations, which predict that 50% to 95% of non-hierarchical triple systems and
10% of hierarchical triple systems undergo an ejection at some point in their evolution.
However, very few of these systems have so far been observed. Kinematic studies of
the Hipparcos catalogue have revealed only 10 disintegrating triple candidates. They
are presumably the result of dynamical encounters taking place in the Galactic disk
between single/multiple systems. In this thesis, I expanded the search for such sys-
tems to study their properties, as well as to characterize possible low-mass ejecta (i.e.
brown dwarfs and planets). I have assembled a list of 20 candidate systems using
astrometry from the Tycho-Gaia astrometric solution (later upgraded with Gaia DR3),
and here I present the follow-up of 9 of them. I have obtained medium-resolution
spectra for 4 of them and used the spectra to determine their radial velocity and metal-
licity. These measurements allowed me to conclude that two of the systems observed
with ISIS are likely genuine disintegrating systems, for which I have reconstructed the
most probable interaction scenario. I have obtained DECam imaging for 5 systems
and by combining near-infrared photometry and proper motion, I searched for ultra-
cool ejected components. I found that the system consisting of TYC 7731-1951-1, TYC
7731-2128-1 AB, and TYC 7731-1995-1ABC?, contains one very promising ultra-cool
dwarf candidate. Using additional data from the literature, I have found that 3 out of
the 5 disintegrating system candidates observed with DECam are likely to be true dis-
integrating systems. Overall, this thesis demonstrates the feasibility of searching for
disintegrating multiple systems with the method described, as well as the feasibility
of identifying additional low-mass ejected components. Future Gaia data releases and
upcoming large area near-infrared surveys and new space telescopes (e.g. LSST, EU-
CLID, SPHEREX, NEOSurveyor) will enable me to search for even larger samples of
disintegrating systems and more low-mass ejecta. This population will be fundamen-
tal to observationally constrain the rate at which this type of systems interact in the

Galactic disk. The fundamental importance of searching for possible disintegrating
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multiple systems is its contribution in providing further constraints to the formation

models of binaries and multiple systems and their evolution.
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CHAPTER 1

Background

1.1 Introduction

Disintegrating multiple systems can further our understanding of the formation and
evolution of binaries and multiple systems (e.g./Szebehely, [1972). This in turn can help
us paint a more complete picture of the process of star formation (Reipurth, 2000). In
certain circumstances, when a binary or multiple system interacts with another close
by star or multiple system the binding energy between the components can be grad-
ually reduced, causing one or more of the components to become unbound. Wide
binaries and multiple systems have a large cross-section, so they are more likely to in-
teract with stellar or substellar objects. Usually, such interactions are relatively weak,
but occasionally there are more violent interactions that can lead to the break-up of
the system or all of the systems involved (Heggie, 1975; Weinberg et al.,[1987).
Disintegrating systems are expected to be common (Li et al., 2009), but the aver-
age time for disintegration is short, approximately 1 Myr (Szebehely, (1972). Therefore,
disintegrating systems are very difficult to find. Studies in this field have generally fo-
cused on kinematic studies (e.g. Retterer & King), 1982) or numerical simulations (e.g.
Mikkola) 1983; Weinberg et al., 1987), but overall they have so far been limited. Mar-
chal (1990) developed an analytical technique to identify escaped objects from N-body
systems. The technique, known as Marchal’s test, involves only a one-dimensional

projected motion vector of the system at any given time. This makes it very useful
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CHAPTER 1. BACKGROUND

to study stellar systems of which the full motion vectors are unknown. Later, Li et al.
(2009) attempted to adapt the Marchal’s test to triple stars from the HIgh Precision PAR-
allax COllecting Satellite catalogue (HIPPARCOS; Perryman et al., 1997; van Leeuwen,
2007).

Triple systems in hierarchical configuration (i.e. with two stars forming a tight
pair and a third component on a wide orbit) are found to be more common than
those in random arrangements (van den Berk et al., 2007; Toonen et al, [2016). This
suggests that systems not in hierarchical configuration are unstable or, at least, less
stable than hierarchical systems. Nevertheless, hierarchical systems can become un-
stable too. Numerical simulations on systems with hierarchical configurations have
shown that ~95% of them have had an ejection in their life-time (e.g. Anosoval, 1990).
Moreover, triple systems can form via binary-binary interactions, leading to the ejec-
tion of one of the components of the original binaries (Saslaw et al., 1974). This is in-
ferred from the dynamical evolution of stellar clusters (e.g. Aarseth, 2003, 2004) and is
predicted by numerical simulations on binary-binary encounters (Mikkola} 1983). Fi-
nally, since the hierarchical configuration appears to be the more stable layout, newly
formed triple systems rearrange into a hierarchical arrangement shortly after their for-
mation (Li et al., 2009). Therefore, many of the hierarchical triple systems we observe
today are likely to reach a disintegration phase shortly or to be undergoing that pro-
cess currently. The Marchal’s test is not universally applicable. For example, in the
case of binary-third body systems, their period often exceeds the baseline covered by
available observations, therefore leading to unreliable orbital solutions (Lattanzi et al.,
2005). Multiple systems can also disintegrate as a result of the evolution of one of
the components from main sequence star to white dwarf (Veras et al.,2014; El-Badry
& Rix, 2018). Wide binaries and multiple systems are particularly vulnerable (Veras
etal.,2014), because the binding energy of the system is low and therefore even weaker

interactions such as Galactic tides can lead to a break up.

Studies of disintegrating multiple systems need very precise parallaxes and proper
motions (hereafter PM) to be able to distinguish between genuine systems and mere
chance alignments. The lack of such measurements has limited the studies of these
important systems, but now with the advent of Gaia (Gaia Collaboration et al., 2016a)
2021) there has never been a better time to look for such extremely rare yet unques-
tionably interesting systems. Using Gaia DR2, Bailer-Jones et al.|(2018) searched for
possible close encounter to the Solar System and found that on average our own Sun

has 19.7£2.2 encounters within 1 parsec every million years. Therefore, studying dis-
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1.2. MULTIPLE SYSTEMS

integrating multiple systems can also provide us fundamental information on the risk

of possible disruption to our own Solar System due to these close encounters.

1.2 Multiple systems

When two stars in a star system orbit around their common centre of mass as a result
of the gravitational pull/interaction between them, they are called a “binary star”.
The same principle applies to multiple systems. The brighter/more massive star be-
tween the two is called “primary” and the dimmer/less massive one is called “sec-
ondary” or “companion” star. The secondary could be either a substellar object or
a main-sequence star. There is observational evidence from the study of a few pre-
main-sequence systems indicating a strong likelihood for both components to be born
very closely in time, with a maximum difference of about 10° years (e.g. Bodenheimer
et al.,, 1993; Strom), 1991). The secondary shares the same metallicity as well as the
same age of the primary, given they both originate in a short time interval, giving ex-
tra constraints on its composition and mass (e.g.[Burgasser et al., 2000). Furthermore,
if the components are consistent with having equal brightness, this implies that they
are likely to be a near equal mass binary. There is evidence that binary systems (inde-
pendently of their range of orbital periods) and isolated young stars are more likely to
have a disk around them (Mathieul,[1992).

One of the fundamental goals for this project is to look for disintegrating multiple
systems, which are considered to be extremely rare. The estimated fraction of single
stars is approximately 2/3 of the total stellar population of the Milky Way, while 1/3
of it consists of binaries or multiple star systems (Lada, 2006; Offner et al., 2022). More-
over, hierarchical multiple systems are relatively common and, according to |[Fekel
(1981), most of their period ratios are usually within the range of 10-10%. To improve
the understanding of these binary /multiple systems, various observational facts such
as the non-negligible occurrence of multiple systems, the overall binary frequency, as
well as the distributions of eccentricity, period, and mass ratio among the individual
binaries are still awaiting to be fully constrained.

In addition, the star formation process can also be tested by the observation of bi-
nary properties. Dynamical interactions, star formation and even the origin of Galactic
tield stars can be deduced from the chief characteristics of multiple systems, e.g. mass
ratio, separation distribution and multiplicity fraction. For orbital separations in di-

verse ranges, close-by M dwarfs (that have low luminosity and high PM) allow the
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CHAPTER 1. BACKGROUND

identification of multiple systems and co-moving binaries with very low-mass com-
ponents. The first type of these low-mass components are brown dwarfs (hereafter
BDs), which have masses below the hydrogen burning limit (i.e. below 75 My, for
solar metallicity) that separates them from the low-mass stars (hereafter LMSs). Giant
extra-solar planets (hereafter GESPs) are the second type of these low-mass compo-
nents, and they are defined via the deuterium burning limit (mass < 13Mj,p) sepa-
rating them from the BDs. Initial studies focused mainly on solar-type stars (Duquen-
noy & Mayor, 1991; Raghavan et al., 2010) but were subsequently expanded with the
tirst informative study of M dwarfs (Fischer & Marcy, [1992) and also of A-type stars
(De Rosa et al.} 2014). The advent of Gaia (Gaia Collaboration et al., [2016a)) has pro-
vided much larger and more complete samples of binaries spanning the entire mass
range, allowing for on-going, more comprehensive studies of the population of multi-
ple systems (e.g. [El-Badry & Rix| 2018; Hawkins et al., 2020; Hartman & Lépine, 2020;
El-Badry et al., 2021;|Gaia Collaboration et al., 2022a). The binary fraction of the least
massive stellar objects (also the most common stellar population) became more accu-
rate thanks to these studies that looked for binaries consisting of components with
various masses. This is fundamental to understand the formation and nature of stellar
and substellar binaries. Brief background/properties of these binary/multiple sys-

tems will be presented in the following sections.

1.2.1 General properties

Observational classification of binary systems

Overall, there are four main types of binaries, each one further divided into a variety of
sub-types. The first main type is the Visual Binaries (e.g. the Mizar system), where the
periodic motion of one or both components is observable in the sky (e.g. Dupuy & Liu,
2012; Pearce et al., 2020). One variety of this type is called Astrometric Binaries when
only the motion of one star is visible, and the other component cannot be directly
observed (Penoyre et al, 2022). Astrophysicists can obtain their orbital pattern (e.g.
Soderhjelm,, 1999; Malkov et al., 2012} Chulkov & Malkov), 2022), but a lot of them
have very long orbital periods of a few centuries (or even millennia), leading to poorly
known or very uncertain orbits. A way to estimate the orbital period for a wide binary
is to use Kepler’s third law, i.e. 472a®> = G(M; + M,)P?, where a is the semi-major
axis of the orbit, G is the gravitational constant, M; and M, are the masses of the two

stars, and P is the orbital period. This method relies on the assumption that a is equal
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to the projected separation (since one cannot measure a directly) so it can only lead to
a lower limit on the period.

Another way in which binaries can be detected is via indirect techniques such as
spectroscopy. The binary components” orbital motion causes periodic Doppler shifts,
which are detectable in one or more spectral lines, hence the name Spectroscopic Bi-
naries. When the Doppler shifts are measurable for both binary components, then
the system is called double-lined spectroscopic binary (Struve & Huang), 1958). Oth-
erwise, the system is named single-lined spectroscopic binary when only one of the
component’s Doppler shift can be measured (Struve & Huang), |1958). In addition,
the time variation of these spectroscopic binaries” spectrum can also be obtained (e.g.
Burgasser et al., 2010).

Another type of binary systems is the Eclipsing binaries, where during part of the
orbit, one star eclipses the other, i.e. one star passes in front of the other, causing a
significant variation in the light output for the system. The binary will only eclipse
if the orbital plane is aligned with the line of sight, or if it is tilted by a very small
angle. If the orbit is tilted by a large angle, then the binary will not eclipse. This type
of binaries is fundamental to determine the basic stellar parameters of stars, i.e. mass
and radius (e.g. Pols et al.,|1997; Pr3a et al., 2011} Kirk et al., 2016).

The last main type of binary systems is the Photometric Binaries, where the colour
or flux of the system appears to have a periodic variation (e.g. [Ial-Or et al., [2015).
There are three ways in which the components of non-eclipsing binaries that are close
to each other can be affected, and this can be detected photometrically. Accurate pho-
tometry is necessary in order to search for these BEaming, Ellipsoidal, and Reflection
binaries (BEER binaries; Faigler & Mazeh, 2011). Beaming binaries are systems where
one can observe the effect on the apparent magnitude of the stellar objects due to
relativistic beaming (Rybicki & Lightman, 1979; Maxted et al.,|2000). This method is
highly dependent on if the secondary component of the system is tiny and dim in
comparison to the primary object. This will ensure the secondary cause no other effect
on the primary. Only the speed at which the components are orbiting around each
other is relevant in this case (Rybicki & Lightman), 1979). The second way in which
the components of these binaries affect each other, in particular if one of the objects
is exceptionally dense, is by causing the deformation of the shape of the stars. This
effect can be distinguished by observing the variations of the light curve, and they are
known as Ellipsoidal variables (Morris, 1985; Mazeh, 2008). Lastly, Reflection modu-

lations in light curves induced by a short period companion is when the separation
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between the stars is small enough, extra light from a star can be observed due to it re-
flecting from its companion (Maxted et al., 2002; Harrison et al., 2003; |For et al., 2010;
Reed et al., 2010). However, the three effects described here are not a reliable way to
be certain that these systems are real binaries, as they can be confused with variable
stars (e.g. Cepheids, RR Lyrae variables) since they can as well have similar periodic
variations.

Ultimately, these binary systems are crucially important because astronomers can
obtain the masses of their components by calculating their orbits (e.g. |[Konopacky
et al., 2010; Malkov et al., 2012; Dupuy & Liu, 2017, [Brandt et al, 2019). In addi-
tion, their subsequent evolution (Hurley et al.|, 2002, and references therein) and their

formation (Boss| 1993) can be revealed by their orbit.

Orbital period properties and eccentricities of binary systems

Binary /multiple systems can either be so tight to the point where the components are
almost in contact with each other (~ a few AU or less) or so far apart (~ a few hun-
dreds of thousands AU) that one can only indicate that they are indeed in connection
by looking at their common PM. Generally, the separation of binary/multiple systems
determines their orbital period (Pyg,), ranging from ~minutes to 10° yrs (Raghavan
et al., 2010; Moe & Di Stefano, 2017). The larger the separation, the longer the Py,
and vice versa.

Duquennoy & Mayor| (1991) were the first to find that the period distribution of
main-sequence binaries in the range -1 < log Py, (days) < 10 is unimodal and best
described by a Gaussian-type relation (a smooth distribution) with a median period
of approximately 180 years. |Fischer & Marcy|(1992) later found a similar distribution
of periods for multiple systems with M dwarf primaries. Figure1.1|shows the period
distribution for multiple systems with solar-type primaries determined by Raghavan
et al.| (2010). Their Gaussian fit to the distribution has a peak at log P, = 5.03 and a
standard deviation of ¢ log Py, = 2.28.

Moreover, given that binaries/multiple systems are likely to have formed with a
wide range of eccentricities, there is also a relationship between the eccentricity of the
orbit and the period of a binary star. Field main-sequence binary systems where the
eccentricity is small and with a short period (i.e. Py, < 12 d), end up being circular-
ized via tidal interactions, while if the separation between the components is wide,
then a highly elliptical orbit is possible (Duquennoy & Mayor, 1991; Raghavan et al.,

2010). The distribution of eccentricities for these systems is in general widely scat-
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Figure 1.1: The period distribution for multiple systems with solar-type primaries determined
by Raghavan et al.|(2010). The dashed curve shows their Gaussian fit to the distribution, with
a peak at log Py, = 5.03 and standard deviation of ¢ log Py, = 2.28.

tered (e = /1 — b?/a?, where a is the semi-major axis and b is the semi-minor axis).
Figure [1.2|shows an example for a population of multiple systems studied by Ragha-
van et al. (2010).

The eccentricities from well-determined orbits are essential to derive the angular
momentum of the formation process. This information can then be used to estimate
other stellar parameters indirectly, such as density and radius, and, in turn, mass.
Mass is the fundamental property of any stellar object, since it can be used to deter-
mine its entire life history. On the other hand, some binary properties, i.e. multiplicity
fraction, orbital semi-major axes, and mass ratio can be studied in a statistical way by
using a large sample without information about orbital motion. These studies have
given very important constraints on formation models at very low masses (e.g. /Allen,
2007). An example can be seen in Figure showing the period distribution of BD

companions to main sequence stars. There is a clear lack of short-period binaries (i.e.
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Figure 1.2: Period-eccentricity relationship for the 127 systems from |[Raghavan et al.[(2010).
Components of binaries are plotted as filled circles, of triples as open triangles, and of quadru-
ple systems as open squares. The horizontal dashed line marks the zero-eccentricity limit (i.e.
circular orbit) and the vertical dashed line marks the 12 day period limit, which roughly corre-
sponds to the circularization period, i.e. systems with period shorter than 12 days will quickly
evolve to have circular orbits. The dashed curve represents the merging boundary, i.e. pairs
with eccentricity above this limit will pass within 1.5 R of each other when they are at peri-

astron, and are hence likely to collide and merge.
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Py, < 100 days) compared to long period binaries (i.e. 100 < Py, < 10,000 days). This
is known as the “brown dwarf desert” (e.g. Ma & Ge, 2014; Stamatellos & Herczeg,
2015).

There are various explanations for this observation. One of which is based on
the fact that the outer disk is more susceptible to gravitational instabilities, so objects
that form at 2 > 80 AU could have masses beyond the deuterium burning limit of
~ 13Mjyp. However, the timescale required for such objects to be able to migrate into
the inner regions of the disk exceeds the lifetime of the disk itself (Udry & Santos)
2007). Whereas if these BDs were to form in the more stable inner disk, more pre-
cisely within 5 AU of their companion star, another theory attempting to explain the
existence of the BD desert suggests the possibility that those BDs end up becoming
part of the central star due to inwards migration after their formation (Armitage &
Bonnell, 2002). That being said, the potential migration after formation of those BD
companions to FGK dwarfs could also be zero. Moreover, to be able to confirm this
theory, supplementary knowledge regarding migration within a protoplanetary disk
still needs to be acquired (Nelson, 2018). Note that during the formation of the more
massive planets via core accretion, the rate of gas accretion declines due to the gap for-
mation in the disk (Lubow et al., 1999). Given the disk also has a limited lifespan, this
subsequently imposes a limit on the maximum mass that the low-mass companion
can reach of approximately 10Myy,, (Lubow et al., 1999). Thus, it is highly unlikely for
objects forming via core accretion to be able to reach the mass regime of BDs. Contrary
to that, a theory suggests that eccentric perturbations in the disk could be triggered,
hence largely reduce the effect of the presence of a gap, when the objects reach the

mass range between 3 — 5Mj, (Kley & Dirksen, 2006).

Mass ratio distribution

To have a reliable set of constraints on the formation models is fundamentally impor-
tant to determine the possible dominant formation scenario for various stellar objects,
especially very low-mass stars (hereafter VLMSs). The study of the properties of bi-
naries and multiple systems provides the set of observational constraints necessary.
The mass ratio distribution (i.e. q = M2/M1, where M1 is the primary and M2 is the
secondary) is one of the properties of low-mass binaries that can provide appropriate
constraints to the formation models. The distribution of q seems to be dependent on
the mass regime, but the exact relation is not precisely determined yet. Generally, if the

primary star is massive, then there is a much higher likelihood for the secondary to be

9



CHAPTER 1. BACKGROUND

15 Trfrrrrrrrrrrrrrrrr1rr|rrrrrrrr [ r1rrrr T[T

: L :

A L |

0 1 2 3 4 )
log P (days)

Figure 1.3: The period distribution of BDs companions to main sequence stars, from Ma &
Gel (2014, their Figure 1). Long period binaries are much more numerous than short period

binaries.
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in a similar mass regime. However, there is not a similarly clear pattern for low-mass
stars. Although the exact numbers are not known, binary surveys have suggested that
massive stars have a higher fraction of interacting binary systems of 50% compared to
lower mass objects, where the fraction is 30% (e.g. Duquennoy & Mayor), 1991; Kob-
ulnicky & Fryer| 2007). The inconsistency in mass ratio distribution between massive
stars and LMSs reveals a possible difference in the still uncovered formation process.
Further, |Abt (1983) suggested that by selecting random pairs from a population of ob-
jects, assuming that they follow the Salpeter IME, their mass ratio distribution would
match that for long period binary systems, or in other words there are more systems
with long period that have small q than large q. Initially, this statement was disputed
by both Duquennoy & Mayor (1991) and Halbwachs|(1987), but further evidence sug-
gests that there is indeed a relation between period and q as initially suggested by Abt
(1983), for example as shown by Moe & Di Stefano (2017, see their Figure 30).

Moreover, the mass ratio between the components has an important role in de-
termining the binary fraction, and at q ~ 1 is where the distribution peaks for all of
the very low mass binaries discovered so far. The mass ratio distribution of very low
mass binaries (spectral type > M6) known to date is presented in Figure (1.4 (taken
from Burgasser et al.,[2007). The systems with age below 10 Myr are represented by

shaded bins, with the number of binaries in each bin labelled.

It is important to bear in mind that there might be a bias in the selection of the
observed mass ratios, leading to a less accurate separation distribution. Especially
when the secondary is much less massive than the primary, then the possibility of
measuring the radial velocity variation on the primary will be decreased. The option
of direct imaging might also become unavailable as these objects are very likely too
dim to carry out this technique. Such biases, however, are unlikely to affect the mass
ratio peak at ~1, as the majority of the modern spectroscopic and imaging surveys
are capable of detecting very low mass binary systems with q 2 0.5. Given that over
half of the confirmed very low mass binaries have q > 0.9 and the drop-off in the
number of binaries is already visible at the highest mass ratios, it is unlikely that the
observational biases described before affect this trend. The observational biases are,
however, very likely to lead to underestimating the number of systems with low mass

ratio.
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Figure 1.4: Mass ratio distribution of very low mass binaries (spectral type > M6) known to
date (taken from Burgasser et al., 2007). The systems with age below 10 Myr are represented
by shaded bins, with the number of binaries in each bin labelled.

Binary mass function

Mass as mentioned in the previous section is a very important parameter in determin-
ing the evolution of stellar objects, and the binary mass function helps constraining the
components” mass in binary systems. The following two relations are used to work

out the mass of the secondary object in a binary system:

Mjsin®i P(v;sini)3
= = 1.1
h (M) (My + Mz)z 211G (1.1)
M3 sin? P(vysini)3
M) = —1 = 1.2
(M) (M; + M;)? 271G (12)

For fi; and f, being the mass functions for star 1 and star 2. These two relations
are derived by equating the centripetal force and the gravitational force for both of
the components. Note that this is done under the assumption of a circular orbit, and

with the aid of Newtonian relations. The measurable quantities are P, which is the
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orbital period (with the gravitational constant G), (v1 sini) and (v sin i) which are the
projected radial velocity amplitudes of the two components (where i is the orbital
inclination of the binary). M; and M, are the masses of the two components.

With the two masses directly related to observable quantities by the mass func-
tion, the radial velocity amplitudes of both components can be measured, for exam-
ple, from the double-lined spectroscopic binary spectrum. Both M sin®i and M3 sin® i
can then be deduced using equations [I.1] and However, the inclination is not a
quantity that can be obtained easily for the majority of systems, but is necessary if one
wants to determine the masses of both components. Thankfully, it is more feasible for
certain types of binary systems such as visual binaries, and even more so for eclips-
ing binaries, where i ~ 90°. Note that the mass function can directly constrain the
mass of the secondary if the mass of one of the objects is significantly smaller than
the other (i.e. M; < My). The left-hand side of equation in this case simplifies
to fi(My) ~ Mjsin®i. This method is indeed one of the most robust ways to work
out the masses of stellar objects. Further, the radii of both stars can be obtained from
eclipsing binaries, and in fact these systems are the most common sources for which
accurate radii and masses of stellar objects are obtained from. Moreover, if these bina-

ries happen to have known distances too, then their luminosities can also be obtained.

Binary fraction/multiplicity

The binary fraction/multiplicity is one of the fundamental properties of binaries, of-
fering clues to understand the formation mechanism. It provides extra constraints for
testing the existing formation models. Unfortunately, the presence of unresolved bi-
nary/multiple systems induces an extra complication in obtaining, in particular for
the substellar population, a precise luminosity function. Furthermore, observing faint
and close binaries has proven to be a challenge, leading to a poorly constrained binary
fraction for BDs and LMSs. A brief summary of the present knowledge of the stellar
and substellar binary fraction is in the following paragraphs.

The percentage of solar-type stars in the main-sequence that have one or more
companions is approximately 46% (Raghavan et al., 2010). The binary fraction has
also been shown to be strongly dependent on the mass of the primary star, with more
massive A-type stars having higher binary fraction, and lower mass M dwarfs and
BDs having lower binary fractions. The results of various surveys are summarized
by [Ward-Duong et al| (2015) as shown in the left panel of Figure Ward-Duong
et al.| (2015) combined the results of De Rosa et al.| (2014) for A-type stars, of (Ragha-
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van et al., 2010) for solar-type stars, their own results for M dwarfs, and the results of
Allen| (2007) for BDs, and demonstrated that the fraction of binaries (they only con-
sidered binaries, not multiple systems) clearly decreases as a function of mass from
~33% to ~7%. The right panel of Figure [1.5/shows the binary fraction as a function of
separation for the M dwarfs in the sample of Ward-Duong et al.|(2015). It is clear that
the binary fraction decreases as a function of separation, with a much higher fraction
at small separations, but it is also shown that M dwarf binaries have typically smaller

separations than more massive binaries.

In addition, for spectroscopic binaries, their frequency is comparable to that of
Population I stars (very old stars). This was deduced via a survey of thick-disk and
halo stars (Torres, [1992). These results have been confirmed recently by combining
Gaia eDR3 with LAMOST DR5 by Niu et al.| (2021), who found a binary fraction of
42 + 1% for G- and K-type stars, with a dependence on the age of the population,
i.e. older populations have a higher binary fraction than the younger population.
Specifically, Niu et al. (2021) found that the binary fraction for G and K stars in the
thin disk is 39 4= 2% while thick disk stars have a binary fraction of 49 &+ 2%. Niu
et al.|(2021) also found that for both the thin- and thick-disk stars, the binary fractions
decrease toward higher [Fe/H], but with different correlations for the thin and thick
disk. They conclude that this is likely related to the different formation histories of the
thin and thick disk. The thin disk is the inner part of the Milky Way disk, and has a
scale height of only ~300pc (Vieira et al., 2023). It is where most of the stars, gas and
dust is located, and is also where star formation is still currently taking place (Allende
Prieto,2010). As a result, stars in the thin disk are on average younger and more metal-
rich than the rest of the Galaxy (Allende Prieto, 2010). The thick disk is the outer part
of the disk of the Galaxy, and has a scale height of ~800pc (Vieira et al., 2023). It is
less dense than the thin disk and has little gas and dust, and there is basically no star
formation (Vieira et al., 2023). Stars in the thick disk are on average older (10-12 Gyr)
and more metal poor than the thin disk (Kordopatis et al., 2011). Finally, the halo is
roughly a sphere and extends for several kpc around the centre of the Galaxy. It has
very low density and contains the oldest and most metal-poor stars (e.g. Prantzos),
2008).

For pre-Main Sequence (PMS) stars and young stars in general (i.e. younger than
10° yrs) the results are less clear. However, in those separation ranges where PMS bi-
naries can be observed, the multiplicity frequency appears to be higher than for Main

Sequence stars in the same separation ranges. Patience et al. (2002) suggests that for
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Figure 1.5: Left: The binary fraction measured within 30-10,000 AU (empty symbols) and
within the 3-10,000 AU (full symbols) by various surveys, as a function of primary star mass
(see Section for references). Right: The binary separation distribution of the M dwarfs
from the survey of Ward-Duong et al.| (2015) within the separation range of 3-10,000 AU, cor-
rected for incompleteness (red histogram). Assuming a log-normal distribution, a Gaussian
was fit to the observed distribution (dashed black curve). A restricted fit was also computed
by fixing the mean of the distribution to the centre of the first bin of the distribution (solid black
curve). For comparison, the distribution of companion separations for A-star primaries (blue
dot-dashed curve), solar-type primaries (green dotted curve), and for M-dwarf primaries in a

previous lucky-imaging survey (magenta crosses). (Figure 2 from |Ward-Duong et al.,[2015).

PMS primaries in the mass range 0.5 Mo < M; < 5 Mg, the multiplicity frequency is
in the range 83 — 100%. In general, the fact that binary stars are spotted among PMS,
is an indication that most binaries are formed during the collapse of the proto-star, or
in the stellar formation period. Moreover, [Elliott & Bayo, (2016) studied the multiplic-
ity fraction and separation distribution of companions in the B-Pictoris moving group
and compared it to previous multiplicity studies in younger and older regions. They
showed that the dynamic evolution of triple systems leads to the formation of wide
binaries, and that the lower fraction of wide binaries in the field population compared
to the younger population is a result of dynamical evolution, i.e. it is the result of the

disintegration of wide binaries with time.

When it comes to LMSs and BDs, multiplicity studies have been conducted via the
combination of high-resolution spectroscopy surveys (e.g. Basri & Reiners, 2006; Joer-

gens|, 2006, 2008), with peak sensitivity to tightly bound systems, and high-resolution
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imaging (e.g. Ahmic et al., 2007; Delorme et al., 2012) which have a higher sensitivity at
the typical distances of observed BDs (2 2 — 3 AU). Although biased towards typical
BD separations, the binary fraction that was suggested by the magnitude-limited high-
resolution surveys is 7-15% (931%, Burgasser et al.[2003a; 7.6:’?:?%, Bouy et al.|2003;
13 — 15%, Martin et al.[2000). On the other hand, using high-resolution spectroscopy
for a sample of late-M dwarfs, an estimation of 63% was made by Reid et al.| (2002).
Then, from a sample of 25 late-M and early-L dwarfs, Guenther & Wuchterl (2003)
have estimated the binary fraction to be 1271°%. Another estimation was derived by
Joergens| (2008) by monitoring the radial velocity of LMSs and BDs in Chamaeleon I.
At separations < 3 AU the multiplicity fraction is 107§°% and 7*3% at separations <
0.3 AU. JJoergens| (2008) claims that where the separations are < 1 AU, then there will
be a decline in the binary fraction. This claim is supported by the results of Maxted
et al.|(2008) where at separations < 0.28 AU, the binary fraction in ¢ and A Orionis is
found to be < 7.5%. The previous results are in disagreement with Kurosawa et al.
(2006), who found that at separations < 0.1 AU, the binary fraction in Upper Scorpius
is 24ﬂg%. In addition, Maxted & Jeffries| (2005) derived a much higher ratio of tight
binaries, after taking into account every likely source of biases and incompleteness in
the surveys that were available at the time. They concluded that at separation < 2.6
AU, the binary fraction for VLMSs and BDs is 17 — 30%. Assuming at separation >
2.6 AU the binary fraction is 15%, then the total binary fraction would be 32 — 45%.
This supports the binary fraction in the Praesepe and Pleiades clusters of 502(1)% that
was derived by |Pinfield et al.| (2003). Wide very low mass binaries seem to be rare in
contrast with tightly bound very low mass binaries. There appears to be a decline in
binary fraction with separation, from an upper limit of 8% in a Perseus at separation
> 11 AU (Martin et al., 2003) to another upper limit of 5% in IC 348 at separation > 15
AU (Luhman et al., 2005), down to an upper limit of 2% in Trapezium at separation >
150 AU (Lucas et al., 2005). Note that it is the high-resolution imaging that could bias
these results (causing some of the very wide systems to be excluded) due to a typical
field of view of 10 — 20 arcseconds (i.e. systems at 30 pc with separation 2 150 AU
or systems in young nearby clusters with an even larger separation 2 200 — 1000 AU

could be missed).
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1.2.2 Formation of multiple systems

All of the binary properties that have been discussed above (from observational data
and detailed numerical simulations), play an extremely important role in assisting
to answer the long-standing question: what is/are the dominant formation mecha-
nism/s for stars, BDs and planetary-mass objects (i.e. objects with mass less than the

deuterium burning limit at 13 Mjyp)?

Extremely young binary systems have been identified (Wootten, 1989; Sasselov &
Rucinski, 1990) yet there have not been any direct observation during the formation of
a binary system so far. Up-to-date observational studies show that it is likely for most
binaries/multiple systems to be formed during the proto-stellar collapse, i.e. the very
early stage of formation of a stellar object, which can be divided into two phases. The
first is the isothermal phase, when the object is optically thin. Optically thin means
that the photons can escape the gas easily, or in other words the likelihood of a photon
to be absorbed is low. The second phase is the adiabatic phase, when the object is
optically thick, meaning that the photons cannot escape the gas easily, or in other
words the likelihood of a photon to be absorbed is high. Though various ideas have
been suggested to try to explain the origin of binary systems, it is fundamental to be
able to explain the observed properties of multiple systems in order to determine their

dominant formation mechanism.

Although the fully explained physics was missing, Laplace in 1796 was the first
person who proposed a formation mechanism for binary systems (see Tassoul, 1978).
His theory was that separate stellar nuclei form during star formation and somehow
come into orbiting each other later. It could be assumed that it is via fragmentation
that the separate nuclei form (Bodenheimer, 1992). Then in 1876, Stoney came up with
the idea of capture (see |Aitken, 1935). This might happen when two independently
formed unbound stars are slowed down by losing some of their initial angular mo-
mentum (i.e. via a dissipative process), and then end up sharing a common orbit (e.g.
WD0837+185AB, |Casewell et al, 2012). Another possible formation scenario for bi-
nary systems that was put forward by Kelvin and Tait in 1883 (see Tassoul, [1978) and
had the full support of Jeans (1929) is fission. This mechanism might occur while the
hydrostatic equilibrium applies, when an object undergoing a rapid rotation might
become dynamically unstable and break up into fragments. In 1953, Hoyle suggested
an idea that is based on the principle of increasing density of the isothermal col-

lapsing cloud, extending the originally large-scale-dependent dynamical instability,
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to continuously being unstable even when the cloud is reduced in size. This increases
the chances for the cloud to fragment as the time frame of given ideal conditions ex-
tends. Rotation is an additional fundamental cause, discovered in later studies, that
allows the spreading out of individual fragments after they form, hence stopping the
overall collapse of the cloud, as it is not just one large cloud anymore but fragments
(though the fragments will continue to collapse separately). In other words, during
the hydro-dynamical collapse phase, the process of a rotating proto-star being broken
up into fragments is known as fragmentation. Hierarchical fragmentation can be ei-
ther triggered by rotation (Bodenheimer, 1978) or by cloud-cloud collisions (Pringle,
1989). However, the results of |Lattanzio & Henriksen! (1988) numerical simulations of
isothermal cloud-cloud collisions show no binaries formed in their parameter range.
In addition, close binaries can be the consequence of wide binaries evolution
(Pringle, 1989). Wide binaries in general are in highly elliptical orbits, and when the
binary systems are young, they are likely to have a disc around them. When these
discs undergo hydrodynamic interaction at the periastron, the system could lose an-
gular momentum via the friction between the interacting discs, then the original wide
orbit could get closer with each disk interaction. When the discs eventually disap-
pear, the system might have lost enough original separation to become a close binary.
“Normal” fragmentation, on the other hand, is to allow the clouds to evolve further
(i.e. first undergo gravitational collapse after dense cores have been developed) be-
fore the spontaneous fragmentation takes place. Under ideal conditions, the disc that
forms around young stars can become gravitationally unstable, hence leading to pos-
sible fragmentation, according to|Adams et al.| (1989). A brief discussion of the four
types of formation scenarios that are thought to form binary/multiple systems (frag-

mentation, disk fragmentation, fission and capture) is in the following sub-sections.

Fragmentation

During the isothermal phase, the adiabatic collapse of rotating proto-stars is modelled
by theorists, and the outcome suggests a very high likelihood of these proto-stars to
fragment into multiple systems due to instability (e.g. Burkert & Bodenheimer, 1996;
Guszejnov & Hopkins, 2015; Guszejnov et al., 2017). Adiabatic collapse means that
during the collapse the proto-star does not exchange heat with the surrounding gas.
Systems produced via this process are likely to end up with periods that exceed a few
hundred years. Hence, this scenario is challenged by the existence of close binaries,

because it is known to be very unlikely for the fragmentation to take place while the
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gas is experiencing high pressure (optically thick and high density), which is the case

in the later phase of star formation, when the original cloud has become a lot smaller.

In the early stage of star formation, the initial cloud can mainly fragment to form
wide binaries as the density of the cloud is low and still large in size. Though, it
is not impossible for a few of the multiple systems formed by fragmentation to be
in relatively shorter periods either. According to Boss (1986), systems with orbital
separations up to approximately 1 AU can be formed by fragmentation, if they form
in the central regions of the collapsing cloud while in the adiabatic phase. Beside
this formation mechanism, there are also other formation theories that cannot explain
close binaries, such as tidal capture, fission of rapidly rotating stars and three-body
capture. Other formation scenarios including hierarchical fragmentation, orbital in-
teractions and disk-induced captures in fragmented multiple systems, orbital decay
of long-period systems and gravitational instabilities in disks are under investigation
at this time. On the contrary, if the collapsing cloud has low angular momentum,
and that low angular momentum is removed after disk formation, or the escape from

multiple systems, it could be one of the routes for single star formation.

Some of the more important numerical calculations regarding hierarchical frag-
mentation were done by |Boss| (1991) and Hacar et al.| (2013). In general, the theory of
hierarchical fragmentation is that a ring structure would form at a point when the ro-
tational effects come to be significant during the collapse of the formation cloud. Then
the fragmentation begins with having the ring first fragment into two parts, then a
bit further on the time line, each fragment again splits into two. Though, to be con-
sidered a true hierarchical fragmentation, the first fragments of the ring will have to
undergo the exact same path as the original collapse cloud (collapsing to the point that
rotational effects become essential so that a ring structure is formed), e.g. similar to
cellular splitting activity. Moreover, the sub-fragmentation can only occur when each
fragment reaches the angular momentum of the original cloud. This requires a further
substantial collapse in order for them to regain the 90 to 95% of angular momentum
lost after the first fragmentation takes place. This fundamental information regarding
the collapse, however, was not included in the calculations of Boss| (1991). Since the
resulting sub-fragments do not appear to be sharing an orbit, and also have a sub-orbit
which is too small to be viewed on the numerical grid used, this calculation does not

represent true hierarchical fragmentation.
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Disk fragmentation

A disk like structure will form if a proto-star with a relatively slow initial angular mo-
mentum collapses through the adiabatic phase without fragmenting. Gravitational in-
stabilities can cause possible fragmentation in Keplerian disks in equilibrium around
a central star (Adams et al., 1989; Shu et al., 1990). Though the conditions have not yet
been recognised, the formation of a binary system could be possible as a consequence

of such instability.

Fission

In general, a uniform-density star can gain angular momentum either when it is con-
tracting during the proto-stellar collapse (early phase of star formation) or contracting
during disk accretion (later phase of star formation). The growth rate of the rotational
energy surpasses the growth rate of the gravitational energy, and when the rotational
energy eventually exceeds the gravitational energy, the star then becomes unstable
and breaks up into smaller fragments.

Fission yields mostly close binaries due to the limited amount of spin that a star
can carry. However, Tassoul| (1978) pointed out a few major issues that this formation
scenario could encounter, such as the slow rotation observed in T Tauri stars (TTS,
variable pre-main sequence stars). Dynamical instability, therefore, is unlikely to take
place due to insufficient angular momentum. Hence, fission seems to be favourable
only during core accretion. Another problematic issue to this formation theory is that
the binary ratio of the resulting systems is not consistent with observations. The star
may also never reach the point where it will become unstable (required initial condi-
tion), and this is the third major problem with this formation mechanism.

For proto-stellar objects to form very tight binaries, their angular momentum has
to be very small, which then results in the majority of their own mass collapsing
onto the central core rather than onto the surrounding disk. According to Ruzmaik-
ina| (1981a)b), the core may not be prone to become unstable (when the rotational
energy becomes larger than the gravitational energy) as the effects of convection or
magnetism are likely to transport a substantial amount of angular momentum within
the core out into the disk and lead to the formation of a single star. However, even if
the proto-stars manage to reach the point where the rotational energy becomes greater
than the gravitational energy, according to the 3-dimensional numerical hydrodynam-

ical calculations of Durisen et al.|(1986), the angular momentum can be transferred out
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from the central core by spiral waves, preventing the instability from happening. For

more information, see Bodenheimer| (1992).

Capture

The last formation mechanism is capture, i.e. when two stars that formed indepen-
dently are captured into an orbit. It may occur in one of the following three situations.
The first one is when the excess of energy is removed by the presence of a third body,
i.e. when three individual stars are close by initially, then, due to dynamical interac-
tions between them one of the bodies is “ejected”, removing some of the excess energy,
and the two remaining objects then form a binary. The second situation is when two
single stellar objects pass by each other very closely by chance, and friction is caused
by the tidal dissipation between them, slowing them down sufficiently so that dy-
namical interactions can take place and form a system. The last situation is when,
under the presence of a dissipative medium (i.e. residual gas in a young cluster), as
the young stars are still close to each other before being separated by their increasing
radial velocity, the presence of residual gas could impose friction between them and
they could randomly pair up as an outcome.

The first two situations are not supported by observations, as the slow capture
rates expected in young dense clusters or in the galactic disk are not able to explain
the observed binary frequency (e.g.|Hills, 1976; Hills & Day, [1976;|Boss, 1988). On the
other hand, the third situation is more favourable where the young stellar objects are in
the presence of the residual gas that is around them in the form of circumstellar disks.
The capture rate that is induced by disks in high stellar density environments (e.g. the
Orion Trapezium cluster) is 0.4 captures per star per 10° yr (Larson, 1990). Though an-
other factor that could affect this process was pointed out by|Clarke & Pringle|(1991a).
Depending on the velocity of the encounter, disks around stars may be removed by
high-velocity encounters, whereas capture is much more likely to occur during low-
velocity encounters. The capture rate according to Clarke & Pringle (1991a) is 0.04
captures per star per 10° yr, an order of magnitude lower than (Larson, |1990). The
capture rate is, however, &~ 0.05 — 0.1 captures per star per 10° yr according to the re-
sults of numerical calculations by |[Heller (1991), which sits between the Larson (1990)
and Clarke & Pringle (1991a) results.

The separation between the components depends on the type of capture. Systems
produced by the three-body capture are often far apart, and close binaries are often

produced by the two-body tidal capture, while the separations between the paired
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up stellar objects produced by the disk capture are comparable to the outer radius of
the disk. The various sizes of orbits produced by these three types of capture cannot
explain the smooth period distribution observed. However, some other observations
can be explained by the predictions of the capture theory, such as a wide range of
mass ratios (no relation in mass between the two components) and eccentricities. In
addition, the components are non-coeval (differences in age observed so far are up
to 10° yr) and the spin of the angular momentum of one of the components can be
unaligned with the orbit, as observed in some systems. Normally, the probability for
this mechanism to take place is relatively low, but in different circumstances capture
can have a slightly larger effect (i.e. fragmentation of a collapsed molecular cloud
core, see Miyama et al|1984; Monaghan & Lattanzio|1984). For example, in a very
high stellar-density environment (i.e. more so than the Orion Trapezium cluster) the
typical separation between fragments is small (i.e. ~0.01 parsec). Gravitational inter-
actions therefore take place between the fragments, and single stars and binaries may
be produced by the three-body capture process, also by the disk-induced and tidal
capture (the latter in close orbits). This type of systems was studied with the aid of
N-body simulations of multiple systems (see e.g.|Anosova, 1989). Furthermore, for
the three-body “systems” with disk dissipation (co-orbiting initially and highly un-
stable), numerical studies were made by [Clarke & Pringle (1991b). Their results show
high sensitivity to changes in the initial conditions, and also a possible wide range of

eccentricities and orbital parameters.

1.2.3 BDs in multiple systems

The first L and T dwarfs, GD 165B and GL 229B respectively, were both discovered
accompanying a more massive primary (i.e. white dwarf-L dwarf and M dwarf-T
dwarfs; Becklin & Zuckerman|1988; Nakajima et al.[[1995). In order to increase the
number of identified nearby bright stellar objects that couple to BDs, various meth-
ods have been used and a lot of interesting new multiple systems hence have been
discovered. With facilities such as the Hubble Space Telescope (HST), the Very Large
Telescope (VLT), and the Keck Telescopes, all providing high-resolution optical and IR
imaging, one of the methods is to look for low-mass companions to M dwarfs, either
in the field (Reid & Gizis, |1997) or in open clusters (e.g. Martin et al., 2000; Patience
et al., 2002). In fact, Teide 1, which together with GL 229B holds the title of first BD

discovered, was found in the Pleiades (Rebolo et al., 1995). Alternatively, much wider
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high-mass + low-mass systems can be identified by cross-matching a good selection
of ultra-cool dwarfs (hereafter UCDs) with a list of higher mass stars and WDs, to es-
tablish binarity via common PM. The search for UCDs as companions to nearby stars
hence becomes more conceivable now with the availability of near-infrared (NIR) all-
sky surveys and of the Gaia catalogue.

The mass of BDs is fundamental in obtaining insights on the properties of these ob-
jects. However, the substellar nature of these UCDs prevents the use of the luminosity-
mass relation to determine their mass. The age of these ultra-cool objects is also im-
possible to determine if they are isolated. This is where benchmark systems become
extremely useful, especially in the study of the nature, formation and evolution of
UCDs. This sort of system in general consists of main-sequence star/s and UCD/s,
and note that the preferable benchmark systems are those with wide separation (i.e.
> 100 AU). This is because if the faint UCD is too close to the parent star then the glare
of the primary will make it difficult to observe the BDs and GESPs. In addition, the na-
ture and the properties of the BD could also be altered by the exchange in mass within
the system (e.g. when the star evolves and becomes a red giant) if the components are
too close. These cannot be considered benchmark systems anymore.

Young benchmark UCDs (< 1 Gyr) can be found as members of moving groups
and clusters (e.g. Casewell et al., 2007; Lodieu et al| 2011; Gagné et al., 2014, 2015,
2023). Besides sharing kinematic properties, the UCDs have a known metallicity and
a decent constrained age as part of the cluster. Note that the formation and properties
of these very young substellar objects can be derived and studied within those nursery
environments, such as the Orion nebula cluster. In addition, given that these bench-
mark systems are very young (~ 1 Myr), hence they are much brighter, and so they
can be observed out to much greater distance than that of field UCDs. Unfortunately,
for field UCDs, the age, metallicity, and other physical properties are a challenge to
obtain, one of the major complications being the mass-age degeneracy (i.e. the fact
that they significantly fade and cool over time).

UCDs as members of binary systems, however, provide the best source of bench-
mark companions (e.g. Pinfield et al., 2006). This is because the stellar primaries can
be characterised well, and given they were formed from the same molecular cloud, it
is quite safe to assume both objects have identical age and composition (i.e. metallic-
ity). Note that several methods can be used to calculate the age of the main-sequence
primary. Such methods include comparison to theoretical models with their location

on the HR diagram, age-metallicity relations, kinematical or rotational velocity age,
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Lithium test, and coronal or chromospheric activity (Ca I H&K, Ha, X-ray). Note that
for eclipsing benchmark systems, their mass (from Kepler’s law) and radius (from the
light curve) can be calculated from the dynamical interaction of the system. However,
depending on the type of primary stellar object, a precise measurement of the age

could be a challenge (e.g. variable stars).

The later phases of stellar evolution show age calibrators that are more reliable
than the main-sequence phase, where the uncertainty on the age can be large. For
example, the subgiant stage is relatively well constrained, and also very short in com-
parison to the lifetime on the main sequence. Furthermore, there are also benchmark
systems that consist of a UCD companion to a white dwarf (e.g. Luhman et al., 2011;
Casewell et al., 2012; |[French et al., 2023). Such systems include DA WDs-L dwarf (e.g.
Becklin & Zuckerman| [1988; Steele et al.,[2009), DA WD-mid-T dwarf (Casewell et al.|
2012; Day-Jones et al., 2011) and DQ WD-Y dwarf (Luhman et al, 2011). The cooling
age of the WD can be measured with precision as the WD stage is well understood
(e.g.[Fontaine et al., 2001). By studying the spectral energy distribution, a decent es-
timation of the effective temperature (hereafter T.¢) can be obtained. Then, by fitting
the hydrogen lines, which are strong and can be easily observed and measured in WD
spectra, with an appropriate atmospheric model, the surface gravity (log g) of a WD
can be obtained. If the distance hence the luminosity is known, one can then compute
the radius and therefore one can readily calculate the mass of the WD. Once the mass
and temperature of a WD is known, the cooling time, i.e. the time taken by the WD
to cool down to the current temperature, can be estimated using cooling models (e.g.
Bergeron et al., 2011; Tremblay et al., 2011; |Bédard et al., 2020). Applying the relation
between the WD and the progenitor, the mass of the progenitor can then be obtained
(this is known as the initial-final mass relationship; Cummings et al., 2018). Using evo-
lutionary models for main-sequence stars to get the total time that took the progenitor
from being born to first becoming a WD (e.g. Choi et al., 2016), combining it with the

cooling age that was previously acquired, one can determine the age of the WD.

In general, these wide benchmark systems also provide extra constraints to test
important models and theories, e.g. evolutionary models (Mohanty et al., 2004a}b;
Dupuy et al,, 2010) and atmospheric models (Leggett et al., 2008; Burningham et al.,
2009; Pinfield et al.,[2012).
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Population properties of BDs

It is relatively common for wide main-sequence binaries to have separation >1000 AU.
Gizis et al.| (2001Db) first estimated an L dwarf companion fraction of 1.5%, although
from a sample consisting of only three wide L dwarf companions to main-sequence
stars. A total UCDs companion fraction of 18 4= 14% was also then calculated by as-
suming &« = 1 into the companion mass function (Chabrier, |2005). Using a larger
sample consisting of 14 wide common-proper-motion companions down to a limiting
magnitude of ] = 16.1 mag to stars from the HIPPARCOS catalogue, [Pinfield et al.
(2006) deduced a larger L dwarf companion fraction of 2.7"0%% and a larger UCD
companion fraction of 34f2% (under the same assumptions as Gizis et al.2001b). This
result implies that a sufficient number of wide companion UCDs to main-sequence

stellar objects are available for studying.

A mass-age plot of benchmark UCDs is shown in Figure|1.6|(taken from Figure 6.3
of |Day-Jones 2009; see also |Deacon et al.[2014 and [dal Ponte et al.|2020). The distance-
magnitude limit can clearly be observed, corresponding coarsely to a detection limit of
J ~ 19 mag. This is represented by the black dotted line, corresponding to a distance
limit of 50 pc, reflecting the sensitivity of the surveys used to discover these UCDs.
Being extremely faint, the expectation of detecting old, very low-mass UCDs using
these surveys is very low. More, due to the fact that for young UCDs there are more
age indicators (e.g. activity, rotation, and Lithium detection), hence their age can be
more easily constrained. So in comparison there are many more young benchmark
UCDs than old benchmark UCDs. Note that most of the benchmarks in the younger
region have known metallicity as they are members of moving groups or clusters. In
addition, the figure also shows that the number of benchmark UCDs decreases beyond

the age of 2 Gyr.

The importance of benchmark UCDs is shown further in Figure taken from
Figure 10 in Burningham et al.| (2013). The two plots show a comparison between
the observed colours of a number of benchmarks and the model grid from Saumon
et al.[(2012) in the top part of the plot and the model grid from Morley et al.|(2012) in
the bottom part of the plot. Each benchmark is linked to a box indicating the colour
predicted by the models. It can be seen that the model predictions are wrong by almost

0.5 magnitudes in many cases, showing that the models need improvements.
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Figure 1.7: Colour-colour plots of the benchmark systems from the literature. Model colour

tracks for/Saumon et al. (2012} top panel) and Morley et al| (2012, bottom panel) are shown for

comparison. Each benchmark is linked to a box indicating the colour predicted by the model.

Taken from Figure 10 from Burningham et al.| (2013).
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1.3 Disintegrating systems

In a particular case, when a binary system is interacting with a close by object, or with
another binary /multiple system, over time the binding energy within the components
of the binary is gradually reduced, causing the system to eventually become unbound.
Note that binaries that have a large cross-section (i.e. wide binaries) are more likely
to interact with other stellar or substellar objects. Normally, such interactions are rela-
tively weak, but there are some more severe interactions that can lead to a more violent
break-up of the systems.

Disintegrating systems are thought to be common (Li et al., 2009), but the average
time for disintegration is short, approximately 1 Myr (Szebehely, 1972). Therefore, dis-
integrating systems are very difficult to identify. To search for disintegrating multiple
systems, I will first have to look for binary /multiple systems whose components have
a wide separation between each other. This is because widely separated systems will
naturally have a greater possibility of disintegrating in comparison to much tighter
systems. In principle, a system with weaker bonds within the components is easier to
be disrupted by chance dynamical interactions than systems with stronger bonds. In
theory, this could be the cause of some of the disintegrating multiple systems seen in
the HIPPARCOS Main Catalogue (Li et al., 2009). I will be looking into binary/higher
order systems and use their PM and metallicity to see if they are disintegrating sys-
tems, and if so I will try to reconstruct the interaction leading to the disintegration.

Then I will look for their low-mass ejected components.

1.3.1 Dynamical interaction of multiple systems

In general, celestial objects interact with each other gravitationally (for basic inter-
action physics, see e.g. [Fregeau et al.|2004; Malmberg et al|2007 for interactions in
clusters; and for interactions in disks, see e.g. Moeckel & Veras 2012). Discussing in
detail the properties and evolution of the numerous types of interacting binary sys-
tems is beyond the scope of this thesis. In the following sections I will therefore focus

on the disintegrating systems, since these are the target of my work.

1.3.2 Disintegration as a result of galactic tides

Galactic tides (Jeans, (1919; Lindblad, [1925) play an important role in the evolution of
wide binaries (e.g.|Weinberg et al., 1987), planets in wide orbits (e.g. Veras et al.,2009),
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and even the evolution of the Oort cloud (e.g. Heisler & Tremaine, 1986 Fouchard
et al., 2006).

Antonov & Latyshev|(1972) determined the zero-velocity surface for the motion of
a particle with respect to the Sun. That is the surface inside of which a particle which
has zero velocity relative to the Sun is stable against tidal disruption (i.e. it won’t be
ejected as a result of galactic tides), while if it is outside this surface it will be unstable
(i.e. it will be ejected). The tidal radius ar is the corresponding maximum distance
from the central star. This radius depends on the local density (usually measured in
M, pc~3), the mass of the central star, and the velocity of the star around the Galaxy
(Antonov & Latyshev, [1972). Using the parameters given by |Antonov & Latyshev
(1972), Weinberg et al.| (1987) calculated ar = 0.93 pc for a binary of total mass M =1
M, at the Sun’s position in the Galaxy. Repeating the calculation for modern values
of the Oort constants, they found ar = 0.63 pc. By comparison, Heisler & Tremaine
(1986) found at = 0.98 pc, using different Galactic parameters, showing that the exact
number is uncertain.

For a planet in a wide orbit around a star, Veras et al.|(2009) found that the maxi-

mum semi-major axis for a stable orbit is given by the equation:

1
M, \?3 Y B
- 5
ar ~ 1.7 x 10° AU <M@) (0.1 M. pc—3> (1.3)

where M., is the mass of the host star and p is the local galactic mass density. Planets

@I=

with a semi-major axis greater than ar will be ejected within one orbit around the

Galaxy. This equation only applies to planetary mass companions.

1.3.3 Disintegration as a result of close encounters

While Galactic tides lead to gentle breakup of wide multiple systems and wide plan-
etary systems, close encounters between a wide multiple system or a wide planetary
system and an external object (a star, or another multiple system, or a giant molecular
cloud) can lead to more catastrophic and more violent break-ups.

Weinberg et al. (1987) developed a theory of close encounters which is based on
the concept that close encounters can be treated as “impulses”, i.e. they assume that
the result of a close encounter can be described simply by determining the increase of
orbital energy for each component of the binary. Let us now call a the semi-major axis
of the binary, and call b; and b, the impact parameters of the encounter, which are the

perpendicular distances between the path of the incoming external star (also called
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“perturber”) and each component of the binary. Weinberg et al.| (1987) divided close
encounters into two extreme cases. Case 1 is when the perturber passes very close to
one component and very far from the other, e.g. when b; < a and b, ~ a. This case is
called by Weinberg et al.| (1987) the “single kick limit” because the energy gained is all
gained by star 1,i.e. AE; ~ 0. In this case, |Weinberg et al.| (1987) determined that the

change in orbital energy is:

G M,\?
AEzz(bV’l’> (1.4)

where G is the gravitational constant, M, is the mass of the perturber, b is the impact
parameter, and Vi, is the relative velocity between the perturber and the binary. Case
2 is when the perturber passes almost exactly at the same distance from the two com-
ponents of the binary, i.e. by = by and the impact parameter is much greater than the
semi-major axis of the binary, i.e. b > a. The energy change in this case is almost
equally split between the two components of the binary, i.e. AE; ~ AE,. This case is
called the “tidal limit”, because in this case the effect of the encounter is similar to the
effect of the Galactic tides. Weinberg et al.| (1987) determined that the change in orbital

energy is:

G Mp\? /a2
=5 (owr) () 09

In both equations, AE is an approximation, because the actual energy change de-
pends on the exact direction from which the perturber is coming from, the eccentricity
of the orbit of the binary, and the orbital phase in which the binary is when the close
encounter happens.

If AE for a close encounter is greater than the binding energy of the binary, i.e.
AE > —GM/2a, the binary will disintegrate.

Using the above equations, Weinberg et al.| (1987) then developed a Montecarlo
simulation to determine the time it would take a binary to be disintegrated as a re-
sult of repeated close encounters with other stars as well as giant molecular clouds
in the Galactic disk. They found that the time for a binary to be disintegrated can be

calculated as follows:

-1 -2
Ny Mot M, Viel ap \ !
f~ 3.6 x 10° _Trel ) (0 1.
3610 (0.05pc3> <M@) <M@> <20kmsl <AU) Gyr  (16)

where ¢ is the time in which the binary is expected to be disintegrated, n, is the average

stellar density of the Galactic disk, M is the total mass of the binary, M., is the typical
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mass of the perturbers, V, is the typical relative velocity of the perturbers, and ay is
the initial semi-major axis of the binary. Given the typical values known at the time,
Weinberg et al.| (1987) concluded that binaries with a9 ~ 0.1 pc should disintegrate
within 10 Gyr, i.e. within the age of the Milky Way. So they conclude that there should
be very few binaries with a > 0.1 pc.

Using the equations above and with more recent estimates for the parame-
ters of the Galactic disk, Close et al. (2007) found that the maximum separation
(amax) for a binary to be able to survive for the age of the Milky Way is amax ~
33,000 (Mot / M) AU, so for a binary made of two solar-mass stars the maximum
separation is ~66,000 AU, i.e. ~0.3 pc.

Veras et al. (2009) also using the equations by Weinberg et al. (1987) found that the

maximum distance from the parent star at which a planet is likely to survive is:

Gyr M, 0.15 M, pc3
aps ~ 10° AU < ) > (M@) ( p@ ) (1.7)

where t, is the age of the system, M, is the mass of the host star, and p is the density of

the Galactic disk. In other words, there should be no planetary systems with planets

in an orbit larger than as.

1.3.4 The Marchal’s test

The field of disintegrating triple/multiple systems has not been widely explored.
However, Marchal in 1990 developed an analytical test to look for escaped objects
from a general N-body system (Marchal, {1990). Later, Li et al. (2009) adapted the Mar-
chal’s test to real triple stars.

For triple systems, there are several analytical tests of escape (see Georgakarakos)
2008, and references therein). The common idea for all of those tests is to combine
somehow two of the bodies in the system so that their joint attraction on the third
body can be computed. It is not easy to extend this to much more complicated cases
where N>3. By analyzing the projected motion of the general N-body system on a
given axis, Marchal (1990) obtained a sufficient condition for escape. If the N-body

system is arbitrarily divided in two subsystems, the condition for escape is:

dA > 2GMA
dt — A

(1.8)

where A is the distance between the centers of mass of the two subsystems, G is the
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gravitational constant, and M is the total mass of the N-body system, and A is calcu-

lated as follows:

M2 N My

A=
M — mq k:ZZ [m] + 2(1’7[2 —+ ...+ mk_l) -+ mk]Z

(1.9)

where my, my, ..., my are the mass of the individual components of the N-body system.
Note that A is calculated along an arbitrarily chosen axis and, once the axis is chosen,
then the stars are labelled 1, 2, ... k following the condition that the position of the stars
on that axis, x, is increasing, i.e. x; > x;11. The conditionhas to be checked for all

possible divisions of the N-body system in all of its possible subsystems.

The Marchal’s test involves only a one-dimensional projected motion state of the
system at any given instant. This makes it well-adapted to studying real stellar sys-
tems, multiples in particular, of which the full motion states are generally unavailable.
Though determining the motion state of a hierarchical multiple can be achieved by
orbit fitting, the results are unreliable if the multiple is in the disintegration phase.
Moreover, for systems with such a long orbital period that they display almost no or-
bital motion during the observation periods, one can only determine the PM of the
component stars. This would make Marchal’s test a preferable, if not indispensable,

tool for identifying disintegrating systems.

To test visual triple stars, Li et al.| (2009) have designed an algorithm for practical-
ity to make good use of two-dimensional kinematic data. They then applied this algo-
rithm to 24 HIPPARCOS triple systems with the estimated mass of their components
already obtained. A reliable set of probabilities for a real triple star disintegrating sys-
tem was eventually calculated. Ten out of 24 of their triple systems were believed will

have an unavoidable escape event, i.e. those systems will disintegrate eventually.

Ultimately, the main difference between my method, which I will describe in Chap-
ter |2} and [Li et al.|(2009) method is that they use the dynamics of the system, i.e. they
need to know the mass of the objects in the system and their velocity. Velocity is easy
to obtain, but masses are hard to measure and mass estimates can be very uncertain.
On the other hand, my method relies solely on PM, distance and separation, which

are easier quantities to measure and obtain.
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1.4 Ultra-cool populations

Among the population of celestial objects, those with T,¢ below 2700 K (spectral type
M7 and later) are generally referred to as UCDs. This class includes VLMSs, BDs
and GESPs, and it is in particular on the first two types of objects that I will focus in
this thesis, as possibly ejected members of disintegrating multiple systems. A more
detailed discussion of the properties of these ultra-cool objects will be present in the

following sections.

1.4.1 Effective temperature

To clarify, UCDs as mentioned above is a temperature-based definition, referring to
objects that have T that are below 2700 K, whereas BDs are objects that have a mass
that is below 0.075 Mg, (although the mass limit depends on metallicity and can be
as high as 0.090 M, for metal-poor stars). Hence, not all UCDs are BDs. For exam-
ple, LMSs will cool, but eventually reach a minimum luminosity they can maintain
through steady internal fusion, becoming mid-L spectral type UCDs. On the other
hand, since BDs cannot sustain stable hydrogen burning, they will just darken grad-
ually over their lifetime while most of the energy produced from gravitational con-
traction is radiated away. So, overall, this means that late-M, early-L, and mid-L are a
mixture of VLMSs and BDs, while late-L, T and Y dwarfs are all BDs.

There are four types of UCDs observed up to date: M, L, T and Y. One of the
main differences between them is their T,g. Most M dwarfs are stars and have T.g
ranging between 2300 K and 3800 K whereas the T for L dwarfs is approximately
between 1400 K and 2300 K. The T4 of T dwarfs is from around 500 K to 1400 K,
and since Y dwarfs are cooler than the T dwarfs so their T. is below 500 K. T will
explain the atmospheric differences that occur with the temperature changes in section
to below. Both the age and mass of these substellar objects influence the
distribution of their Teg and luminosity (i.e. (Luminosity, Te) = Function (Mass, Age);
lower mass BDs are cooler and fainter than the more massive ones of the same age but
are physically larger) and can be predicted by evolutionary models (e.g. Chabrier &
Baraffe, 2000; Saumon & Marley, [2008; Allard et al.,[2013; Allard, 2014). The evolution
of Tef (in K) with age (in Gyrs) for various objects of various masses (e.g. LMSs, BDs
and GESPs) is shown in Figure (Figure 8 from Burrows et al., 2001). The blue
lines represent the stars and the green lines correspond to BDs that have mass above

13 Myyp (the deuterium-burning limit) whereas the GESPs that have mass equal to or
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below 13 My, are shown by red lines. The gold dots mark the ages for a given mass at
which 50% of the deuterium has been burned and the magenta dots mark, for a given
object, when 50% of the lithium has been burned. The horizontal dashed lines indicate
the approximate realms for the L and T dwarfs as the regions of L and T dwarf are still
poorly determined and depend also on metallicity. It also shows that the majority of

BDs evolve from spectral types M (late) to L to T to, lastly, Y.
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Figure 1.8: The evolution of Ty (in K) with age (in Gyrs) for various mass such as LMSs, BDs

and GESPs (Figure 8 from Burrows et al., 2001).

Essentially, stars at the lowest mass end contract at a rapid rate as pre-stellar ob-
jects; hence they undergo a decline in luminosity in the first phases of their evolution.
They will then join the main sequence and become stable due to the energy output
from the fusion within their core. Their radius, luminosity and T.¢ remain constant
throughout their lifetime and become late-M or early-to-mid-L dwarfs, and reach rel-
atively compact states where the radius is roughly equivalent to the radius of Jupiter.
At the beginning of the evolution of these LMSs and high-mass BDs, there is a short
deuterium burning phase (within ~20 Myr) depending on their mass
2000). Substellar objects will then carry on with their contraction, cooling and
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fading slowly and steadily. They will then evolve from spectral type late-M to L, then
T, and the least massive ones will eventually become Y dwarfs. Objects below the
deuterium burning limit (i.e. GESPs) never reach the tremendously compact phases
where their radii stabilize to approximately the radius of Jupiter, which is typical at
the higher mass end of the BDs regime. In general, the radius of a stellar object is ap-
proximately a linear function of its mass. On the other hand, BDs and GESPs undergo
a mass-radius relation inversion after ~100 Myr. More massive objects will end up
with smaller radii because their internal structure is under the influence of electron
degeneracy pressure, and the electron density is the only parameter that plays a role.
In this case, more massive objects become extremely dense in order to balance their
higher self-gravity (the objects with the largest radii are those with masses around 4
Myyp, i.e. GESPs; e.g.|Zapolsky & Salpeter|1969; Hubbard |1977).

1.4.2 Spectral type distribution

The Morgan-Keenan (MK) system of classification (Morgan et al.,1943) is the standard
stellar classification for stars based on their spectral characteristics. The measurement
of the photospheric temperature of an object can describe the ionization of its photo-
sphere. Analysing it can help deduce the chemical elements present in the candidate
object from the absorption lines in the spectrum. The temperature conditions that
are necessary for a certain excitation of those elements can be determined from the
spectrum as well. The different spectral classes being used for main sequence stars are
OBAFGKM (Morgan et al.,1943), where type O indicates the most massive and hottest
stars and type M indicates the smallest and coolest stars in the main sequence. There is
a number accompanying each letter between 0 and 9 representing tenths of the range
between two classes. To determine the spectral type of a star, both its optical spectrum
and NIR spectrum are used. More often, astronomers use optical spectra for O to M as
they are more temperature dependent (Morgan et al., 1943) and the majority of the flux
is emitted at optical wavelengths. In addition, the earlier spectral types in the main
sequence are determined via atomic lines but molecular absorption bands are used to
classify M dwarfs as these bands start to appear in G stars and strengthen along K and
M. Spectral type L (Kirkpatrick et al.,[1999), T (Burgasser et al.,[2006) and Y (Cushing
et al., 2011} Kirkpatrick et al.,2012) were later added to the previous MK system after
the discovery of colder and colder BDs. Note that while the temperature of these sub-

stellar objects drops, dust grains and clouds start to form. In addition, their metallicity
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and surface gravity also play an important role in affecting their spectral type. In the
case of metallicity, this is because the objects look increasingly red with high metallic-
ity, as with higher metallicity there is more dust (e.g. Hiranaka et al., 2016). BDs with
lower metallicity on the other hand have less dust and so appear bluer (e.g. Zhang
et al., 2019, and references therein). Moreover, log g is another atmospheric parameter
that alters the appearance of these faint objects. The higher the log g is, the denser the
BD becomes. This then not only leads to more collision-induced-absorption (CIA) by
Hy (Saumon et al., [1994) but also leads to more dust sinking down towards the center
of the star, hence less dust remains in the atmosphere (Saumon & Marley, 2008). The
source will then look bluer as a result. On the other hand, BDs look redder with lower
log g. Since the ultracool object is less dense in comparison and so dust stays higher
up closer to the surface, as well as having less CIA by H, altogether (Faherty et al.,
2014, 2016).

Kirkpatrick et al. (1993) was the first group to analyse the spectrum of GD 165B and
deduced it to be an intermediate transition object between stars and GESPs. In gen-
eral, the spectrum of GD 165B lacks common and typical features of M dwarfs such as
the absorption bands of titanium oxide (TiO). Additionally, it cannot be a planet either,
due to the absence of the spectral features of Jupiter and Saturn, methane (CHy) and
ammonia (NHj3) respectively. However, the first unambiguous BD ever observed was
GL 229B, by Nakajima et al.| (1995). The absorption bands of CHy can be seen in its
spectrum, and also shows a general similarity with the spectrum of Jupiter (Oppen-
heimer et al., 1998). PPI 15 and Teide 1 in the Pleiades were also identified to be BD
candidates around the same time (Stauffer et al.,[1994; Rebolo et al.,[1995) and lithium
(Li) was detected in their spectra for the first time; they were then confirmed to be sub-
stellar objects as well (Basri et al.,[1996; Rebolo et al.,1996). As more and more of these
new objects were found, it became clear that they belonged to two different groups.
The spectra of some of these newly found substellar objects were similar to GD 165B,
therefore very different from M dwarf. Additionally, objects with spectra similar to
GL 229B showed a clear distinction from both M dwarf and GD 165B alike. This made
necessary an extension to the MK system of classification and two new spectral classes
were then added. Type L was introduced for GD 165B type of objects and type T was
introduced for GL 229B type of objects (Kirkpatrick, 2005). An example of the spectral
sequence from M dwarfs to GESPs is shown in Figure 1.9 (reproduced from Marley &
Leggett, 2009).

However, even cooler objects were discovered continuously (e.g. Lucas et al., 2010)
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Figure 1.9: An example of spectral sequence, showing a late M dwarf (in blue, at the top) a
L dwarf (in purple), a T dwarf (in magenta) and the spectrum of Jupiter (in bright red, at the
bottom). The differences between the 4 types of object are clear (reproduced from

eggett, 2009).

but the coolest and faintest objects identified to date (Cushing et al., 2011} Kirkpatrick
2012) were found by the NASA’s Wide-field Infrared Survey Explorer (WISE;
‘Wright et al., 2010). A more detailed description of the spectral types will be given in

the following sub-sections.

1.4.3 M dwarfs

M dwarfs are a mixture of cold and old hydrogen burning VLMSs as well as high-
mass and young BDs. Only the very young BDs are hot enough to be late M dwarfs
ie. from ~M6.5 and onward. An example of these young BDs are the members of

the young open cluster Pleiades, which have an estimated age of ~100 Myr (Almeidal
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et al., 2023). In 1991, one way to classify objects between K5 to M9 was suggested by
Kirkpatrick et al.| (1991), where spectral features as well as the spectral slope around
the 6300 to 9000 A region were used. This is because the peak of the spectral energy
distribution of M dwarfs, as well as the main absorption features, are located in the
redder part of the optical spectrum because of their lower temperature (Berriman &
Reid| 1987} [Liebert et al., [1984). The most characteristic features of M dwarfs in the
red part of the electromagnetic spectrum are the absorption bands of water (H,O) and
the metal-oxide bands. TiO is found from K7 onward and produces especially strong
absorption bands in the early-M dwarfs” spectra and become progressively weaker
towards the later types. Vanadium oxide (VO) is also found in late-type objects (e.g.
Kirkpatrick et al, 1991). The presence of metal hydrides such as magnesium hydride
(MgH), calcium hydride (CaH), and iron hydride (FeH) also causes additional impor-
tant absorption bands for this spectral type. Calcium (Ca I and Ca II), sodium (Na I),

and potassium (K I) cause the main atomic lines within M dwarfs” optical spectra.

1.4.4 L dwarfs

The following spectral class is type L, which was defined and categorized by [Kirk-
patrick et al. (1999) for the optical spectra and Geballe et al.|(2002) for the NIR spectra.
L dwarfs contain a mixture of old LMSs and intermediate age BDs. The combination
of both atomic lines and molecular absorption bands can be found in the spectra of
early-Ls. The most prominent lines and bands that were used to distinguish L dwarfs
from other low-mass objects are caused by the presence of alkali metals such as K,
rubidium (Rb), Na, and cesium (Cs), metal-oxides (mainly TiO and VO) and hydrides
such as MgH, CaH, chromium hydride (CrH), and FeH. The absorption lines of Na
and K start to deepen while the absorption bands of TiO and VO become shallow and
almost invisible for objects in mid-L spectral classes, because TiO and VO condense
into dust grains. Then, in the spectra of late-Ls, it can be seen that the bands of H,O
have deepened while hydride bands have become weaker. Moreover, the deep line of
Ca and the strong band of carbon monoxide (CO) at wavelength ~2.1 ym and ~2.3
pm respectively are the main sources of opacity in the red end of the spectra (i.e. ~2—
2.3 ym). More complex molecules are “trapped” into dust grains that form layers of
clouds inside the photosphere of L dwarfs, having a strong influence in shaping the
emergent spectral energy distribution (e.g. |[Helling et al., 2008; Helling & Casewell,
2014). In addition, while Rayleigh scattering by dust clouds reddens the emerging
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flux, warm dust can also “re-warm” the atmosphere. Though the optical and the IR
classification schemes are influenced by different atmospheric phenomena, numerous
studies show that, with a few exceptions, optical-based and IR-based L spectral types
overlap (i.e.|Reid et al., 2001; McLean et al., 2003).

1.4.5 T dwarfs

As time progressed, more low-mass objects were discovered and it was the discov-
ery of GL 229B (Nakajima et al., 1995) that forced the introduction of the new spectral
class T. Its classification scheme based on optical spectra was defined by Burgasser
et al| (2003b). Nevertheless, as most T dwarfs are too faint for optical spectroscopy,
the classification scheme based on NIR spectra by Burgasser et al. (2006) is the one
being widely used. There are solely BDs in this class as hydrogen burning stars never
become cold enough to be T dwarfs. In addition, due to the recognizable CHy4 absorp-
tion bands that can be observed within their spectra, T dwarfs are also called methane
dwarfs. Moreover, hydride bands disappear in this class while the depth of H,O bands
increases as they become the main absorbers in mid- and late-T type objects. Further-
more, the absorption lines of alkali metals (K and Na) in the optical spectrum (~7000
A) are on the edge of merging due to their depth and width (Burgasser et al., 2006).
Separated by the absorption bands of CH4 and HyO, the four peaks (1.08, 1.27, 1.59
and 2.08 ym) in the spectrum are a characteristic of late-T spectra. Note that the CIA
of Hj causes the peak at ~2.08 ym to be further damped (flattened). The combination
of CIA of H, with the strong absorption by H,O and CHy in the H and K’ band, besides

the absence of dust, means that T dwarfs look relatively blue in terms of NIR colours.

1.4.6 Y dwarfs

The coolest BDs discovered so far are classified as Y dwarfs. They share similar masses
and temperatures as GESPs. Although the theory has not yet been confirmed, the ex-
istence of H>O clouds in these objects at 300-400K has been predicted (Morley et al.,
2014). Only a few of these cool objects have been discovered (Cushing et al., 2011;
Kirkpatrick et al., 2012; [Meisner et al., 2020a,b) and the most representative Y Dwarf
is WISEP J1828+2650 (Cushing et al., 2011). The classification scheme is only prelim-
inary due to the limited sample size, but from the spectra obtained by |Kirkpatrick
et al. (2012) some peculiar characteristics have been identified, which can be used to

distinguish type Y from type T. T dwarfs, which are hotter than Y dwarfs, are blue
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in NIR colours. Y dwarfs, whose T is below 400K, turn red again because the peak
of the spectral energy distribution moves to longer wavelengths. The turning to red
of the NIR spectrum was one of the characteristics predicted by models for the new
Y spectral type (Burrows et al., 2003; Kirkpatrick, 2008). Y dwarfs show absorption
bands of H,O and CHy, and NHj3 also begin to play a more important role in shap-
ing the NIR spectra. Note that moving to later types, H,O bands become deeper.
On the other hand, atomic lines such as K and Na become shallower because K con-
denses into clouds of potassium chloride (KCl), and Na condenses into sodium sulfide
(NazS). Though, at T.¢ of approximately 350K, a reasonable amount of H,O, CH4 and
NHj; condenses into clouds too, and since all three bands blend together, the detection
of NHj3 is a challenge (note that only if the spectra have high enough signal-to-noise
ratio, NH3 might be observable in the H-band in some Y dwarfs).

1.5 Motivation

In this thesis I aim to identify and study LMSs, BDs, and GESPs ejected from post-
encounter disintegrating multiple systems. These objects can be characterised more
easily because they avoid the technological challenge of having to block the glare of
the bright parent stars, a problem that has so far limited the characterisation of exo-
planets. Well studied LMSs, BDs and GESPs are fundamental benchmarks to constrain
the formation theory and the atmospheric models for these very cold objects.

Moreover, the recent discovery of candidates for free floating planets (Mroz et al.,
2020; McDonald et al., 2021) begs the questions of how these objects came to exist. It
is unlikely that they form on their own and the most likely explanation is that they are
ejected from their own planetary systems (Rasio & Ford, 1996), but how these ejections
happen is still an open question. One possibility is that they get ejected during the
disintegration of a multiple system because it is likely that the planets orbiting the
components get disrupted during the close interactions that lead to the disintegration
of the systems (Veras & Tout, 2012; Veras et al., 2014).

Disintegrating multiple systems must also be taken into account when measuring
the initial mass function and the multiplicity fraction of stars. These observational
constraints then can be compared to the predictions of the current stellar formation
models (e.g. Bate, 2012), helping to test and to improve them.

Also, the low-mass community has been trying to find out which is the dominant

formation mechanism for UCDs. One of these theories is the disk fragmentation (e.g.
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Stamatellos et al.,2007), which says that BDs form from a disk around a star and then
get ejected. Determining the rate at which multiple systems with low-mass compo-
nents disintegrate can help to test this theory by establishing if the ejection rate is high
enough to explain the observed population of UCDs.

Last but not least, studying disintegrating multiple systems can help us establish
the initial conditions for capture, because disintegration and capture are both possible
results of a close encounter of a multiple system with a star or with another multiple
system (e.g. Heller, 1991). So, by observing disintegrating multiple systems we can
understand which type of close encounters result in capture and which type result in

disintegration.
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CHAPTER 2

Analysis methods and candidate

samples

In this chapter I will describe the catalogues and the selection method used in this the-
sis to identify the initial list of candidate disintegrating multiple systems. The method
is also described in|Yip et al.|(2016) and |Yip et al.| (2023).

2.1 Catalogues

In this chapter and in the following part of my thesis I have used several astrometric,
photometric and spectroscopic surveys. In the following subsections I give a brief

overview of the main ones.

2.1.1 Gaia

Gaia launched in 2013 and its primary goal is to measure extremely precise positions,
parallaxes, and PMs for ~2 billion stars, mostly in the Milky Way (Gaia Collabora-
tion et al., 2016a). Gaia uses a wide band, called G, which covers the wavelength
range 3200-10000 A. Gaia also has two additional bands called the blue and red pho-

tometers (BP and RP) which can also be used to determine stellar properties such as
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temperature, mass, age and metallicity. The BP and RP instruments also provide low-
resolution spectra. The blue photometer operates in the wavelength range 3300-6800
A while the red photometer covers the wavelength range 6400-10500 A. Gaia also
has a spectroscopic instrument, called the Radial-Velocity Spectrometer (RVS) which
is used to determine the RV of bright stars by acquiring high-resolution spectra in the
spectral band 8470-8740 A (centered on the Ca triplet) for objects up to magnitude
~17. RVs are measured with a precision between 1 km s™! for the brighter stars (V =
11.5 mag) and 30 km s~ ! for the fainter stars (V = 17 mag).

The latest Gaia data release is DR3 (Gaia Collaboration et al., 2022b), which con-
tains positions, parallaxes, PMs, magnitudes, RV, and atmospheric parameters (T,
log g, [Fe/H]). It also contains a huge number of additional data and parameters, e.g.
the BP, RP, and RVS spectra, the light curves and variability information, orbital pa-

rameters for multiple systems, etc.

2.1.2 Tycho-Gaia Astrometric Solution (TGAS)

Gaia DR1 is based on the first 14 months of Gaia’s observations. This is not long
enough to reliably distinguish between parallax and PM. For most stars, therefore,
Gaia DR1 gives only positions and magnitudes. Parallaxes and PMs were nevertheless
measured for about two million bright stars by combining the Gaia observations with
the much earlier HIPPARCOS and Tycho-2 positions (epoch 1991.25). These data serve
as additional “observations” in the astrometric solution for these stars. The ~25 year
time difference between the earlier catalogues and Gaia makes it possible for the PMs
to be determined with reasonable precision, which can then be disentangled from the
parallax. This method is described in details in Michalik et al.| (2015), and the results,
known as the Tycho-Gaia Astrometric Solution (TGAS), are described in details in
Arenou et al.| (2017). Since TGAS was the catalogue I used for the initial selection of
candidate disintegrating systems, here I summarize the most important limitations
(for more details, see |Arenou et al.,[2017).

TGAS has a hard cutoff at G < 4.5 mag because very bright stars often have poor
astrometric solutions. There is a faint TGAS tail (G > 13.5 mag) which is mainly due
to Tycho-2 stars that have been resolved into fainter components by Gaia, and also a
few variable stars that were brighter in Tycho-2 and are now fainter in TGAS. Stars
with nearby neighbors are prone to astrometric errors in TGAS due to mis-matching.

For bright stars (G < 12 mag) Gaia uses “gate voltages” to avoid saturation. But
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sometimes the gates didn’t work, which lead to some bright G magnitudes being
wrongly measured as fainter G magnitudes. This causes some erroneous colours, so
very blue and very red sources (G — Ggp > 3, G — Ggrp > 3) have been rejected from
TGAS. Although this was done to get rid of wrongly measured objects, it also gets rid
of any objects that are genuinely very red or very blue.

TGAS is also quite incomplete for stars with high PM. |Arenou et al.[(2017) found
that 40% of stars in the range 0.5 < PM < 3.5 arcsec yr~! are missing. Also, all stars
with PM > 3.5 arcsec yr~! have been excluded from TGAS because the astrometric
solutions are poor in this range. Stars with neighbors < 2 arcsec away have unreli-
able astrometric solutions, so most have been rejected from TGAS. Also stars with 2
or more brighter neighbors (AG > 0.2 mags) within 2—4 arcsec often have poor as-
trometric solutions, which |Arenou et al. (2017) shows leads to incompleteness in this
separation range in crowded fields.

Moreover, a lack of G < 6 mag calibration sources with a wide range of colours
leads to non-calibrated G magnitudes in Gaia DR1, and thus missing sources in TGAS
because sources are required to have a measured G magnitude to enter the release.
There is also incompleteness at low ecliptic latitude (near the ecliptic plane), because
due to the Gaia Ecliptic Pole Scanning Law there are fewer observations on either
side of ecliptic latitude +45°, with fewest around the ecliptic plane. Finally, there is
also some incompleteness around G = 10.5 — 11.5 mag due to reduced astrometric
accuracy resulting from duplicate sources being more common in this G range. This
is quantified by Arenou et al.| (2017) in TGAS as a ~ 10 — 15% level of incompleteness
for G = 10.5 — 11.5 mag.

2.1.3 GALlactic Archaeology with HERMES (GALAH)

The GALactic Archaeology with HERMES (GALAH) survey is a large observing pro-
gram using the High Efficiency and Resolution Multi-Element Spectrograph (HER-
MES) on the Anglo-Australian Telescope. GALAH obtained the highest spectral reso-
lution spectra for over a million stars of all ages and locations in the Milky Way, with
the main goal being to trace the full history of the Galaxy. The GALAH Survey had
three data releases (Martell et al., 2017; Buder et al., 2018} 2021), which provide stellar
parameters (T, log g, [Fe/H], x-elements enrichment [« /Fe]), RV, distance modulus
and reddening. Their sample was selected using a catalogue built from the Two Mi-
cron All Sky Survey (2MASS; Skrutskie et al., 2006), The AAVSO Photometric All-Sky
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Survey (APASS; Munari et al., 2014) and The Fourth US Naval Observatory CCD As-
trograph Catalog (UCAC4; Zacharias et al 2013) data, and contained main sequence

stars out to a maximum distance of 3 kpc and giant stars out to a maximum distance
of 10 kpc.

2.1.4 The Apache Point Observatory Galactic Evolution Ex-
periment (APOGEE)

The Apache Point Observatory Galactic Evolution Experiment (APOGEE, Majewski
et al., 2017) is a large-scale, stellar spectroscopic survey conducted in the H band. The
high-resolution APOGEE spectra (R~22,500) provide detailed chemical and kinematic
information for target stars. The first part of the APOGEE Survey (Eisenstein et al.,
2011) happened from September 2011 to July 2014 using the APOGEE-North spectro-
graph on the Sloan Foundation 2.5m Telescope of Apache Point Observatory (APO).
The second part of the survey (Blanton et al., |2017) was carried out from July 2014
through Summer 2020 and continued taking data at APO but also with the APOGEE-
South spectrograph on the Irénée du Pont 2.5m Telescope of Las Campanas Observa-
tory (LCO).

Combined spectra obtained during multiple observations are one of APOGEE’s
primary data products. Stellar atmospheric parameters and chemical abundances
are derived from these combined spectra using the APOGEE Stellar Parameters and
Chemical Abundances Pipeline (ASPCAP).

The latest data release is DR16 (Jonsson et al., 2020) and contains the spectra of
about 430,000 stars covering both the northern and southern sky, from which RVs,

stellar parameters, and chemical abundances of up to 26 species are determined.

2.1.5 The Radial Velocity Experiment (RAVE)

The Radial Velocity Experiment (RAVE, |Steinmetz et al., 2006) is a magnitude-limited
(9 < I < 12) spectroscopic survey of Galactic stars randomly selected in the southern
hemisphere. The RAVE medium resolution spectra (R ~ 7500) cover the Ca-triplet
region (8410-8795 A). The final data release is DR6 (Steinmetz et al., 2020a,b), and
contains the wavelength-calibrated and flux-normalized spectra for 451,783 stars ob-
tained from 12 April 2003 to 4 April 2013. The final data release consists of spectra,

error spectra, spectral classification, derived RVs, and cross matches with other rele-
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vant catalogs.
Further data products provided by the RAVE survey are spectroscopically derived
stellar atmospheric parameters (T, log g, and the overall metallicity), abundances of

the elements Fe, Al, and Ni, as well as an overall [« /Fe] ratio.

2.1.6 Other catalogs

Data for few of the candidate disintegrating multiple systems were taken from other

surveys, which I briefly mention here.

Large Sky Area Multi-Object Fibre Spectroscopic Telescope (LAMOST)

The Large Sky Area Multi-Object Fibre Spectroscopic Telescope (LAMOST) surveys
are conducted with the Guo Shoujing Telescope, in China. The stellar spectroscopy
survey measures RV and atmospheric parameters for ~5 million stars using mid-

resolution spectra. The latest public data release was DR8 (Wang et al., 2022).

PASTEL

PASTEL is a bibliographical catalogue compiling estimations of stellar atmospheric
parameters (Soubiran et al., [2010). It provides T, log g, and [Fe/H] obtained from
detailed analyses of high-resolution (R > 25,000), high signal-to-noise spectra (5/N
> 50). The 2016 version of the catalogue (Soubiran et al., 2016a) includes 64,082 esti-
mations of either just To or T, log g, and [Fe/H] for 31,401 stars, taken from 1142

papers.

TESS Input catalog (TIC)

The Transiting Exoplanet Survey Satellite (TESS) Input Catalog (TIC) is a compiled
catalog of stellar parameters for every persistently visible, stationary object in the sky.
The current version is TIC-8.2 (Paegert et al.,2022). TIC uses the GAIA DR2 catalog
as a base and adds a large number of other photometric catalogs, including 2MASS,
UCAC4, APASS, The Sloan Digital Sky Survey (SDSS; [York et al., 2000), WISE, etc.
Then, they use the magnitudes and various empirical /observational relations to esti-
mate T, log g, and [Fe/H]. If spectroscopic estimates of Togs and [Fe/H] are available,
those are used instead. There are roughly 1.5 billion stellar and extended sources in
TIC.
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Ammons et al. (2006)

Ammons et al.| (2006) used a procedure to uniformly estimate fundamental stellar
properties of Tycho-2 stars using spline functions of broadband photometry and PM
found in HIPPARCOS/Tycho-2 and 2MASS. They provide estimates of T,¢ and dis-
tance for 2.4 million stars and for stars that appear to be FGK dwarfs they also derive
[Fe/H].

The Penn State - Torun Centre for Astronomy Planet Search (PTPS)

The Penn State - Toruri Centre for Astronomy Planet Search (PTPS) used the High
Resolution Spectrograph of the 9.2 m Hobby-Eberly Telescope (Zielifiski et al., 2012).
Niedzielski et al. (2016) presented a sample of 744 evolved stars from the PTPS. Their
atmospheric parameters were determined using equivalent widths of Fe I and Fe II
lines. Rotational velocities were obtained from fitting synthetic spectra and RVs were
from cross-correlation. They determined stellar masses, ages, and luminosities with a

Bayesian analysis of theoretical isochrones.

2.1.7 Comparison of [Fe/H] values from different surveys

When comparing [Fe/H] measurements from different surveys it is important to take
into account possible systematic offsets between surveys. The metallicity used for the
majority of the objects in this thesis come from three surveys: GALAH, RAVE, and
Gaia DR3. The exceptions are TYC 6813-286-1 for which I get the metallicity from
Allen & Barbuy| (2006), and TYC 9281-2422-1 and TYC 7731-2128-1A for which I get
the metallicity from |/Ammons et al.|(2006).

GALAH validated their metallicity estimates using the Gaia FGK Benchmark Stars
(Version 2.1; Jofré et al.,|2018)) and found a systematic [Fe/H] shift of +0.1 which they
applied to their published metallicity values (see section 4.1.3 in Buder et al,, 2021).
RAVE performed an extensive comparison of their metallicities with several other
surveys, including GALAH. Kunder et al.| (2017) found negligible [Fe/H] systematic
offsets between RAVE and GALAH of —0.07 & 0.45 for stars with signal-to-noise ratio
< 50 and +4-0.04 £ 0.13 for stars with signal-to-noise ratio > 50 (see Section 7.5 and
Table 5 in [Kunder et al., 2017). Gaia DR3 also checked the accuracy of their metallic-
ity estimates against a number of surveys, including GALAH and RAVE. |[Fouesneau
et al.| (2022) found that the GSP-Phot metallicities from Gaia are typically too low by

0.2 and have a median absolute deviation with respect to the other surveys of 0.2 (see
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Section 3.2.1 in [Fouesneau et al., 2022). In this thesis I have applied the 0.2 systematic
correction to the values taken from Gaia, and I use +0.2 as their uncertainty. Finally,
I found no systematic comparison between the [Fe/H] published by |Allen & Barbuy
(2006) and /Ammons et al. (2006) and other surveys, so I cannot comment on possible
systematic offsets in those values. Overall, I conclude that there are no remaining sys-
tematic offsets in the [Fe/H] values we use here, with the possible exception of the
[Fe/H] values from Allen & Barbuy| (2006) and Ammons et al. (2006).

2.2 Identifying initial candidate associations

To identify candidate disintegrating systems I used a method first described in |Yip
et al. (2016), where I applied it to the HIPPARCOS (van Leeuwen, 2007) and Gliese-
Jahreif$ catalogues (Gliese & Jahreifs, 1979). With the release of TGAS (Michalik et al.,
2015), I applied this method to extend the search for further studies. The method is
described in details in this Section and also in|Yip et al.|(2023).

2.2.1 Separation constraints

First, I searched for objects close in the sky and with common distance. I used TGAS
because it provides very accurate PM and distance measurement for 2.5 million stars
with a wide range of spectral types.

I began by trimming the TGAS catalog and only kept stars with total PM > 30 mas
yr~! because I want systems/stars that can collide with each other with a significant
relative PM, so that the components will disintegrate with significantly different PM
that I will be able to measure. Given the typical distance of TGAS stars (30-100 pc) this
PM cut corresponds to a tangential velocity of 5-15 km s~!. This cut risks removing
real disintegrating systems where one or more of the components have low tangential
velocity (because their velocity vector is aligned with the velocity vector of the Sun).
When Gaia DR3 (Gaia Collaboration et al., 2022b) was released, I updated all of the
astrometric information for our systems, but I did not redo the the initial selection of
candidates. However, with the more accurate parallaxes by Gaia DR3 and future Gaia
data releases I will be able to lower the minimum PM threshold or even remove it
entirely during future searches. Then I kept only stars with PM/opy; > 10 in order to
select only very accurate measurements, so that the relative PM of the components can

be determined with high significance. I also cut at a distance of < 300 pc (where dis-
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tance = 1/ @) because I want to identify UCDs in these systems and, given the intrinsic
faintness of UCDs, even the hottest and brightest among them can only be detected by
Gaia out to ~300 pc. The resulting sample had typical parallax uncertainties in TGAS
of <10%.

The following step was to search systems out to a maximum separation. The
widest known stellar binary systems have separations of ~200 kAU (e.g. Caballero),
2010; |Caballero et al., 2006) however the maximum separation observed for main se-
quence star-brown dwarf binaries and white dwarf-brown dwarf binaries is in the
20-30 kAU range, though they are more common out to ~5 kAU (see e.g. Pinfield
et al., 2006; Gizis et al., 2001a; Day-Jones et al., 2011; Zhang et al., 2010; Faherty et al.,
2010; Burgasser et al., 2005; |Deacon et al., 2014). Overall, considering the fact that the
systems I am searching for are disintegrating hence are expected to be extremely wide,
I apply a conservative projected separation constraint of 50 kAU. This strikes a balance
between the need to reduce the number of contaminants and our objective of selecting

all possible candidates.

2.2.2 Spatial/Distance associations

Afterwards, I removed from the sample all systems where the components were at a
distance that is not consistent with each other within 3 times their TGAS uncertainties.
Once I identified the initial group of candidates, I also had to find the possible cause
of disintegration. As discussed in the introduction (see Section[1.3.3), this could be the
dynamical interaction between the candidate and a nearby star or system. I therefore
searched for additional objects out to a 1 degree radius around our candidate systems.
This separation cut was chosen as follows. First, I can only identify a disintegrating
system as such if the disintegration has happened within the last few thousand years,
otherwise the objects involved would have moved so far apart that a confident re-
construction of the events would be impossible. Therefore, if the disintegration has
happened only a few thousand years ago, the components cannot have travelled fur-
ther than 1 degree from each other, even assuming the highest PM known for a star

(~10 arcsec yr‘1 for Barnard’s Star;|Gaia Collaboration et al.,[2018a)).
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2.3 Removing common PM systems

I then needed to differentiate between gravitationally bound systems and unbound
disintegrating systems. If the components are still bound, then they should have com-
mon PM (hereafter CPM). On the other hand, disintegrating systems should not have
CPM. So I removed systems where the difference between the PM of all components
are within the combined errors, and I keep groups where the PM of at least one object
diverges from the others by at least three times the combined errors. The resulting
sample consists of two types of candidate systems. The first group (hereafter Group
A) consists of associations where all components are moving away from each other, i.e.
these are groups that are completely disintegrating. They are the result of more vio-
lent interactions. The other group of candidate systems (hereafter Group B) are groups
where only one object is breaking away while the rest of the system remains bound.
These systems are the result of a more gentle break up. Note that, while the initial
selection searched for groups of three objects, during further analysis of the candidate
systems I found additional components, usually found thanks to the deeper and more
precise data from the latest Gaia data releases compared to TGAS.

Finally, I established whether the components of the systems were moving away
from each other as expected for a disintegrating system or if they were moving to-
wards each other, indicating a future close encounter. The separation between com-

ponents as a function of time was computed as follows:

Sep(t) = /[(a1 + iz, x £) — (aa + iz, x £)]2 x cos(61)
+ 161+ ps, X 1) = (02 + ps, x D)

Where a4, a; and &1, 6, are the right ascension and the declination of the compo-

2.1)

nents in the system respectively, yy. , py, and s, ps, are the PM in right ascension and
the PM in declination of the components in the system respectivelyﬂ

Equation [2.1{ can be used to trace both the past and future motion of the system.
However this equation assumes straight line motion for the components and ignores
any gravitational attraction between them. This is a reasonable approximation for
the majority of the systems because at wide separation the effect of gravity should be
small. Nonetheless, this approximation can lead to a small bias in the estimate of the
time of closest approach and, therefore, I expect larger scatter in higher order systems

where the complex gravitational interactions between the components add up. Using

!In this thesis, T use y; to indicate that the PM in the R.A. direction is already multiplied by cos J.
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Equation[2.1|T computed the time of closest encounter for all of our candidate systems.
I propagated the uncertainties on the coordinate and PM using a Monte Carlo method.
Finally, I only keep systems that have the time of closest encounter in the past,
meaning that they are currently dispersing, and that have come within 20 kAU of
each other during the close encounter. For some systems, some of the components
had their closest encounters in the past and some in the future. In those cases, I vi-
sually inspected the plot of separation as a function of time and interpreted case by
case whether the system was disintegrating or not. Figure [2.1)shows an example of a
disintegrating system and of additional un-associated objects in the field.

As mentioned above, although the initial selection of candidates was done using
TGAS, when Gaia DR3 (Gaia Collaboration et al.,[2022b) was released I updated all of
the astrometric information for our systems. All of the results presented in this thesis
are based on this updated astrometry.

The above method yielded 20 candidate disintegrating systems. Among these 20,
I have followed-up 9 to further investigate their nature as disintegrating systems, and
to search for additional low-mass components that may be getting ejected from them.
They are listed in Table where for every object I give the Gaia DR3 coordinates,
parallaxes, and PM, as well as the current separation between the components and the
time of their closest encounter. The details of the follow-up are given in the following

chapters.
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Figure 2.1: Back-tracked projected separation (AU) for the system consisting of TYC 4936-84-
1 AB, TYC 4933-912-1 AB, and TYC 4934-796-1, which is one of the candidate disintegrating
systems presented here. The separation between members of the system are plotted in red,
while the separation between un-associated stars in the field are shown in blue. The horizontal
dashed line indicates a projected separation of 20 kAU which is the typical separation of a wide

binary. All three components of the system were within this limit ~32,000 years ago.
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Table 2.1: Astrometric data for the candidate disintegrating systems presented here. The name

is from SIMBAD, and a “?” next to the name indicates that the association of this object with

the system in question is dubious (see Chapter 3 and 4 for further details). Gaia ID is the Gaia
DR3 designation. R.A., Dec, PM (uj, p5) and parallax (@) are from Gaia DR3. Sep. is the

current separation between the components. The time of closest encounter (fjogest) is derived

using equation[2.1]
Name Gaia ID RA. Dec. M Uy @ Sep. telosest
(deg) (deg) (mas yr’l) (mas yr’l) (mas) (arcsec) (yr)
TYC 6813-1293-1 6046875561183621120 251.840515 -24.706553 -28.89+0.08 -34.89+0.06 8.42+0.07 0.0 -29956.0
TYC 6813-286-1 6046740488740710016 251.183212 -25.216904 -107.2+0.3 -98.5+0.2 9.8+0.2 2824.5 -29956.0
TYC 6813-643-1A 6046753549752392576 251.784424 -25.158779 -25.55+0.03 -88.66+0.03 8.8240.03 1638.3 -29956.0
TYC 6813-643-1B 6046753584102505856 251.784139 -25.158305 -28.340.1 -87.59+0.07 8.9840.09 1636.7 -29956.0
TYC 7240-1438-1 3462138227811420160 184.133972 -34.44865 -33.19+0.02 -2.45+0.02 5.49+0.02 0.0 -92590.0
TYC 7240-1159-1 3462913078568848256 183.732773 -34.064308 -47.13+0.03 11.4140.02 4.8440.03 1827.4 -92590.0
TYC 7240-850-1 3462739321372618112 182.755676 -35.062286 -73.6+0.02 -23.9610.01 5.64+0.02 4636.6 -92590.0
TYC 4936-84-1A 3593854124477499520 174.488144 -5.006651 -49.37+0.05 -34.00£0.02 10.5040.03 0.0 -30233.0
TYC 4936-84-1B 3593854124477587328 174.488539 -5.006091 -51.9+0.3 -32.6+0.1 10.3+0.1 25 -30233.0
TYC 4933-912-1A 3792133076403723904 173.969406 -4.017341 -106.85+0.03 74.584+0.02 11.91+0.02 4018.7 -30233.0
TYC 4933-912-1B 3792133076402865792 173.968396 -4.013940 -106.004-0.02 74.05+0.01 11.8940.01 4031.2 -30233.0
TYC 4934-796-1 3599814851889741056 175.038681 -4.947755 15.4440.02 -23.85+0.02 10.1340.02 1985.8 -30233.0
TYC 9281-3037-1 5806792421244550656 241.931213 -71.349174 -367.2140.02 288.7610.03 6.1140.03 0.0 -9677.0
TYC 9281-2422-1 5806506204622362112 244929993 -72.214973 -20.04+0.05 -43.30+0.06 5.18+0.06 4593.2 -9677.0
TYC 9281-1175-1A 5806506685658712832 244605225 -72.236076 -46.59+0.01 -31.7440.01 5.46+0.01 4385.7 -9677.0
TYC 9281-1175-1B? 5806505208191451008 244.606052 -72.236789 . . . 4388.2 -9677.0
TYC 7731-1951-1 5391597005019395200 162.216339 -41.780659 -95.21£0.05 10.88+0.08 6.3240.07 0.0 -8663.0
TYC 7731-2128-1A 5391592538253547648 162.319901 -41.896751 -56.5184-0.009 -31.27+0.01 4.354:0.01 501.8 -8663.0
TYC 7731-2128-1B 5391592538254935296 162.319848 -41.896005 -57.34+0.09 -31.540.1 4.4+0.1 499.5 -8663.0
TYC 7731-1995-1AB? 5391594668557342592 162.366165 -41.806747 -36.77+0.01 3.08+0.02 4.04+0.02 413.0 -8663.0
TYC 7731-1995-1C? 5391594668558722048 162.367068 -41.806130 414.8 -8663.0
TYC 3023-1691-1 1529358453045295616 194.652451 43.726544 -42.25+0.01 17.4240.02 3.77+0.02 0 -38623
TYC 3024-1493-1 1529282071350395264 195.358399 43.194831 4.20+0.01 -33.1740.02 4.98+0.02 2658.3 -38623
TYC 3023-1688-1A 1529329831386038656 194.860547 43.216019 -29.55+0.01 -30.33+0.01 4.4740.02 1916.6 -38623
TYC 3023-1688-1B 1529329655289938944 194.870658 43.222764 -29.740.1 -30.240.1 4.4+0.2 1901.1 -38623
TYC 3023-1688-1C? 1529329831386690048 194.860118 43.215513 . . S 1918 -38623
TYC 3440-338-1 828251358901595776 150.505219 52.381645 -139.8940.02 7.1240.02 9.0840.02 0 -40958
TYC 3441-520-1 848336790641106176 154.384411 52.270422 65.8540.01 0.4040.02 9.44+0.02 8543.2 -40958
TYC 3440-300-1A 851212799526109824 152.466234 51.862281 -34.62+0.01 -38.63+0.02 8.95+0.02 4720.3 -40958
TYC 3440-300-1B 851212803821677696 152.466683 51.861956 -32.27+0.09 -39.140.2 8.9+0.1 4721.6 -40958
TYC 2061-642-1 4568436870286983936 258.375700 22.745615 24.83+0.02 -19.16+0.03 5.46+0.03 0 -29208
TYC 2061-148-1 4568675219493678080 258.235225 23.297989 10.357+0.009 49.22+0.01 4.8640.01 2042.2 -29208
TYC 2061-270-1 4568260673546093312 257.736730 22.757966 -43.47+0.02 -20.11£0.02 5.5540.02 21217 -29208
TYC 3160-1812-1 2068212295611195008 307.469884 42.357534 -94.140.1 -12.940.1 7.34+0.09 0 -34135
TYC 3161-177-1 2069513120946090496 309.330544 42.826703 51.11+0.01 36.23+0.01 7.5940.01 5212.3 -34135
TYC 3161-434-1A 2069465292190285056 309.460325 42.769905 60.06-£0.03 29.2840.03 6.88+0.02 54822 -34135
TYC 3161-434-1B 2069465296487349760 309.460822 42.769879 61.9+0.1 31.7+0.3 7.0£0.1 5483.5 -34135
TYC 3161-434-1C 2069471240722080384 309.509966 42.794321 60.08+0.09 29.540.1 6.8+0.09 5632.0 -34135
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CHAPTER 3

Confirming disintegrating system

candidates through relative motion

In this chapter I will discuss the spectroscopic follow-up of four disintegrating sys-
tem candidates. This follow-up allowed me to measure the RV and the metallicity of
the objects in each system. The RV is needed to obtain the full kinematic of the sys-
tem, which in turn will be fundamental for future dynamical simulations of the close
encounter. The metallicity is needed to distinguish which of the components had com-
mon origin (i.e. those that have similar metallicity) and those that did not (i.e. those
that have different metallicity). This will enable me to identify which objects used to

form a multiple system and which object/s is/are the cause of the disintegration.

3.1 Observation with ISIS

High signal-to-noise-ratio spectra (SNR~100) of 18 targets were obtained using the
Intermediate-dispersion Spectrograph and Imaging System (ISIS), through the Isaac
Newton Group of Telescopes (ING) program SW2017a08. The aim was to have a set up
closely resembling that of the Gaia RVS, which spans the wavelength range between
8450 to 8720 A, and has a resolution of 11,500. The observations, therefore, used the

standard ISIS spectral configuration, and were conducted in the ISIS red arm, which is
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optimized for wavelengths similar to those covered by the Gaia RVS. With the R1200R
grating, a central wavelength of 8600 A (which covers the wavelength between 8291
to 8909 A), and the 0.7 arcseconds slit, the resolution delivered by this set up is 16,600
(an intermediate resolution i.e., R=1800-20000). To minimize read-out noise, we used
the default slow read-out mode. The total integration time for the spectra of our 18
targets, under the assumption of an airmass of 1.3 (where 2 would be the maximum),
bright time, and seeing of 1 arcsecond, was computed using the exposure time calcula-
tor SIGNAL from the ING website, and found to be 1606s. Overheads were accounted
for with the aid of the Total Observing Time Estimator (TOTE) tool on the ING web-
site, leading to a total on-target time of 03hr 06émins. To perform telluric correction,
5 telluric standard stars were observed. In order to compute RVs for the 18 targets
via cross correlation, 3 RV standards, covering approximately the same spectral type
range as the targets, were observed with the same configuration described above. The
observation of these 5 telluric standards and 3 RV standards added a total of 01hr
48min of observing time, leading to a total program time of 04hr 54min (or 17,640s).

In this thesis, we will discuss only 10 of the 18 objects observed.

3.2 Data reduction

The data were reduced using the Image Reduction and Analysis Facility (IRAF;|Tody,
1986). The spectra images were first de-biased and flat-fielded. Then, we extracted the
spectra using IRAF apall and using a linear fit to estimate the background. Next, we
used CuAr and CuNe arc lamps to perform the wavelength calibration of the spectra,
and we achieved a typical wavelength calibration precision of £0.015 A. The flux cali-
bration of the spectra was done using the observed telluric standards as reference and
using IRAF sensfunc. Finally, we performed telluric correction on the observed spec-
tra. First, the telluric standards were continuum-normalized by fitting their observed
spectra with a polynomial. Then, we removed hydrogen absorption lines and bad
pixels by manually interpolating over them using IRAF splot. The resulting telluric
correction was applied to the targets, and for each target we used the telluric correc-
tion derived from the standard that was observed closest in time and airmass to the

target.
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3.3 Analysis of the spectra with iSpec

3.3.1 Radial velocity

To determine the RV of our targets, we first analyzed the reduced spectra using iS-
pecﬂ(Blanco—Cuaresma et al.}|2014; Blanco-Cuaresmal,[2019), which cross-correlates the
spectrum of our star with their database of absorption lines. This program, however,
does not apply barycentric correction, hence we have used the IDL program barycorr
from the library EXOFASTEI to calculate it. The barycentric-corrected RV is computed
by barycorr using the julian date of the observations, the R.A. and Dec. of the targets,

the measured RV, and the coordinates of the observatory.

To examine the quality of our measured RV, we have applied the same method to
obtain the RV of the 3 standards, and compared them to the values listed on the Set
of Identifications, Measurements and Bibliography for Astronomical Data (SIMBAD).
We found a small systematic shift of -0.8 km s~! by taking the difference between the
iSpec and the literature RV for all 3 standards, then calculated their weighted mean:

L wix; _ wiXy + WrXs + W3x3

¥ = = 3.1
Y w; w1 + wo + w3 61

where x; are the individual differences and w; are the individual weights, and ¥ is the
average systematic shift. The individual weights are just the inverse of the individual
RV uncertainties measured with iSpec, i.e. w; = 1/0;ry. We applied this systematic

shift to all of our measured RVs.

All of the new RV from iSpec have error < 1 km s~! except for TYC 2061-642-1
with error ~6 km s~! because it is an A type star, so it only has a few hydrogen lines,

and they are very broad due to the high rotational velocity.
We found that TYC 3161-434-1 is a new double-lined spectroscopic binary. We have

measured the RV for both the components of the binary, and we will refer to them as
TYC 3161-434-1A and TYC 3161-434-1B.

Using the astrometric information from Gaia DR3 and either the RV measured
here or the one from the literature depending on which measurement has the smallest
uncertainty, we computed the U, V, and W components of the Galactic velocity as well

as the X, Y, Z, Galactic coordinates for our targets. The results are shown in Table

Thttp://www.blancocuaresma.com/s/iSpec

’http://astroutils.astronomy.ohiostate.edu/exofast/barycorr.html
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Table 3.1: The kinematic information for the objects presented here. UVW are calculated using
the Gaia DR3 coordinates, parallax, PM, combined with the value of RV with the smallest
uncertainty (see Table[3.2).

Name U \% W X Y Z
(kms)  (kms)  (kms) (pc) (pc) (po)
TYC 3023-1691-1 41.54+0.3 -9.73+0.07  -39.95+0.03 -187+1 -50.4+0.3 184+1
TYC 3024-1493-1 -33.69+0.08 -18.604+0.09 -20.60+0.04 -141.440.6 -38.7+0.2  139.440.6
TYC 3023-1688-1A 0.384+0.04 -29.0+0.2 18.66+0.05 -156.4+0.7 -42.440.2 154.0+0.7
TYC 3023-1688-1B
TYC 3023-1688-1C?
TYC 3440-338-1 75.6+0.1 14.92+0.02 -5.240.1 -58.54+0.1 31.004+0.07 85.7£0.2
TYC 3441-520-1 -51.9+0.1 14.08+0.04 2.440.2 -58.7+0.1 29.11+0.06  84.7+0.2
TYC 3440-300-1A 0.1+0.2 -11.27+0.08 -6.31+0.2 -61.04+0.1 31.2840.07 88.7+0.2
TYC 3440-300-1B
TYC 2061-642-1 -24.74+0.1 17.04+0.1 -15.1+0.2 -34.6+0.2 -165.1£09  71.3+04
TYC 2061-148-1 57.7+0.4 16.2+0.4 -1424+04  -39.204+0.08 -186.8+£0.4  80.61+0.2
TYC 2061-270-1 12.7+0.2 -46.5+0.2 6.24+0.2 -34.5+0.1 -163.7£0.6  70.74+0.3
TYC 3160-1812-1 -36.0+£0.5 -81.0+£0.4 47.9+0.5 63.81+0.8 -814+1 94+1
TYC 3161-177-1 31.83+0.07 -5.1+£0.4 -5.73£0.02  61.33£0.08  -76.24+0.1 89.61+0.1
TYC 3161-434-1A 42.740.1 -54.7+0.6  -15.5140.06 68.5+0.2 -84.9+0.2  100.0+0.3
TYC 3161-434-1B 36.61+0.6 -2.3+0.8 -14.3+£0.3 66.51+0.9 -824+1 97+1
TYC 3161-434-1C 63.6+0.8 -77+1 100+1

58



3.3. ANALYSIS OF THE SPECTRA WITH ISPEC

3.3.2 Metallicity

Next, we measure the metallicity of our targets. The four main parameters that deter-
mine how deep and wide an absorption line is are: (1) [Fe/H], (2) rotational velocity
(vsini), (3) effective temperature (T,¢) and (4) surface gravity (logg). Though, un-
fortunately, there are degeneracies between these parameters, i.e. there are various
combinations of stellar parameters that can lead to identical depth and width for a
line. To break these degeneracies, we searched the literature for measurements of Teg
and log g. Afterward, we used iSpec with the known input value of Te and log g and

a selected line list to determine the [Fe/H] and v sini of our target spectra.

To ensure the reliability and accuracy of these newly attained values, we have
further checked two of the previous results by eye. We first check if the plot of our
normalized spectrum is flat or not. If not, then we improve the normalization, e.g.
by adjusting the degree of the polynomial used. We next check if the model synthetic
spectrum fits well with the spectrum of our target. The two spectra should look similar
to each other, i.e. the absorption lines in the resulting model should roughly appear
to be as deep and wide as in the observed spectrum. Otherwise, we would enhance
the fit via iSpec. This can be achieved by testing the impact of various combinations

of codes, models, and line lists as well as with different normalization polynomials.

The different model fitting codes integrated in iSpec are: SPECTRUM (Gray, 1999);
Turbospectrum (Plez, 2012); Spectroscopy Made Easy (SME; Valenti & Piskunov, 1996;
Piskunov & Valenti, 2017); MOOG (Sneden et al., 2012); Synthe/WIDTH9 (Kurucz,
2005). The spectral synthesis codes have been adapted in iSpec to work with the Model
Atmospheres with a Radiative and Convective Scheme (MARCS; Gustafsson et al.,
2008) and the ATLAS9 model atmospheres (Kurucz, |2017). iSpec also offers different
choices for the line lists to be used with the previously mentioned codes and models.
The line lists available are the Gaia-ESO Survey (GES; [Jofré et al., 2014) line list and
the Vienna Atomic Line Database (VALD; |Piskunov et al., 1995).

The procedure described above was calibrated by first applying it to a reference at-
las spectrum of the Sun provided by iSpec (Hinkle et al.,2000). Because the atlas spec-
trum of the Sun has a much higher resolution compared to our ISIS spectra (~80,000
vs. ~16,600) we first degraded the resolution of the atlas spectrum by convolving it
with a gaussian. Then we used a spline to fit and normalize the continuum. Finally, we
used combinations of different codes, models, and line lists among the ones provided

by iSpec to measure [Fe/H] for the Sun. The input T,¢ and log g we used were 5777 K
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Figure 3.1: Top left: The atlas spectrum of the Sun (plotted in blue; Hinkle et al., 2000) and
the best fit obtained with iSpec (red). The fit is performed only over certain regions of the
spectrum, hence the gaps in the best fit model. For further detail see Section Top right:
same as the top left panel, but for HD115404. Bottom left: same as the top left panel, but for
HD159222. Bottom right: same as the top left panel, but for HD1197076.

and 4.44 (Smalley, 2005). We assumed the macroturbulence velocity is 0, and we com-
puted the microturbulence velocity using the GES relation (Jofré et al., 2014), which is
included in iSpec. Finally, iSpec only uses [Fe/H] and v sini as free parameters of the
fit, and we set the initial guesses for the fitting procedure to 0 for [Fe/H] and 1.6 km
s~ ! for vsini (Pavlenko et al.,2012). The limb darkening coefficient is set to 0.6 (Moon
et al., 2017). We found that the combination of SME with the ATLAS9 models and the
VALD line list gives the [Fe/H] and v sini results that are closest to 0 and 1.6 km s},
respectively. So, we used this combination to fit the spectra of all of the rest of our
targets. The normalized atlas spectrum of the Sun and the best fit model are shown in
the top left panel of Figure [3.1]in blue and red, respectively. The fit is performed only
in regions of the spectrum around the lines included in the chosen line list (in this case

the VALD list), so the best fit model appears to have gaps.
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3.3. ANALYSIS OF THE SPECTRA WITH ISPEC

To validate our results, we applied the method described above to our RV stan-
dards, and compared the [Fe/H] and v sini we obtained with those in the literature.
We did two slightly different tests. In one set of tests, we used the literature values
of [Fe/H] and vsini as our initial guess; in the other set of tests, we used [Fe/H] =

0and vsini =1 km s}

as our initial guess. In the first set of tests we find that the
[Fe/H] have a systematic offset of 0.13 and a median absolute deviation of 0.03, while
the vsini have a systematic offset of 0.2 km s~! and a median absolute deviation of
1.2 km s~1. In the second set of tests we find that the [Fe/H] have a systematic offset
of 0.13 and a slightly larger median absolute deviation of 0.04, while the vsini have
a systematic offset of 0.4 km s~! and a median absolute deviation of 1.4 km s~ 1. If
our target had estimates of [Fe/H] and v sini in the literature, we used them as initial
guesses and we then corrected the measured values with the offsets derived in the first
set of tests. We also assumed as our measurement uncertainties the median absolute
deviation for the first set of tests. If our target did not have estimates of [Fe/H] and

vsini in the literature, we used 0 and 1 km s}

as initial guesses respectively, and we
then corrected the measured values with the offsets derived in the second set of tests.
We also assumed as our measurement uncertainties the median absolute deviation
from the second set of tests. The best fit models from the first set of tests are shown
in the top right, bottom left, and bottom right panels of Figure In each panel we
show the normalized observed spectrum in blue and the best fit model in red.

The iSpec results and the literature value for all targets are presented in Table
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3.4. DISCUSSION OF INDIVIDUAL SYSTEMS

3.4 Discussion of individual systems

3.41 TYC3023-1691-1, TYC 3024-1493-1, TYC 3023-1688-
1ABC?

TYC 3023-1691-1 is an F8V (Pickles & Depagne| 2010). We measure a metallicity of
[Fe/H] = —0.06 £ 0.03, which is similar to TYC 3023-1688-1A and about 8 x higher
than TYC 3024-1493-1 (see below). Its RV is —43.49 + 0.02 km s~ ! (Jonsson et al.,
2020). It has a probability of 91% to belong to the thin disk. The probability was
calculated by first computing the UVW velocity for our targets using the Gaia PM,
parallax (Gaia Collaboration et al., 2021) and RV (Gaia Collaboration et al., 2018a),
and then assuming that the three components of the Galaxy (i.e. thin disk, thick disk,
and halo) have gaussian UVW velocity distributions. The ¢ of the three distributions
was taken from (Bensby et al., 2003). The probability to belong to each of the three

components is then calculated as follows:

1

k; = 3.2

" (2n)3 20yioviow 62
2 V-V ‘ 2 2

£V, W) = K exp (— w o) W ) (33)
207, 20y, 207,

Prob; = Xi i (3.4)

Xthin fthin + Xithick fthick + Xhalo fhalo
where the subscript i indicates either the thin disk, thick disk, or halo, oy, ovi, and
ow; are the velocity dispersion for each component of the Galaxy from [Bensby et al.
(2003), and Viasym; 18 the asymmetric velocity drift for the same component, also taken
from [Bensby et al. (2003), and X; is the fraction of stars belonging to each component
as estimated from the Solar neighborhood population (also taken from Bensby et al.,
2003). The assumption that the UVW distributions are Gaussian is an approximation.
For example we could model the thin disk distribution better using a combination of
several Gaussian components with dispersion that depends on the age (as it is done
for example in the Gaia Universe Model Snapshot; Robin et al.2012). However, we
believe that our approximation causes only small underestimations of the probability
of an object to belong to the thin disk.

TYC 3024-1493-1 is also an F8 (Roeser & Bastian, 1988) with a low metallicity of
[Fe/H] = = —0.52 £ 0.03 as measured by us, and an RV = —37.13 £ 0.03 km s~ !as
measured by Jonsson et al.|(2020). It has a probability of 98% to belong to the thin disk.
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TYC 3023-1688-1A is the most massive star in this system, classified as F5 (Roeser &
Bastian, 1988). We measured its metallicity and found it to be [Fe/H] = —0.10 £ 0.03,
while [Jonsson et al. (2020) measured it RV and found it to be RV = 2.39 + 0.02 km
s~1. It has a probability of 98% to belong to the thin disk. TYC 3023-1688-1A is also
part of the SUPERWIDE catalog (Hartman & Lépine, 2020), where it is listed as object
SWB73753. Its companion, which we call TYC 3023-1688-1B, has a spectral type of
M4.5V, which we have estimated using the Gaia G magnitude, the Gaia parallax, and
Table 5 from Pecaut & Mamajek| (2013). No [Fe/H] or RV measurement is available for
this object. Finally, while inspecting the images for TYC 3023-1688-1A using ALADIN,
we found that it is resolved by Gaia in two objects. Gaia does not provide parallax or
PM measurements for this new object, so we cannot verify if it is a new companion
to the TYC 3023-1688-1AB system, or simply a background object that happens to
be close to TYC 3023-1688-1A. We call the new object TYC 3023-1688-1C?, and we
estimate its spectral type to be M1.5V by using the Gaia G magnitude, Table 5 from
Pecaut & Mamajek| (2013), and assuming that it is at the same distance as TYC 3023-
1688-1A. We have checked if TYC 3023-1688-1A appears as a double line spectroscopic
binary in the medium resolution spectroscopy of ISIS, but we do not find any evidence
for it. This could mean either that TYC 3023-1688-1C? is a background object, or that
the binary has a relatively low orbital velocity given its separation. We checked TYC
3023-1691-1, TYC 3024-1493-1, TYC 3023-1688-1A using BANYAN (Gagné et al., 2018)
and found that they all have a probability of 99.9% to be field objects.

TYC 3023-1691-1, TYC 3024-1493-1, and TYC 3023-1688-1A all have [Fe/H] mea-
surements from APOGEE-2 DR16 (Jonsson et al., 2020), and although the [Fe/H] of
APOGEE-2 DR16 have slightly smaller uncertainties, we decided to use our measure-
ments of [Fe/H] to avoid possible systematic errors due to the use of different mod-
els, line lists, and fitting codes. Also, since the metallicities in APOGEE-2 are mea-
sured using H-band spectra, this could introduce additional systematic uncertainties
because of the use of NIR spectra in comparison to our optical spectra. By using ISIS
[Fe/H] whenever available, we have a more homogeneous set of measurements. For
RV on the other hand, since they are more simple measurements based only on cross-
correlation of the spectra with a template, we think it is unlikely that there are large
systematics between different surveys, so we adopt whatever measurements have the
smallest uncertainties. The best fit models obtained with iSpec for all three objects are
shown in Figure In each panel, the spectrum of the target is shown in blue and the

best fit model is shown in red.
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Figure 3.2: Top panel: The normalized spec-
trum of TYC 3023-1691-1 (blue) and the best fit
model obtained with iSpec (red). Middle panel:
The normalized spectrum of TYC 3024-1493-1
(blue) and the best fit model obtained with iS-
pec (red). Bottom panel: The normalized spec-
trum of TYC 3023-1688-1 A (blue) and the best
fit model obtained with iSpec (red).
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TYC 3024-1493-1 could be the cause of the disintegration of the TYC 3023-1691-1 +
TYC 3023-1688-1AB (and C?) system. It has quite a different [Fe/H] from them, about
5-8x lower, while TYC 3023-1691-1 and TYC 3023-1688-1A have [Fe/H] consistent
with each other. TYC 3024-1493-1 could have broken up the possible triple (quadru-
ple) system composed of TYC 3023-1691-1 and TYC 3023-1688-1ABC? while passing
between them. The new direction of motion of TYC 3023-1691-1 and TYC 3023-1688-
1AB are quite different from each other, so TYC 3023-1691-1 or TYC 3023-1688-1AB (or
both) would have changed their path violently. The top panel of Figure 3.3| supports
this explanation. We can see from the top and middle panel that TYC 3024-1493-1
passed between TYC 3023-1688-1A and B or passed by them if the orbital motion is
causing the position of TYC 3023-1688-1B to be a little bit inaccurate. This interac-
tion causes the disintegration of the triple system. Furthermore, the bottom panel of
Figure also shows that the interaction between TYC 3024-1493-1 and TYC 3023-
1688-1A (i.e., the dark green parabola) happens at the same time as all of the others
(except the dark grey parabola), so the triple system of TYC 3023-1691-1 and TYC
3023-1688-1AB begins to break when this interaction occurs. Note that the parabola
between TYC 3023-1691-1 and TYC 3024-1493-1 is much narrower than the parabola
between TYC 3023-1691-1 and TYC 3023-1688-1A and B even though the separation
between TYC 3023-1691-1 and TYC 3024-1493-1 is much larger than the separation be-
tween TYC 3023-1691-1 and TYC 3023-1688-1A and B. This is due to the high PM of
both TYC 3023-1691-1 and TYC 3024-1493-1 as well as the direction of their relative
path.

3.4.2 TYC3440-338-1, TYC 3441-520-1, TYC 3440-300-1AB

TYC 3440-338-1 is a KO (Roeser & Bastian) 1988). It has a metallicity of 0.15 4 0.01 and
an RV of 43.22 £ 0.02 km s~ ! (both taken from Niedzielski et al., 2016). This object is
in the Catalog of Accelerations (Brandt, 2021), which means it could be an unresolved
binary. However, the RV has relatively small errors, which could be due to the fact that
the orbit of the companion is perpendicular to the line of sight, so the contribution of
the orbital velocity to the RV is relatively small. We find that it has a probability of
96% to belong to the thin disk. TYC 3441-520-1 is an F8 according to Roeser & Bastian
(1988). The metallicity of this object is —0.29 & 0.08 (Anderson & Francis| [2012) and
the RV is —28.4 + 0.2 km s~! (Gaia Collaboration et al., 2018a). Similarly to TYC 3440-
338-1, TYC 3441-520-1 is also in the Catalog of Accelerations, so it could also be an
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Figure 3.3: Top panel: The position of TYC 3023-1691-
1, TYC 3024-1493-1, and TYC 3023-1688-1AB now and at
the time of closest encounter of the system. For each ob-
ject, the arrow indicates the current direction of motion,
the dashed line connects the current position with the po-
sition at the time of closest encounter, marked by a cross.
The small black cross is the centre of the system at the
time of closest encounter, and the black dashed circle has
a radius of 20,000 AU. TYC 3024-1493-1 passes between
the other three objects, likely causing their disintegration.
Middle panel: Same as the top panel, but zoomed in on the
position of closest encounter. Symbols and colours are the
same as the top panel, and we added diamonds to show
the position of each object in intervals of 1,000 years after
the time of closest encounter, up to a maximum of 10,000
years. For pairs of objects that reach their mutual mini-
mum separation after the time of closest encounter for the
system, a dark grey dotted line shows the position and the
time when their interaction took place. TYC 3024-1493-1
(blue dashed line) is likely causing the disintegration of
TYC 3023-1691-1 (red dashed line) and TYC 3023-1688-1
(orange and dark green dashed lines) by first interacting
with TYC 3023-1691-1 while at their minimum separation,
then with TYC 3023-1688-1A right after the time of clos-
est encounter of the system, and last with TYC 3023-1688-
1B approximately 1000 years after the time of closest en-
counter of the system. TYC 3023-1688-1AB remained a
bound binary system throughout the whole interaction.
Bottom panel: The separation between the components of
the system as a function of time. The vertical dashed line
marks the time of closest encounter while the horizontal
dashed line indicates a separation of 20,000 AU. The dot-
ted and dash-dotted lines above and below each parabola
indicate the one-sigma uncertainty range. The separa-
tion between TYC 3023-1688-1A and TYC 3023-1688-1B
is practically constant, i.e., the dodger blue parabola is
flat, because TYC 3023-1688-1A and TYC 3023-1688-1B are
still a binary. The interaction between TYC 3024-1493-
1 and TYC 3023-1688-1A (i.e., the dark green parabola)
reaches the minimum at the same time as all the others,
and it is the lowest of all of the parabola (except the dark
grey one). This indicates that the interaction between TYC
3024-1493-1 and TYC 3023-1688-1A is the one starting the
breakup of the TYC 3023-1691-1 + TYC 3023-1688-1AB
system. The interaction between TYC 3024-1493-1 and
TYC 3023-1688-1B happened about 1000 years later. This
could be due to the effect of the orbital motion of TYC
3023-1688-1B around TYC 3023-1688-1A causing the posi-
tion of TYC 3023-1688-1B at the time of closest encounter
to be slightly offset.
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Figure 3.4: The normalized spectrum of TYC 3440-300-1 A (blue) and the best fit model ob-
tained with iSpec (red).

unresolved binary. Also in this case, the RV has relatively small errors, which could
mean once again that the orbital plane of the binary is perpendicular to the line of
sight. It has a probability of 99% to belong to the thin disk. Finally, TYC 3440-300-
1A is a K3 (Xiang et al., 2019). Using the ISIS spectrum, we measure a metallicity of
—0.19 £ 0.03 and a RV of —9.5 4 0.3 km s~ 1. The best fit model is shown in Figure
Gaia resolves a companion to this star, which we will call TYC 3440-300-1B. We esti-
mate the spectral type for this new object using the Gaia G magnitude, parallax, and
Table 5 from [Pecaut & Mamajek (2013) and find it to be M3.5V. No metallicity nor RV
measurement is available for this new object. TYC 3440-300-1A and B both have a
probability of 99% to belong to the thin disk. Using BANYAN, we have established
that all objects in this system have a probability of 99.9% to be field objects.

TYC 3440-338-1 could be the cause of the disintegration of the TYC 3441-520-1 +
TYC 3440-300-1AB system. It has quite a different [Fe/H] compared to them, so we

can say with confidence that it was previously not associated with the system. We do,
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however, note that both TYC 3440-338-1 and TYC 3441-520-1 are in the Catalog of Ac-
celerations, so their metallicity could be a bit biased if the spectral absorption lines by
the unresolved companion contaminate the spectrum of the primary. TYC 3440-338-1
could have broken up the triple (quadruple) by first interacting weakly with TYC 3441-
520-1 and then more strongly with TYC 3440-300-1A and B. The TYC 3440-338-1-TYC
3441-520-1 interaction first weakened the gravitational attraction between TYC 3441-
520-1 and TYC 3440-300-1AB, then the interaction between TYC 3440-338-1 and TYC
3440-300-1AB causes the breakup to become more violent, i.e. TYC 3440-300-1A and
B were really diverted off their original path, away from TYC 3441-520-1. Figure
shows this possible interaction. We can see from the top and middle panels that TYC
3440-338-1 appears very close to TYC 3440-300-1AB at the time of closest encounter of
the system, although this plot does not show the previous interaction between TYC
3440-338-1 and TYC 3441-520-1 which is when the disintegration of the system began.
Furthermore, the bottom panel of Figure 3.5|also shows that the initial interaction be-
tween TYC 3440-338-1 and TYC 3441-520-1 (i.e., the red parabola) happens a bit before
the interaction between TYC 3440-338-1 and TYC 3440-300-1A (i.e., the blue parabola)
and TYC 3440-338-1 and TYC 3440-300-1B (i.e., the orange parabola). However, the
minimum separation between TYC 3440-338-1 and TYC 3440-300-1A and between
TYC 3440-338-1 and TYC 3440-300-1B is much smaller than between TYC 3440-338-1
and TYC 3441-520-1 in comparison. This supports the hypothesis of the two-part dis-
integration, i.e. the weakening of the system via the initial interaction between TYC
3440-338-1 and TYC 3441-520-1, followed by a more violent breakup of the system
caused by the very close interaction between TYC 3440-338-1 and TYC 3440-300-1AB.
The bottom panel of Figure|3.5{also shows that the parabola between TYC 3440-338-1
and TYC 3441-520-1 is much narrower than the parabola between TYC 3440-338-1 and
TYC 3440-300-1A and B, even though the separation between TYC 3440-338-1 and
TYC 3441-520-1 is much larger than between TYC 3440-338-1 and TYC 3440-300-1A
and B. This is due to the very high PM of TYC 3440-338-1 rather than an indication
of a violent break up between them as between TYC 3440-338-1 and TYC 3440-300-1A
and B.

3.43 TYC 2061-642-1, TYC 2061-148-1, TYC 2061-270-1

TYC 2061-642-1 is an A2 star (Roeser & Bastian, |1988). We measured the metallicity
and RV for this object using our ISIS spectra, and find the metallicity to be [Fe/H]
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Figure 3.5: Top panel: Same as the top panel of Fig-
ure but for the system consisting of TYC 3440-338-1,
TYC 3441-520-1, and TYC 3440-300-1AB. We can see that
TYC 3440-338-1 passes between TYC 3441-520-1 and TYC
3440-300-1AB, hence it is likely the cause of the disinte-
gration. Middle panel: Same as the middle panel of Fig-
ure but for the system consisting of TYC 3440-338-
1, TYC 3441-520-1, and TYC 3440-300-1AB. All objects in
this system have their initial interaction at the time of clos-
est encounter of the system (marked by a cross) or be-
fore, except for TYC 3440-338-1 and TYC 3440-300-1B that
have their initial interaction ~1000 years after the system
closest encounter. This discrepancy could be due to un-
accounted orbital motion of TYC 3440-300-1B leading to
a offset in the calculated position. As shown in the top
panel, TYC 3440-338-1 (the red dashed line) passes be-
tween TYC 3441-520-1 (the blue dashed line) and TYC
3440-300-1A (the orange dashed line). Although it is not
shown on the plot, the initial interaction between TYC
3440-338-1 and TYC 3441-520-1 happens before TYC 3440-
338-1 interacts with TYC 3440-300-1A, hence the system
first got their gravitational attraction weakened, then fol-
lowed with a relative violent breakup caused by the fur-
ther interaction of TYC 3440-338-1 with TYC 3440-300-
1AB. Bottom panel: Same as the bottom panel of Figure[3.3}
but for the system consisting of TYC 3440-338-1, TYC
3441-520-1, and TYC 3440-300-1AB. The separation be-
tween TYC 3440-300-1A and B is practically constant, i.e.
the dodger blue parabola is flat, because TYC 3440-300-
1AB are still a binary. The shallow slope is due to the or-
bital motion. TYC 3440-338-1 has a close encounter with
TYC 3441-520-1 first (red parabola), causing the disinte-
gration of the system. Later on TYC 3440-338-1 has a very
close encounter with TYC 3440-300-1AB. The interaction
between TYC 3440-338-1 and TYC 3440-300-1AB is much
stronger than the one between TYC 3440-338-1 and TYC
3441-520-1 i.e., the blue and orange parabola are much
lower than the red parabola. Even though the interac-
tion between TYC 3441-520-1 and TYC 3440-300-1AB (i.e.
the dark green and grey parabola) happens roughly at the
same time as the close encounter between TYC 3440-338-1
and the other three objects, they remain at larger separa-
tions, so we believe that it is TYC 3440-338-1 that causes
the disintegration of the system. TYC 3441-520-1 and TYC
3440-300-1AB appear to be disintegrating before the close
encounter with TYC 3440-338-1. However, this could be
due to unaccounted orbital motion, since both TYC 3440-
338-1 and TYC 3441-520-1 are in the Catalog of Accelera-

tion.
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= —0.31 £ 0.03 and the RV to be 41.3 + 6.1 km s~!. The best fit model is shown in
the top panel of Figure The large uncertainty on the RV can be explained by two
factors. The first factor is the fact that this object is an A-type star, and these stars
typically only have strong hydrogen absorption lines which are very broad to begin
with, plus they are further broadened by the fact that A-type stars are fast rotators,
leading to rotational broadening of the lines. This can be clearly seen in Figure
where there are very few lines and they have very broad wings. The second factor
is that this star is in the Catalog of Accelerations, which indicates that it could be a
binary star. Binarity can lead to broadening of the absorption lines, contributing to the
RV uncertainty, particularly if the orbit of the binary is closely aligned with the line of
sight. APOGEE-2 DR16 (Jonsson et al.,[2020) reports a very different RV measurement
for this star (RV = 0.9 + 0.2 km s~ 1), but since APOGEE-2 is mostly focused on the
measurement of spectra of red giants, we believe our measurement is more reliable.
We find this star as a probability of 94% to belong to the thin disk, and using BANYAN
we find it has a probability of 99.9% to belong to the field. TYC 2061-148-1is a G5V star
(Pickles & Depagne, [2010). With our ISIS spectrum we measure [Fe/H] = 0.02 4 0.03
and RV = —50.1 +- 0.8 km s~ !. The best fit models is shown in the middle panel of
Figure This object has measured RV from Gaia DR2, which is RV = —49.1 £ 0.7
km s~!, and since it has slightly smaller uncertainty than our measurement we will
use the Gaia value for the rest of the analysis. We calculate a probability of 97% to
belong to the thin disk, and using BANYAN we find a probability of 99.9% to belong
to the field. TYC 2061-270-1 is a G8IV star (Pickles & Depagne, [2010). Using the ISIS
spectrum, we measure [Fe/H] = 0.51 £+ 0.03 and RV = —48.6 + 0.3 km s~1. The best fit
models is shown in the bottom panel of Figure Gaia DR2 also reports a RV which
is consistent with our measurement but has slightly larger uncertainties (—45.5 + 0.5
km sfl), so we use our measurement in the rest of this work. We find this object has a
probability of 97% of belonging to the thin disk and using BANYAN we find it has a
probability of 99.9% of belonging to the field.

Our measurements show that all objects have very different [Fe/H] to each other,
so they are highly unlikely to have been associated in the past, which in turn means
that this system is just a chance alignment. The top and middle panels of Figure
show all objects moving away from each other, each at a large angle from the other
two objects, which further reinforces the hypothesis that this is a chance alignment.
Moreover, the bottom panel of Figure also shows no strong indication that these
objects were disintegrating from each other. Overall, this signals that TYC 2061-642-1,
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Figure 3.6: Top panel: The normalized spec-
trum of TYC 2061-642-1 (blue) and the best
fit model obtained with iSpec (red). This is
an A-type star, and we can see clearly that
there are only few absorption lines that have
very broad wings due to rotational broad-
ening. Middle panel: The normalized spec-
trum of TYC 2061-148-1 (blue) and the best fit
model obtained with iSpec (red). Bottom panel:
The normalized spectrum of TYC 2061-270-1
(blue) and the best fit model obtained with iS-
pec (red).
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TYC 2061-148-1, TYC 2061-270-1 were not a system to begin with and while it is pos-
sible that the interaction causes a minor change of path for some of the stars involved,
this is not a disintegration. Note that even though this is likely not a disintegrating
system, however, given TYC 2061-642-1 and TYC 2061-148-1 came quite close to each
other, if there are any planets and/or BDs orbiting either of those stars, their orbits
could be disrupted and they could get ejected. Since TYC 2061-642-1 is in the Catalog
of Acceleration, it is likely to be an unresolved binary and/or have a brown dwarf or
exoplanet companion that survived the close encounter with TYC 2061-148-1. How-
ever, TYC 2061-642-1 could also have had additional companions that were ejected.
Whereas TYC 2061-148-1 is not in the Catalog of Acceleration, i.e., it is currently a sin-
gle star, but maybe it had one or more companions that were ejected (planets and/or
BDs). Given the literature data we have is not deep enough to see these possible
companions, thus deeper observations are essential, e.g., with the James Webb Space
Telescope (JWST; |Gardner et al., 2006).

3.44 TYC 3160-1812-1, TYC 3161-177-1, TYC 3161-434-
1ABC

TYC 3160-1812-1 is an F5 (Roeser & Bastian, |1988). Using the ISIS spectrum, we mea-
sure both metallicity and RV for this object and we find [Fe/H]= —0.71 £ 0.03 and
RV= —89.6 + 0.7 km s~ 1. The best fit model can be seen in the top panel of Figure
The probability for this object to be part of the thick disk is 98%, which is consistent
with its slightly low metallicity, and using BANYAN we find a probability of 99.9% to
be a field object. TYC 3161-177-1 is an F8 (Roeser & Bastian, 1988), and using the ISIS
spectrum we measure a metallicity of 0.17 £ 0.03 and an RV of —25.9 + 0.5 km s~ 1.
The best fit model can be seen in the middle panel of Figure However, Gaia DR2
reports an RV which is consistent with our measurements but with smaller uncertain-
ties, so we use the Gaia DR2 value in our analysis. The Gaia DR2 RV is —24.2 4- 0.4
km s~!. We compute a probability of 99% for this object to belong to the thin disk,
and BANYAN gives a probability of 99.9% to be a field object. TYC 3161-434-1A
is a K3V (Xiang et al., 2019), and using the ISIS spectrum we measure a metallicity
[Fe/H]= —0.72 4 0.03, which is almost identical to that of TYC 3160-1812-1. The best
fit model can be seen in the bottom panel of Figure The RV measurement, also
obtained from the ISIS spectrum, is RV= —75.0 £ 0.6 km s~ 1. Tthas a probability of
88% to be part of the thin disk and 12% to be part of the thick disk and, according to
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Figure 3.7: Top panel: Same as the top panel of Fig-
ure but for the system consisting of TYC 2061-642-1,
TYC 2061-148-1, and TYC 2061-270-1. We can see that
the three stars are all moving away from each other, each
at a wide angle from the other two objects, so we sus-
pect this is likely to just be a chance alignment. Mid-
dle panel: Same as the middle panel of Figure but for
the system consisting of TYC 2061-642-1, TYC 2061-148-1,
and TYC 2061-270-1. Although the position of the objects
prior to the time of close encounter is not shown on the
plot, by tracing their current path backwards, it is clear
that TYC 2061-642-1 and TYC 2061-270-1 were closer to
each other before the time of closest encounter, while TYC
2061-148-1 was further away. Hence, the first interaction
of these 3 objects takes place between TYC 2061-642-1 (i.e.,
red dashed line) and TYC 2061-270-1 (i.e., orange dashed
line), then TYC 2061-642-1 interacts with TYC 2061-148-
1 (i.e., blue dashed line) at the time of closest encounter,
and lastly TYC 2061-148-1 interacts with TYC 2061-270-1
not long after the time of closest encounter. This indicates
that TYC 2061-642-1, TYC 2061-148-1, and TYC 2061-270-
1 were likely not a system to begin with, and even though
it is possible that the interaction causes a change of path
for some of the objects, this is not a disintegrating system.
Bottom panel: Same as the bottom panel of Figure [B.3]but
for the system consisting of TYC 2061-642-1, TYC 2061-
148-1, and TYC 2061-270-1. There is no indication of any
disintegration events taking place and so it is likely for

this system to just be a case of chance alignment.
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BANYAN, 99.9% of being a field object. This object is a spectroscopic binary, and Gaia
resolves the two components. The previously unresolved companion, TYC 3161-434-
1B, is an M2.5V based on its Gaia G magnitude and parallax and using Table 5 from
Pecaut & Mamajek|(2013). We can extract the spectra of the two separate components
from the ISIS spectrum, and we measured an RV of —22.2 4 0.8 km s~ !. This value is
very different from the RV of the primary, but we believe this is because of the orbital
velocity of the companion around the primary. We cannot measure [Fe/H] for this
object even though we have a spectrum for it, because iSpec and the models included
with iSpec can only be used to fit K-type or warmer stars (i.e. T > 3600K). More-
over, TYC 3161-434-1A is also in the SUPERWIDE catalog with the name SWB100302.
Its companion is an M4.5V based on its Gaia G magnitude and parallax, and using
as usual Table 5 from Pecaut & Mamajek (2013). We do not have an ISIS spectrum
for the C component of the system, and we did not find RV measurements from the
literature. Gaia DR2 gives a metallicity for this object which is [Fe/H]= —0.6 £ 0.2,

which is consistent with the metallicity we measure for the primary.

This is a very puzzling system. If solely looking at the [Fe/H], one would think
that TYC 3161-177-1 might be the cause for the disintegration of the TYC 3160-1812-1
+ TYC 3161-434-1ABC system. However, the top and middle panels of Figure 3.9|sug-
gest that TYC 3160-1812-1 could be the cause of the disintegration of the TYC 3161-
177-1 + TYC 3161-434-1ABC system. Although TYC 3160-1812-1 has almost identical
[Fe/H] as TYC 3161-434-1A, but the PM of the two objects is in almost opposite di-
rections, which is impossible for a disintegrating multiple system, because it implies
a change of path too big for massive stars such as an F5 or a binary K3V + M2.5V. So
it could just be a chance alignment between objects that also happen to have a very
similar [Fe/H]. The same goes for object TYC 3161-177-1, although its PM is relatively
similar to the TYC 3161-434-1ABC system, therefore suggestive of a gentle breakup,
its [Fe/H] is completely different, so it is safe to say that this is also just a chance
alignment. Looking at the bottom panel of Figure 3.9, we can see that TYC 3161-177-1
tirst interacts with TYC 3161-434-1C (i.e., the lime green parabola) approximately 6000
years prior to the closest encounter with the rest of the system. However, the mini-
mum separation between them is large, so even though both of them are high-PM
objects, this is likely to be just a very gentle dynamical interaction, thus no disintegra-
tion occurs in the TYC 3161-434-1ABC system. The next encounter happened between
TYC 3160-1812-1 and TYC 3161-434-1C (i.e., the dark green parabola), not too long
before the overall system’s closest encounter. TYC 3161-177-1 and TYC 3161-434-1AB
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Figure 3.8: Top panel: The normalized spec-
trum of TYC 3160-1812-1 (blue) and the best fit
model obtained with iSpec (red). Middle panel:
The normalized spectrum of TYC 3161-177-1
(blue) and the best fit model obtained with iS-
pec (red). Bottom panel: The normalized spec-
trum of TYC 3161-434-1 A (blue) and the best
fit model obtained with iSpec (red).
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(i.e., the dark grey and the dodger blue parabola) also interact at very similar times.
The minimum separation between TYC 3161-177-1 and TYC 3161-434-1AB was much
smaller in comparison to TYC 3161-177-1 and TYC 3161-434-1C. However, given that
TYC 3161-434-1AB is a tight binary, their interaction with TYC 3161-177-1 was just as
minor as the one described above. The close encounter between TYC 3160-1812-1 and
TYC 3161-434-1A (i.e., the blue parabola) happened literally just before the closest en-
counter of the overall system. This should also be the same for TYC 3160-1812-1 and
TYC 3161-434-1B (i.e., the orange parabola), but it is, however, a little bit later because
of the effect of their orbital motion. The final interaction is between TYC 3160-1812-
1 and TYC 3161-177-1 (i.e., the red parabola). TYC 3161-434-1A, B, and C (i.e., the
brown, purple and black parabola) are still a bound system as demonstrated by their
almost flat parabolas (the slope is likely cause by their orbital motions) .Finally, by
combining all the information from the [Fe/H] and Figure we think this could
be an unfortunate chance alignment between TYC 3160-1812-1, TYC 3161-177-1, TYC
3161-434-1ABC, i.e. no disintegration is happening.

Note that even though this is not a disintegrating system, however, TYC 3160-
1812-1 and TYC 3161-177-1 come quite close to each other, so if there is any planet
and/or brown dwarf orbiting either TYC 3160-1812-1 or TYC 3161-177-1, those could
have been ejected. Moreover, TYC 3161-434-1AB could have a brown dwarf or exo-
planet companion. Given the data we have is not deep enough to see these possible
companions, thus deeper observations are essential, e.g., with the James Webb Space
Telescope. We could also further investigate this interaction with dynamical simula-

tions.
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Figure 3.9: Top panel: Same as the top panel of Fig-
ure but for the system consisting of TYC 3160-1812-
1, TYC 3161-177-1, and TYC 3161-434-1ABC. We can see
that TYC 3160-1812-1 was passing between TYC 3161-177-
1 and TYC 3161-434-1ABC, therefore it is likely to cause
their disintegration. However, TYC 3161-434-1ABC are
still a triple system, because they were not broken apart
by the interaction. TYC 3161-434-1A and B seem to be
moving closer to each other, which is probably due to
orbital motion. Middle panel: Same as the middle panel
of Figure B3] but for the system consisting of TYC 3160-
1812-1, TYC 3161-177-1, and TYC 3161-434-1ABC. TYC
3160-1812-1 (i.e., the red dashed line) is likely causing
the disintegration of the TYC 3161-177-1 + TYC 3161-434-
1ABC system (i.e., the blue, orange, dark green and dark
grey dashed line) by first interacting with TYC 3161-177-
1 right after the time of closest encounter of the system,
then with TYC 3161-434-1AB and last with TYC 3161-434-
1C. Bottom panel: Same as the bottom panel of Figure 3.3}
but for the system consisting of TYC 3160-1812-1, TYC
3161-177-1, and TYC 3161-434-1ABC. TYC 3161-177-1 has
its initial encounter with TYC 3161-434-1C (i.e., the lime
green parabola) approximately 6000 years prior to the
closest encounter with the rest of the system, but given the
separation between them is large this is just a very gen-
tle dynamical interaction. The next encounter happened
between TYC 3160-1812-1 and TYC 3161-434-1C (i.e., the
dark green parabola). TYC 3161-177-1 and TYC 3161-434-
1AB (i.e., the dark grey and the dodger blue parabola)
also interact at very similar times. The separation at the
close encounter between TYC 3161-177-1 and TYC 3161-
434-1AB is much smaller in comparison to TYC 3161-177-
1 and TYC 3161-434-1C, however given TYC 3161-434-
1AB is a tight binary their interaction with TYC 3161-177-
1 is likely just as minor as the one described above. The
encounter between TYC 3160-1812-1 and TYC 3161-434-
1A (i.e., the blue parabola) happened literally just before
the closest encounter of the overall system, as should also
be the same for TYC 3160-1812-1 and TYC 3161-434-1B
(i.e., the orange parabola) after the removal of their or-
bital motions. The last close encounter was between TYC
3160-1812-1 and TYC 3161-177-1 (i.e., the red parabola).
TYC 3161-434-1A, B, and C (i.e., the brown, purple and
black parabola) are still a bound system as demonstrated
by their almost flat parabolas (the slope is likely caused
by their orbital motions). The interaction described here,
combined with the inconsistent metallicities, indicate the
possibility that both TYC 3160-1812-1 and TYC 3161-177-1
are just chance alignments with the TYC 3161-434-1ABC
system.



CHAPTER 4

ldentification of additional ultracool

dwarf components

To further our understanding of the orbital population (i.e., VLMSs, BDs and GESPs),
in this chapter we attempt to find low-mass ejected components from disintegrating
multiple systems. This allows us to overcome the challenge caused by the glare of the
much brighter parent star. Observing very dim objects companions is proven to be an
extremely tough task that requires cutting-edge instruments and enormous amounts
of telescope time, consequently it is tremendously costly to observe these very low-
mass members via the technical route (i.e. blocking the light of the parent star). These
challenges can be avoided altogether by searching for systems where the low-mass
companions are being ejected dynamically. Additionally, identifying possible disin-
tegrating multiple systems can place further constraints on the formation models for
free-floating BDs and GESPs.

4.1 Observation with Dark Energy Camera (DE-
Cam)

To search for additional UCD components, too cold and faint to be seen by Gaia,

ejected from our disintegrating multiple systems we obtained deep imaging of a large
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Table 4.1: Observation details for the systems presented in this paper. For each system we

listed the name of the components, the filter used and the exposure time for each filter.

Name

Filter

Exposure time

(s)

TYC 6813-1293-1, TYC 6813-286-1, TYC 6813-643-1AB

180 x 7
180 x 7
50 x 7
40 x 7

TYC 7240-1438-1, TYC 7240-1159-1, TYC 7240-850-1

180 x 7
180 x 7
50 x 7
40 x 7

TYC 4936-84-1AB, TYC 4933-912-1AB, TYC 4934-796-1

180 x 7
180 x 7
50 x 7
40 x 7

TYC 9281-3037-1, TYC 9281-2422-1, TYC 9281-1175-1AB?

180 x 7
180 x 7
50 x 7
40 x 7

TYC 7731-1951-1, TYC 7731-2128-1AB, TYC 7731-1995-1ABC?

180 x 7
180 x 7
50 x 7
40 x 7

area around each system with the Dark Energy Camera (DECam; Flaugher et al., 2015)

on the Blanco 4m Telescope. We observed each system with the r, i, z and Y filters ob-

taining 7 exposures on a dithered pattern with offset of 60 arcsecs. The total exposure

time for each filter is given in Table The exposure times were chosen to reach a

S/N=10 depth of r~24 mag, i~24 mag, z~22 mag and Y~21 mag. For calibration

we obtained dome flats, biases and darks. We observed 3 photometric standard fields
at different airmass for photometric calibration: SDSSJ1048-0000, SDSSJ0933-0005 and

SDSSJ0843-0000.
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4.2 Data reduction

The images were processed using the DECam Community Pipeline (Valdes et al.,
2014), while the photometry was obtained from the images with a custom pipeline
based on the PSF-fitting algorithm DAOPHOTII/ ALLSTAR (Stetson) 1987). The final
catalog includes only stellar-shaped objects with [sharpness| < 0.5 to avoid, as much as
possible, the presence of non-stellar sources and background galaxies in our analysis.

We converted the instrumental magnitude to calibrated magnitude using the fol-

lowing equation:

r(AB) =0.998170(40.000067) X Mapcor — 0.04394(+0.00029) x

4.1)
Airmass + 0.37797
i(AB) =0.996426(+0.000071) x Mapcor — 0.03293(+£0.00030) x 42)
Airmass + 0.31727 '
z(AB) =0.99785(£0.00012) x Mapcor — 0.04291(+£0.00041) x 43
Airmass — 0.07681 '
Y(AB) =1.016258(+0.00035) x Mapcor — 0.03754(+0.00010) x @

Airmass — 1.479324

Where Mapcor 18 the aperture-corrected instrumental magnitude.

4.3 Measuring PMs

We also calculated PM for the stars in our DECam images. To do that we cross-
matched our DECam observations with the Visible and Infrared Survey Telescope
for Astronomy (VISTA) Hemisphere Survey (VHS; McMahon et al., 2021), the United
Kingdom Infrared Telescope (UKIRT) Infrared Deep Sky Survey (UKIDSS; Lawrence
et al.,|2007) and 2MASS. We calibrated the measured position for our DECam objects
using Gaia DR2 as a reference. First we cross-matched the DECam observations with
Gaia DR2 with a radius of 5 arcsec and we kept only Gaia matches that have a mea-
sured PM. Then we used the Gaia PM to move each Gaia reference star to the epoch
of our DECam observations. We then calculated adjustment to the World Co-ordinate
System (WCS) of the DECam images using a least square fit with 3¢ outlier rejection.

Finally we measured the PM with a linear fit to the positions in the available data,
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i.e. combining our DECam epoch with the VHS, UKIDSS, and 2MASS data. Figure
shows an example for a promising UCD candidate member of the system consisting of
TYC 7731-1951-1, TYC 7731-2128-1AB, and TYC 7731-1995-1ABC? (see Section [4.6.5).
The top panel shows the VHS J-band image, the middle panel shows our DECam z-
band image, and the bottom panel shows the two positions used to measure the PM.
In the two images we indicate with a red cross the position of the object at the two
epochs. The motion is small but significant, and the PM we measure for this source
is consistent with the PM measured by the CatWISE2020 catalog, although the Cat-

WISE2020 PM has bigger uncertainties than our measurement.

4.4 Selection of ultracool dwarf candidates

We search for additional low-mass component of our disintegrating multiple systems
using the photometry and PM measured with our DECam data (see Section [4.3| for
details). First we used the PMs to calculate the distance that each object in the DE-
Cam images had from the centre of the disintegrating system at the time of closest
encounter (i.e. column 9 in Table[2.T). We selected only objects that were within 20,000
AU of the centre of the system, since this is the separation of the widest binaries con-
taining UCDs known to date (see e.g. Day-Jones| 2009). We calculated the uncertainty
on the separation as a function of time by propagating the uncertainty on the mea-
sured position and PM using a Monte Carlo method as follows. For each object, we
generate 10,000 “copies” with coordinates and PM taken from a Gaussian distribution
centered on the measured values, and with o equal to the measurement uncertainties.
We then computed the separation as a function of time for all of those 10,000 “copies”.
We assumed as uncertainty the standard deviation of the distribution of 10,000 values.
We then looked at the direction of the motion for all of the objects and compared with
the direction of the motion of the stellar components of the system. We retained only
those objects where the direction of motion is consistent with having been ejected after

the close encounter.

4.4.1 Cross-matching with external surveys

To obtain additional photometry for the objects in the DECam images we cross-
matched all of the sources with a number of publicly available large-area surveys.

The surveys we used are briefly described in the following sections. To cross-match
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Figure 4.1: An example PM measurements for
a promising UCD candidate member of the
system consisting of TYC 7731-1951-1, TYC
7731-2128-1AB, and TYC 7731-1995-1ABC?
(see Section [f.6.5). Top panel: the VHS J-band
image. The position of the object in this im-
age and in the DECam image is marked with
a red cross. Middle panel: the DECam z-band
image. The position of the object in this im-
age and in the VHS image is marked with a
red cross. Bottom panel: The two positions
measured from the VHS and DECam images
shown above, which were used to measure
the PM. Our measurement for this object (see
Table is consistent with the measurement
from the CatWISE2020 catalog, but the Cat-
WISE2020 PM has larger uncertainty (u; =
—52 451 mas yr~! and y; = —35+ 57 mas

yr1h.

E 2011.. E
~0.0F 01158 ,

E |zo17eo El

-0.8 -0.6 -0.4 -0.2 0.0
R.A. + 162.29982 (arcsec)

Dec. — 41.86636 (arcsec)
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the DECam objects, first we downloaded the respective data from the survey archives.
For each survey, we downloaded all the data available over the area covered by our
DECam images. Then, we used TOPCAT (Taylor, 2005) to perform the cross-match.
We used a matching radius of 1 arcsec to minimize the number of false matches. For
CatWISE2020 (Marocco et al.,|2021) we increased the matching radius to 3 arcsec be-
cause of the larger errors on the measured positions in CatWISE2020, especially for the
fainter objects. We kept the detections but also the non-detections, because the coldest
BDs can be undetected in some of the survey we used, especially those that observe
the sky at shorter wavelengths (e.g. PanSTARRS; Chambers et al. 2016) or those that
have relatively shallow images (e.g. 2MASS; Skrutskie et al.[2006).

CatWISE

CatWISE (Eisenhardt et al., 2020; Marocco et al., 2021) is an all-sky infrared catalog
based on the data from the survey data of of AIIWISE (Cutri et al., 2013) as well as the
Near Earth Objects WISE (NEOWISE; Mainzer et al., 2011). AIIWISE is based on the
tirst year of data from the Wide-field Infrared Survey Explorer (WISE; Wright et al.,
2010) and it is in turn a combination of the All-Sky and 3 Bands Cryo data releases.
The All-Sky data is in band W1, W2, W3 and W4, while the 3 Bands Cryo data re-
lease is only in band W1, W2, and W3. NEOWISE which is a rename of WISE, it is
post-cryogenic compared to WISE, and it is still ongoing. All of the NEOWISE obser-
vations are at W1 and W2. The Preliminary CatWISE catalog uses all data from 2010
to 2016, and later another two years of data (up to 2018) were added to create the Cat-
WISE2020 catalog. In comparison to AIIWISE, CatWISE contains dimmer sources as
well as offering much more accurate measurements of their motions. This is due to a
much larger span in operation time compared to the original baseline, resulting in an

addition of 6 times as many exposures to the AIIWISE dataset.

UK Infrared Deep Sky Survey (UKIDSS)

The UK Infrared Deep Sky Survey’s (UKIDSS; Lawrence et al., 2007) operation period
was between May 2005 to the end of 2011. It has surveyed 7500 square degrees of the
Northern sky, extending over both high and low Galactic latitudes. UKIDSS observed
in three bands, called J, H, and K, to a depth of K = 18.3, which is four magnitudes
deeper than its predecessor, 2MASS, thus its image quality is superior and can see

fainter stars in comparison (2MASS is considered the predecessor because both cover
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the same wavelengths). In addition, it can also be viewed as an extension to the exist-
ing SDSS, which observed at a short wavelength (UV and optical) and together they
constructed a more complete and clearer map of the Galactic plane. Note that there are
tive surveys that combine into UKIDSS. Two of them are deep extra-Galactic surveys,
with one of them covering 35 square degrees to K = 21, and the other covering 0.77
square degrees up to 2 magnitudes deeper, or K = 23. The objective of UKIDSS was
to discover some of the farthest known objects in the Universe, as well as some of the
nearest object to the Sun (outside of our solar system). To search for the nearest and
coolest BDs, galaxy clusters and elliptical galaxies at redshift 1<z<2, highest-redshift
quasars, at z=7, and high-redshift dusty starburst galaxies are the four prime goals
of the UKIDSS. The UKIRT Wide-Field CAMera (WFCAM; |Casali et al., [2007) is the
survey instrument used to achieve these ambitions. It is mounted on the UK Infrared
Telescope (UKIRT) in Hawaii (USA). It has four Rockwell devices (2048X2048) at 94%
spacing. It has an exposed solid angle of 0.21 square degrees with a 0.4 arcsec/pixel

scale.

Visible and Infrared Survey Telescope for Astronomy Hemisphere survey
(VHS)

The Vista Hemisphere Survey (VHS; McMahon et al.|2013) is a near-infrared (NIR) sur-
vey that is in the same wavebands (i.e. | and K;), approximately 30 times deeper than
the 2MASS. Its objective is to perform a NIR survey of the whole southern hemisphere
(an area of approximately 20 000 square degrees) in at least the two bands mentioned
above. In order to yield a median 50 point source (Vega) limits of [=20.2 and Ks =
18.1, an exposure time of 60 seconds per waveband was required. Additionally, H
band were also included in the imaging of the whole South Galactic Cap of approx-
imately 5000 square degrees. A median 5¢ point source limiting magnitudes of | =
20.6, H = 19.8 and K; = 18.5 were the products of a deeper imaging with an exposure
time of 120 seconds. Furthermore, the Dark Energy Survey (DES; Abbott et al.2018)
have too provided the deep multi-band optical (grizY) imaging data in this region of
the sky. The remainder of the high Galactic latitude (|b| >30°) sky have been imaged
in YJHK; with an exposure time of 60 seconds per band. It then has been combined
with the Very Large Telescope Survey Telescope ATLAS survey (VST ATLAS survey;
Shanks et al. 2015) which consist of ugriz waveband observations. Finally, by also
combining with data such as VISTA Kilo-Degree Infrared Galaxy Survey (VIKING;
Edge et al. 2013) from the other Visible and Infrared Survey Telescope for Astronomy
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(VISTA) public surveys, the whole area is then being totally covered.

Two Micron All Sky Survey (2MASS)
The Two Micron All Sky Survey (2MASS; Skrutskie et al.,|2006) mapped the entire sky

in three near-infrared photometric bands: |, H, and Ks. The survey was conducted
from 1997 to 2001 and it used two 1.3m telescopes, one in the north hemisphere at
the Fred Lawrence Whipple Observatory on Mt. Hopkins (USA) and one in the south
hemisphere at the Cerro Tololo Inter-American Observatory (CTIO, Chile). Each tele-
scope was equipped with a 3-channel camera using 256x256 arrays of HgCdTe de-
tectors. The limiting magnitudes achieved by 2MASS were | = 15.8, H = 15.1, and
Ks =14.3.

Panoramic Survey Telescope and Rapid Response System (PanSTARRS)

The Panoramic Survey Telescope and Rapid Response System (PanSTARRS; Cham-
bers et al., 2016) used a dedicated 1.8m telescope located at Haleakala Observatories
(HO) on the island of Maui (USA). It performed a large area survey of the sky, covering
a total area of 37 steradians north of declination —30 degrees, i.e. 3/4 of the full sky.
The survey is done in five bands, g, 7, 7, z, and Y, and achieved a sensitivity of 23.3,
23.2,23.1,22.3, 21.4 magnitude in each band respectively. Observations began in May
of 2010 and were completed in April 2014. The latest data release from PanSTARRS is
DR2, which was made publicly available in January 2019 (Flewelling et al., 2020).

4.4.2 Colour-colour diagrams and colour-magnitude diagrams

Next we used the DECam photometry and any additional NIR magnitude from the
literature to construct a series of colour-magnitude diagrams (hereafter CMD) and
used those to select UCD candidates. We used the CMDs from Best et al.| (2018)), Best
et al.| (2021), and [Kirkpatrick et al. (2011) as reference to estimate the spectral type of
our candidates based on their colours. We also derived spectral type estimates using
the colour to spectral type and absolute magnitude to spectral type relations from
Kirkpatrick et al.| (2021), estimating the absolute magnitude of the UCD candidates by
assuming that they were at the same distance as the stars in the disintegrating systems.
Finally, we also estimated spectral types for the UCD candidates by comparing their
colours with the reference colours from Table 1 of Skrzypek et al.|(2015). Objects with

consistent spectral types from all methods are our most promising candidates. Given
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the uncertainties in the measured magnitudes and the large intrinsic scatter among

the population of UCDs, we keep objects with spectral types consistent within ~4

subtypes.
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Figure 4.2: Colour-colour diagram (left panel) and colour-magnitude diagram (right panel)
for the candidate additional components of the system composed of TYC 7731-1951-1, TYC
7731-2128-1AB, and TYC 7731-1995-1ABC?. The more promising candidate is highlighted in
red, whereas initial candidates that were subsequently rejected because of their inconsistent
colours and magnitudes are plotted in black. To improve the clarity of the Figure, we omit
the error bars on rejected candidates. The uncertainty on the absolute magnitude of the UCD
candidate is based on the | magnitude uncertainty and the parallax error of the primary, i.e.
TYC 7731-2128-1AB. In blue we mark the median colours and the 1-¢ scatter listed inBest et al.

(2018). The z and Y magnitude are from our DECam observation, the | magnitude is from the
VHS.

4.5 New ultracool dwarf candidates

With the analysis above we identified one very promising UCD candidate associated
with the disintegrating system consisting of TYC 7731-1951-1, TYC 7731-2128-1 AB,
and TYC 7731-1995-1ABC?. Figure shows two examples of colour-colour and
colour-magnitude diagrams used for the selection. The left panel shows the z-Y vs Y-]
colour-colour diagram, while the right panel shows the M; vs J-K colour-magnitude
diagram. We highlight in red the position of our most promising candidate UCD. In

both plots, its colours and magnitude are consistent with the location of late-M and
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Table 4.2: Coordinates, PM, and photometry for the new candidate UCD.

Property Value Units Ref.
R.A. 162.299799+(12 x 107°) (deg) This paper
Dec. -41.866472+(3.4 x 107°) (deg) This paper

U —59+24 (masyr~!)  This paper
Us —25+24 (masyr—!)  This paper
z 21.93+0.13 (mag) This paper
Y 21.08+0.24 (mag) This paper
] 19.424+0.16 (mag) VHS
18.08+0.23 (mag) VHS
w1 16.862+0.043 (mag) CatWISE2020
W2 17.374+0.21 (mag) CatWISE2020

early-L dwarfs, and the spectral types estimates we get from the Kirkpatrick et al.
(2021) polynomials and the [Skrzypek et al. (2015) colours are all consistent with this
object having a spectral type in the range M8-L2. Note that this UCD candidate might
have a lower metallicity in comparison to other late-M/early-L dwarfs as it appears to
be a bit blue, in comparison, in the W1-W2 colour-colour diagram. We discuss further
this object and the system that contains it in Section [4.6.5

All other UCD candidates in the disintegrating systems presented here are dis-
carded either because their colours and magnitudes lead to inconsistent spectral types,
or because visual inspection of their PM and separation as a function of time are in-
consistent with them being associated with the main sequence stars in the system. It
would be good to obtain spectra for the candidates rejected based on their colors, to
check if the selection method used is not rejecting real UCDs that simply happen to

have peculiar colors.

4.6 Discussion on individual systems

4.6.1 TYC 6813-1293-1, TYC 6813-286-1 and TYC 6813-
643-1AB

A very interesting system in our sample is the one that contains TYC 6813-1293-1, TYC
6813-286-1, and TYC 6813-643-1AB.
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TYC 6813-1293-1 is in the catalog of accelerating stars (Brandt, 2021), which means
that it is probably an unresolved binary. Its spectral type is F5 (Houk & Smith-Moore,
1988), and it has a metallicity approximately 2 times higher than the other two stars in
the system ([Fe/H]=-0.0510.2; |Gaia Collaboration et al.|2022b). Its RV is also smaller
than the other two objects (RV=-46.6+0.3 km s~!) (Gaia Collaboration et al., 2018a). It
has a probability of 99% to be in the thin disk. The probability was computed follow-
ing the method described in Section[3.4.1} We also checked the probability of the target
being in a moving group using BANYAN (Gagné et al., 2018). It has a probability of
99.9% to be a field object.

TYC 6813-286-1 is also known to be a spectroscopic binary (Houk & Smith-Moore,
1988). Its spectral type is F7+A(pSr) (Houk & Smith-Moore, (1988). Its metallicity is
2 times lower than TYC 6813-1293-1 but almost the same as the other object in this
system ([Fe/H]=-0.111+0.04) (Allen & Barbuy, 2006). Its RV is also very similar to the
other object in the system (RV=-69+45 km s~!; Gaia Collaboration et al.2018a). The RV
error is pretty big, which we speculate is due to TYC 6813-286-1 being an unresolved
binary. It has a probability of 88% to be in the thin disk, and a probability of 99.9% to
be in the field according to BANYAN (Gagné et al., 2018).

TYC 6813-643-1 is resolved by Gaia in two components which form a common-
proper-motion-pair. The spectral type for the primary (hereafter A) is KOIV (Pickles &
Depagne) 2010), and we estimate the spectral type of the companion (hereafter B) to be
M3.5V using the Gaia magnitude and parallax and using Table 5 from |Pecaut & Ma-
majek (2013ﬂ The RV and metallicity of A are very similar to those of TYC 6813-286-1,
but with a smaller uncertainty — RV=-61.2+0.3 km s~! (Buder et al., 2021), [Fe/H]=-
0.10£0.05 (Buder et al., 2021). There is no RV and no metallicity measurement for B.
A has a probability of 95% to be in the thin disk, and a probability of 99.9% of being a
tield object according to BANYAN (Gagné et al., 2018). Because we don’t have RV for
B we cannot calculate those probabilities for it.

So, overall we assume that TYC 6813-286-1 and TYC 6813-643-1, each of which is
a binary, used to form a quadruple system, as confirmed by their nearly identical RV
and metallicity. Then they had a close encounter with TYC 6813-1293-1, which did not
belong to the original system as demonstrated by its very different RV and metallicity.
Now the quadruple is disintegrating. Figure 4.3|shows this more clearly. As one can
see in the top and middle panels, TYC 6813-1293-1 (the red arrow and dashed line)

passes between the other three objects involved during the close encounter causing

1h‘t:tp: //www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
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the disintegration. In particular, the middle panel of Figure shows that the in-
teraction between TYC6813-1293-1 and TYC6813-643A and B happens first, followed
by the interaction between TYC6813-1293-1 and TYC6813-286-1 (approximately 2,000
years after the system closest encounter). TYC6813-286-1 and TYC6813-643-1A and B
interact with each other approximately 5,000-6,000 years after the time of closest en-
counter. This can also be seen in the bottom panel of Figure The red, blue, and
orange parabola, which represent the distance between TYC 6813-1293-1 and the other
three objects in the system lie below the dark grey and dark green parabolas. In other
words, at the time of closest encounter TYC 6813-1293-1 is closer to the other three
objects than they are to each other. In particular, we think the interaction that causes
the disintegration is the one between TYC 6813-1293-1 and TYC 6813-286-1, because
the red parabola reaches the minimum and then, shortly thereafter, the disintegration
begins (i.e. the dark grey and dark green parabolas start increasing). Only the binary
composed of TYC 6813-643-1 A and B survives the encounter, because the separation
between them is significantly smaller than the distance between them and TYC 6813-

1293-1, so their gravitational bond is strong enough to prevent the disintegration.

Examining further Figure[4.3} we can see that the parabola of objects TYC 6813-643-
1 A and B (i.e. the dodger blue parabola) has a downward slope, seemingly implying
that the two objects were further away from each other during the close encounter
than they are now. We don’t think this is real, and it cannot be explained by the errors
on the Gaia PMs because they are too small, i.e. even accounting for the dotted and
dash-dotted lines the parabola still does not appear flat. So, we assume it is a result of
the fact that the PMs measured by Gaia include the orbital motion, which we cannot
remove because we don’t know the orbit of the binary. So when we propagate the
position back in time this orbital motion causes TYC 6813-643-1 A and B to appear to
move closer to each other. To quantify this we can do a quick calculation. We take
one object with the same position, PM, and parallax as TYC 6813-643-1 A. We add 1
km s~ orbital velocity to the tangential velocity of this hypothetical star and assume
that the orbital velocity only affects the p; and recalculate the “contaminated” PM
for this hypothetical star. We then use this contaminated PM to calculate the position
that this star would have at the time of closest encounter, and we find that the 1 km
s~ ! orbital velocity is enough to cause a shift of ~56 arcsec in the observed position,
which corresponds to ~6300 AU. We also note that many parabolas reach their minima
after the time of closest encounter, and this is probably due to the orbital motion as

well. A similar situation we suspect is happening in the top panel of Figure 4.3| with

90



4.6. DISCUSSION ON INDIVIDUAL SYSTEMS

TYC 6813-286-1. As seen, TYC 6813-286-1 (the blue cross) seems to be outside of the
dotted circle at the time of closest encounter, which is the 20,000 AU radius that we
used originally to select the candidate disintegrating systems. When we originally
selected the candidates we used the TGAS (Gaia Collaboration et al., 2016b) PMs, but
now we are using the Gaia DR3 (Gaia Collaboration et al., 2021) PMs. We suspect
that because of orbital motion due to the object being an unresolved binary the TGAS
(Gaia Collaboration et al., 2016b) and Gaia DR3 (Gaia Collaboration et al., 2021) PMs
are slightly different, so the object now seems to be outside of the circle.

Overall, this is a very interesting system, because it could be a quadruple + binary

encounter, leading to the disintegration of the quadruple.

4.6.2 TYC 7240-1438-1, TYC 7240-1159-1 and TYC 7240-
850-1

TYC 7240-1438-1 is an F3V star (Houk},{1982)), TYC 7240-1159-1 is an F8V star (Pickles &
Depagne, 2010), and TYC 7240-850-1 is a G5V star (Pickles & Depagne, 2010). All three
objects have approximately solar metallicity (0.04:0.2, Gaia Collaboration et al.|2022b;
0.05£0.06, Kunder et al. 2017; 0.07£0.07, Kunder et al. 2017), although the [Fe/H]
measurement for TYC 7240-1438-1 has large uncertainties. The three objects all have
different RV from each other and all have good measurements with relatively small
uncertainties. TYC 7240-1438-1 has RV = 12.4+0.3 km s~ 1, TYC 7240-1159-1 has RV
=-9.440.5 km s™!, and TYC 7240-850-1 has RV = 20.7+0.2 km s~ ! (all measurements
are from |Gaia Collaboration et al, 2022b). All three stars have a probability >97%
of belonging to the thin disk (see description of methodology in Section and,
according to BANYAN (Gagné et al., 2018), all three stars have a probability of 99.9%
of being field objects. None of the three objects is flagged to be a possible unresolved
binary.

We can see in the top panels of Figure 4.4 that TYC 7240-1438-1 passes between
the other two objects, so it could be the cause of the disintegration of the system.
However, we see in the bottom panel of Figure (4.4 that the separation between TYC
7240-1159-1 and TYC 7240-850-1 (i.e. the orange parabola) starts increasing before
the interaction between TYC 7240-1438-1 and the other two objects. In other words,
the orange parabola reaches the minimum before the red and blue parabolas. So, it
appears that the possible binary formed by TYC 7240-1159-1 and TYC 7240-850-1 was
already disintegrating at the time of closest encounter with TYC 7240-1438-1. This
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Figure 4.3: Top panel: the position of TYC 6813-1293-1,
TYC 6813-286-1 and TYC 6813-643-1 AB now and at the
time of closest encounter of the system. For each object,
the arrow indicates the current direction of motion, the
dashed line connects the current position with the posi-
tion at the time of closest encounter, marked by a cross.
The small black cross is the centre of the system at the
time of closest encounter, and the black dashed circle has
a radius of 20,000 AU. TYC 6813-1293-1 passes between
the other three objects, likely causing their disintegration.
Middle panel: same as the top panel, but zoomed in on the
position of closest encounter. Symbols and colours are the
same as the top panel, and we added diamonds to show
the position of each object in intervals of 1,000 years after
the time of closest encounter, up to a maximum of 10,000
years. For pairs of objects that did not reach their mu-
tual minimum separation at the time of closest encounter
for the system, a dark grey dotted line shows the position
and the time when their interaction took place. TYC6813-
1293-1 (red dashed line) is likely causing the disintegra-
tion of TYC6813-286-1 (blue dashed line) and TYC6813-
643-1AB (orange and dark green dashed lines) by first
interacting with TYC6813-643-1AB, and later interacting
with TYC6813-286-1. The interactions between TYC6813-
643-1B and TYC6813-286-1 and between TYC6813-643-1A
and TYC6813-286-1 happened later on. Bottom panel: The
separation between the components of the system as a
function of time. The vertical dashed line marks the time
of closest encounter while the horizontal dashed lines in-
dicates a separation of 20,000 AU. The dotted and dash-
dotted line above and below each parabola indicate the
one-sigma uncertainty range. TYC 6813-1293-1 comes to
a closer separation from TYC 6813-286-1 and TYC 6813-
643-1AB than the separation between TYC 6813-286-1 and
TYC 6813-643-1 AB (i.e. the red parabola is at smaller sep-
aration than the dark grey and dark green parabolas at
the time of closest encounter), causing the breakup of the
system. TYC 6813-643-1 AB, however, survives the en-
counter and continues onward as a binary (i.e. the dodger
blue parabola, see Section[£.6.2)for discussion of its slope).
The dark grey and dark green parabola do not reach the
minimum at the same time, contrary to what one might
expect from a binary. However, we think this is due to

orbital motion for the binary.
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leaves us with two possible explanations — either TYC 7240-1159-1 and TYC 7240-850-
1 were not a binary to begin with but just two objects passing near each other, or TYC
7240-1159-1 and TYC 7240-850-1 were a binary, but their disintegration is caused by

another, yet unseen, object.

4.6.3 TYC 4936-84-1 AB, TYC 4933-912-1 AB, and TYC
4934-796-1

TYC 4936-84-1 is a K1I1I star (Pickles & Depagne, [2010) with a slightly low metallicity
([Fe/H] = -0.1240.09; Kunder et al[2017) and a small RV (RV = -1.804+0.80 km s~ !;
Gaia Collaboration et al., 2018a). It has a probability of 99% of belonging to the thin
disk. Gaia DR3 resolves a fainter companion, for which we estimate a spectral type
of M4.5V using its absolute G magnitude, parallax, and its colours (i.e. G-BP, G-
RP, BP-RP) with Table 5 from Pecaut & Mamajek (2013). No metallicity estimate or
measurement is available for the companion. We will refer to this binary as TYC 4936-
84-1 AB. TYC 4933-912-1 is a KOV star (Pickles & Depagne, 2010) with a slightly high
measured metallicity ([Fe/H] = 0.19+0.05; Buder et al.|2021) and a measured RV =
15.90+0.07 km s~ ! (Buder et al., 2021). We compute a probability of 98% of belonging
to the thin disk. This object is listed in the SUPERWIDE catalog (Hartman & Lépine,
2020) as SWB11354. Its companion is a K8V which we will call TYC 4933-912-1 B. The
spectral type was estimated by us using the absolute G magnitude, parallax, and the
Gaia DR3 colours, as described above. The parallax, PM, and RV of the two objects
agree very well (RV = 17.3+0.8 km s~ !;|Gaia Collaboration et al., 2022b), so it is highly
likely that this object is a real binary, however, the metallicity measurement for TYC
4933-912-1 B is [Fe/H] = 0.0240.07 (Kunder et al.,[2017)), which is not consistent with
the metallicity for TYC 4933-912-1 A. This is puzzling since one would expect that
the two components of a binary have the same metallicity since they formed from
the same material. Given our analysis in Section we do not think this is due to
a systematic difference between GALAH and RAVE leading to a spurious difference
between the two components. Another more exotic explanation is that the metallicity
of the two objects is different because the two stars did not form together but the KOV
captured at some point the K8V. Further followup is needed to clarify the nature of
this pair. TYC 4934-796-1 is a KOV (Pickles & Depagne, [2010) with a high metallicity
([Fe/H] = 0.29+0.05; Buder et al|2021), and a measured RV = -19.89+0.06 km s’
(Buder et al., 2021). Gaia DR2 reports a RV of —19.2 + 0.5 km s~!, while Tsantaki et al.
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Figure 4.4: Top panel: Same as the top panel of Fig-
ure but for the system consisting of TYC 7240-1438-1,
TYC 7240-1159-1 and TYC 7240-850-1. TYC 7240-1438-
1 passes between the other two objects, so it could be
causing their disintegration. Middle panel: same as the
middle panel of Figure but for the system consisting
of TYC 7240-1438-1, TYC 7240-1159-1 and TYC 7240-850-
1. All objects in this system have their initial interaction
at the time of closest encounter of the system (marked
by a cross). As shown in the top panel, TYC 7240-1438-
1 (the red dashed line) passes between TYC 7240-1159-
1 (the blue dashed line) and TYC 7240-850-1 (the orange
dashed line), possibly triggering the disintegration of the
binary. Bottom panel: Same as the bottom panel of Fig-
ure but for the system consisting of TYC 7240-1438-
1, TYC 7240-1159-1 and TYC 7240-850-1. The separation
between TYC 7240-1159-1 and TYC 7240-850-1 (orange
parabola) reaches its minimum before the separation be-
tween them and TYC 7240-1438-1 (red and blue parabola),
meaning that the system was already disintegrating be-

fore the close encounter.
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(2022) reports a RV of —20.8 + 0.7 km s~!. Both measurements are consistent with
the one from [Buder et al|(2021). It has a probability of 99% of belonging to the thin
disk, regardless of which RV we use for the calculation. All of these five objects have a
probability of 99.9% of being field objects according to BANYAN (Gagné et al., 2018).

The true nature of this system is unclear. Looking at the top panels of Figure
we can see that the two binaries (TYC 4936-84-1 AB and TYC 4933-912-1 AB) and TYC
4934-796-1 are going in three different directions, almost perpendicular to each other.
This can be interpreted as a simple close encounter between three unrelated systems,
with no visible disintegration occurring. However, it is still possible that there could
be unseen low-mass objects ejected by one of the three systems. Another possibility
is that TYC 4933-912-1 AB and TYC 4934-796-1 used to be a triple system, and now,
after the interaction with TYC 4936-84-1 AB, they are disintegrating. This hypothe-
sis comes from the fact that TYC 4934-796-1 and TYC 4933-912-1 A have metallicity
which is consistent with each other within their errors but, as we discussed above,
the metallicity of TYC 4933-912-1 A and B need further investigation to explain their
inconsistency. The bottom panel of Figure 4.5/ could help explain the nature of this
system. The red and brown parabolas represent TYC 4936-84-1 AB and TYC 4933-912-
1 AB, which are still bound together, so their separation does not increase with time.
We note that both parabolas have a shallow slope to them, most likely due to the un-
accounted orbital motion of the pairs. In practice, since the Gaia astrometric solution
assumes that these objects are singles and not binaries, it does not separate the PM of
the object from its orbital motion. The measured PM in the Gaia catalogue is, there-
fore, the sum of the PM and the orbital motion, and this makes it appear as if the two
objects are moving closer to each other. Figure[4.5/shows that the two binaries interact
first, i.e. the blue, orange, dark grey, and dodger blue parabola reach their minima
first, with minimum separation of <5,000 AU. This could be causing the ejection of
TYC 4934-796-1 from the TYC 4933-912-1 AB system. The separation between these
three objects, represented by the purple and black parabola, starts increasing just after
the interaction between the two binaries. However, the current direction of motion
for TYC 4933-912-1 AB and TYC 4934-796-1 are almost exactly opposite to each other,
and it is unlikely for the interaction to have caused such a large change of course for
an object as massive as a KOV star. Finally, TYC 4934-796-1 has a close encounter with
the TYC 4936-84-1 AB (i.e. the dark green and lime green parabola) approximately
3,000 years after the disintegration began or approximately 1,000 years after the time
of closest encounter of the full system (see bottom and middle panels of Figure[4.5).
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Further analysis of this system, in particular of the discrepancy between the metal-
licity of TYC 4933-912-1 A and B could help clarify the nature of this system.

4.6.4 TYC 9281-3037-1, TYC 9281-2422-1, and TYC 9281-
1175-1AB?

TYC 9281-3037-1 is a GOV star (Pickles & Depagne, 2010) with a very low metallicity
of -2.3+0.1 (Buder et al., 2021) and a very high PM and RV (238.14+0.9 km s~!, Buder
et al., 2021). Because of its high PM and RV, this object has a probability of 100% of
belonging to the halo (see methodology above), which is consistent with its low metal-
licity. We found that Gaia DR3 has a slightly discrepant RV = 230.44+2.4 km s~ !, but
even if we assume the Gaia value instead of the Buder et al. (2021)) value the proba-
bility to belong to the halo remains 100%. TYC 9281-2422-1 is a G5V star (Pickles &
Depagne, 2010) with an estimated metallicity which is consistent with solar, but with
large uncertainties ([Fe/H] = 0.24+0.4;/Ammons et al.[2006). It has a relatively low RV,
but its measurement also has large uncertainty (RV = 1646 km s~ !, Gaia Collabora-
tion et al., |2022b). We speculate that this large uncertainty could be due to this object
being an unresolved binary, i.e. the large uncertainty could be a result of line broaden-
ing due to the orbital velocity of the pair with the orbital plane being almost aligned
with the line of sight. Gaia does not resolve the possible system. Despite the large
RV uncertainty, this object has a probability of 99% of belonging to the thin disk. TYC
9281-1175-1A is an F8V star (Pickles & Depagne} [2010) with a well measured metallic-
ity of 0.06+0.08 (Buder et al., 2021) and a well measured RV =-5.2+£0.1 km s~ ! (Buder
et al., [2021). Gaia DR3 reports a RV of —5.0 4+ 0.2 km s~! and [Tsantaki et al. (2022)
reports a RV of —4.9 + 0.3 km s~!, which are consistent with the Buder et al| (2021)
value. Gaia resolves the object in two separate sources, but does not provide paral-
lax nor PM measurement for the secondary, so we cannot conclude if this secondary
source is a real companion or just a chance alignment with a background source. If we
assume that the secondary is at the same distance as the primary, then we can use its
Gaia G magnitude to estimate its spectral type to be M5V. TYC 9281-1175-1AB? has a
probability of 99% of belonging to the thin disk, regardless of which RV we use for the
calculation. According to BANYAN (Gagné et al., 2018) all of the stars are members of
the field with a probability of 99.9%.

We speculate that TYC 9281-2422-1 and TYC 9281-1175-1AB? used to form a binary

because their similar [Fe/H] and somewhat similar kinematic, and that TYC 9281-
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3037-1, a halo star, caused their breakup. Looking at the top panels of Figure 4.6\ we
can see that TYC 9281-3037-1 (red arrow and dashed line) passes between TYC 9281-
2422-1 (blue arrow and dashed line) and TYC 9281-1175-1A (orange arrow and dashed
line), so this interaction could be the cause of the disintegration. The bottom panel of
the same Figure confirms this, as we can see that TYC 9281-3037-1 comes quite close
with TYC 9281-1175-1A first (i.e. the blue parabola reaches its minimum first), then
interacts with TYC 9281-2422-1 (i.e. the red parabola reaches its minimum second).
We can also see that this appears to be a more “gentle” breakup compared to the other
systems studied here, since the separation between TYC 9281-2422-1 and TYC 9281-
1175-1A increases slowly (i.e. the orange parabola is almost flat).

Deep AO imaging and /or RV monitoring of TYC 9281-2422-1 and TYC 9281-1175-
1AB? could be useful to understand if either of those object is itself a tight binary.

4.6.5 TYC 7731-1951-1, TYC 7731-2128-1AB, and TYC
7731-1995-1ABC?.

TYC 7731-1951-1 is a G5V star (Pickles & Depagne| 2010) with a low estimated metal-
licity, but with large uncertainties ([Fe/H] = -0.3+0.2; Gaia Collaboration et al.[2022b).
Using its well measured RV (RV = 32.64-0.3 km s~!; Gaia Collaboration et al., 2022b)
we find that this object has a probability of 97% of belonging to the thin disk. TYC
7731-2128-1 is a GOV star (Pickles & Depagne, [2010) with an estimated metallicity of
[Fe/H] = 0.340.3 (Ammons et al.,|2006). This star has a low RV = 0.6+£0.2 km s~! (Gaia
Collaboration et al., 2022b) but because of its high PM, it has a probability of 76% of
belonging to the thick disk, and only 24% of belonging to the thin disk. We found that
it has a close companion resolved by Gaia (Gaia Collaboration et al., 2021), with par-
allax and PM consistent with being a companion to TYC 7731-2128-1. So we call the
primary TYC 7731-2128-1 A and this new companion TYC 7731-2128-1 B. We estimate
the spectral type of the new companion using its absolute G magnitude, parallax, and
the Table 5 from Pecaut & Mamajek (2013), and find that this is an M3V. There are
no [Fe/H] nor RV measurements for TYC 7731-2128-1 B. TYC 7731-1995-1A is a KOIII
(Houk, 1978). The estimated [Fe/H] is 0.2+0.2 (Gaia Collaboration et al., 2022b), and
its RV is 5.3+0.1 km s~ ! (Gaia Collaboration et al., 2018a). Using the parallax, PM, and
RV we estimate a probability of 99% of belonging to the thin disk. This object is also
in the catalog of accelerations (Brandt, [2021) indicating that it could be an unresolved

binary. Its measured RV has small uncertainties, but this could be due to the fact that
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Figure 4.6: Top panel: Same as the top panel of Fig-
ure but for the system consisting of TYC 9281-3037-
1, TYC 9281-2422-1, and TYC 9281-1175-1A?. The possi-
ble unresolved companion to TYC 9281-1175-1A? is not
shown because there is no PM measurement available for
it. TYC 9281-3037-1 passes between the other two ob-
jects, so it could be causing their disintegration. Middle
panel: same as the middle panel of Figure[£3] but for the
system consisting of TYC 9281-3037-1, TYC 9281-2422-1
and TYC 9281-1175-1A?. All objects in this system have
their initial interaction at the time of closest encounter of
the system (marked by a cross). The fast moving TYC
9281-3037-1 leaves the area shown in less than 1,000 yr,
so there is no red diamond in the plot. As shown in the
top panel, TYC 9281-3037-1 (the red dashed line) passes
between TYC 9281-2422-1 (the blue dashed line) and TYC
9281-1175-1A? (the orange dashed line), so it is likely to be
the cause of the disintegration of the binary/triple. Bottom
panel: Same as the bottom panel of Figure but for the
system consisting of TYC 9281-3037-1, TYC 9281-2422-1,
and TYC 9281-1175-1A?. The possible unresolved com-
panion to TYC 9281-1175-1A? is not shown because there
is no PM measurement available for it. TYC 9281-3037-1
passes between the other two objects, as shown by the red
and blue parabolas reaching a smaller separation than the
orange parabola. This interaction could be the cause of
the disintegration of the system. The disintegration in this
case is “gentle” as shown by the orange parabola being
almost flat, i.e. the separation between TYC 9281-2422-1
and TYC 9281-1175-1A? increases slowly.
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the orbital plane of the binary is perpendicular to the line of sight, so the orbital veloc-
ity does not contribute much to the RV uncertainty. Using ALADIN (Bonnarel et al.,
2000), we see that there is another object very close to this target, but Gaia DR3 (Gaia
Collaboration et al.,[2021) does not report the parallax nor the PM of this other object,
so we cannot establish if this new object is a companion to TYC 7731-1995-1A (hence
the cause of its acceleration) or just a background star. If we assume that this new star
is at the same distance as the KOIII, we estimate its spectral type to be M3V. According
to BANYAN, TYC 7731-1951-1, TYC 7731-2128-1 AB, and TYC 7731-1995-1ABC? are
all field objects.

Even though we do not have good [Fe/H] measurement to establish which ob-
ject were previously associated, we can still use Figure 4.7| to interpret the close en-
counter. The top panels of Figure 4.7/ show that TYC 7731-1951-1 comes close to TYC
7731-2128-1 AB and TYC 7731-1995-1AB? and then move on. The bottom panel of
Figure [4.7] gives us a more complete picture of the interaction. TYC 7731-1951-1 in-
teracts with TYC 7731-2128-1 AB (red and blue parabolas) but comes closer to TYC
7731-2128-1 B. Shortly thereafter, the disintegration between TYC 7731-2128-1 AB and
TYC 7731-1995-1AB? begins (dark grey and dodger blue parabolas, see also the inset
of the middle panel). So we conclude that the interaction between TYC 7731-1951-
1 and TYC 7731-2128-1 AB is the cause of the disintegration of the triple system (or
maybe quadruple). We note that the dark grey and dodger blue parabola are slightly
different from each other even though in theory they should be identical (because TYC
7731-2128-1 A and B are binary) and we think that this difference is due to the orbital
motion of the binary. We can also see that TYC 7731-2128-1 AB is still a binary because
the separation between the two components is constant (dark green parabola). We
can also see that TYC 7731-1951-1 and TYC 7731-1995-1AB? come close to each other
~2000 yr after the disintegration began, so this interaction cannot be the cause (see the
orange parabola in the bottom panel as well as the middle panel of Figure .7).

Better metallicity measurements for all objects in this system would help us con-
firm the scenario we think is likely. A measurement of the parallax and PM for the
newly discovered object near TYC 7731-1995-1AB? is needed to find out is these two
objects form a binary or if it is just a chance alignment.

The analysis described in Section 4.4 revealed a possible additional ejected UCD
component of this system. The left panel of Figure 4.8/shows that the PM for the new
UCD is well aligned with the PM of TYC 7731-2128-1 AB, suggesting that the UCD

candidate could have formed a triple system with those two stars. We note that the
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PM measurement for this UCD is based on the DECam observation combined with
the VHS J data. The right panel of Figure 4.8/ shows that the parabola for the UCD
reaches its minimum very close to the time of closest encounter, marked by a vertical
dashed line. Even though the errors on the UCD candidate parabola are larger than
those on the TYC stars, the maximum separation at the time of closest encounter is
< 3.5 x 10* AU, therefore it is plausible that this object was initially part of the system
and is being ejected as a result of the disintegration of the system. The UCD is well
detected in our DECam z image, but only barely detected in the Y image. Moreover,
the UCD candidate is also well detected in the VHS | and K data, as well as the WISE
W1 data, but only barely detected in the W2 image. It is undetected in Gaia DR3.
Further inspection of DSS2 B images reveal a faint detection at the location of the UCD.
This detection is puzzling and in disagreement with the fact that this source does not
appear in Gaia DR3, since the Gaia G and Ggp filters both overlap the DSS2 B filter,
and Gaia DR3 is much deeper than DSS2. We propose three possible explanations
for this puzzling detection. The first possible explanation is that the DSS2 detection
is spurious, i.e. an image artifact. The second possible explanation is that the DSS2
detection is real, but it is not associated with our UCD candidate. The fact that this
source does not appear in Gaia DR3 can be explained assuming that the DSS2 source is
a transient (e.g. a nova, or a long-period variable source). If this is the case, since this
source is only detected in DSS2 B but not in DSS2 R and IR, we can assume that it does
not contaminate the photometry and astrometry of our UCD, which is based only on
near-infrared data. The third possible explanation is that the DSS2 detection is real and
it is actually associated with our UCD candidate. This would mean that our candidate
is not a UCD but instead some background object with peculiar colours, and probably
variable at short wavelength. Using the available photometry (excluding the puzzling
DSS2 B detection), assuming that the object is at the same distance as the TYC stars,
and employing the method described in Section we find that this UCD candidate
is likely an early-L dwarf. Looking at the left panel of Figure[4.2] we can see that given
the relatively large error bars the z — Y colour is consistent with spectral type M7-L4,
while the Y — Jyps colour is consistent with spectral type M6-L1 (but we note that the
1-0 error bars for the UCD candidate also overlap the 1-0 scatter range for M5 and
L2). The right panel of Figure 4.2|shows that the (] — K)mko colour is consistent with
spectral type M8-L4. The strongest constraint on the spectral type comes from the
Mjvko which is consistent with L3. This estimate however is a bit inconsistent with

the estimate that comes from the Y — Jyps colour. Overall, we conclude that this could
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be a slightly underluminous and slightly blue L2-L3 dwarf. Its properties are listed in
Table Additional imaging would help to further improve the photometry and the
PM measurement for this object, and spectroscopy is desirable to confirm or refute its
nature, thus clarifying the mystery surrounding the DSS2 B detection.

If this additional object is confirmed to be a UCD, it would be the first example of
an ejected UCD benchmark.
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Figure 4.7: Top panel: Same as the top panel of Fig-
ure but for the system consisting of TYC 7731-1951-
1, TYC 7731-2128-1 AB, and TYC 7731-1995-1AB?. The
possible companion to TYC 7731-1995-1AB? is not shown
because there is no PM measurement available for it. The
interaction between TYC 7731-1951-1 and TYC 7731-2128-
1 AB is likely to cause the breakup of the TYC 7731-2128-1
AB and TYC 7731-1995-1AB? system. Middle panel: same
as the middle panel of Figure but for the system con-
sisting of TYC 7731-1951-1, TYC 7731-2128-1AB and TYC
7731-1995-1AB?. All objects in this system have their ini-
tial interaction at the time of closest encounter of the sys-
tem (marked by a cross) except for TYC 7731-1951-1 (the
red dashed line) and TYC 7731-1995-1AB? (the dark green
dashed line) which interact just before the 2,000 years
mark, TYC 7731-2128-1A (the blue dashed line) and TYC
7731-1995-1AB? as well as TYC 7731-2128-1B (the orange
dashed line) and TYC 7731-1995-1AB? which have their
interaction shortly after the closest encounter of the sys-
tem. TYC 7731-1951-1 (red dashed line) is likely causing
the disintegration of TYC 7731-2128-1AB and TYC 7731-
1995-1AB? (blue, orange and dark green dashed lines) by
first interacting with TYC 7731-2128-1AB, then later inter-
acting with TYC 7731-1995-1AB? (the dark green dashed
line). Bottom panel: Same as the bottom panel of Fig-
ure but for the system consisting of TYC 7731-1951-
1, TYC 7731-2128-1 AB, and TYC 7731-1995-1AB?. The
possible companion to TYC 7731-1995-1AB? is not shown
because there is no PM measurement available for it. TYC
7731-1951-1 passes very close to TYC 7731-2128-1 AB (red
and blue parabolas) likely triggering the disintegration of
the TYC 7731-2128-1 AB and TYC 7731-1995-1AB? system
(dark grey and dodger blue parabolas). TYC 7731-2128-1

AB survives the encounter (dark green parabola).
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Figure 4.8: Left panel: Same as the top panel of Figure [£.7, but highlighting the possible UCD
ejected component discovered here. The TYC stars are plotted in red, while the UCD is plotted
in black. Right panel: Same as the bottom panel of Figure .7, but showing only the possible
new UCD ejected component discovered here. The solid parabola shows the separation as
a function of time between the UCD and the center point of the disintegrating system at the
time of closest encounter. The dotted and dash-dot parabolas are the upper and lower 1¢

uncertainties.
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Conclusions and Future work

5.1 Conclusions

One of the longtime main research interests in the LMSs and BDs research commu-
nity is to gain more knowledge on the dominant formation mechanism of ultra-cool
objects. Observational constraints are vital in improving various suggested formation
models, especially those on the binary fraction and the IMF (e.g. Stamatellos et al.,
2012). Furthermore, the initial requirements for capture and even the origin of some
of the free-floating field planetary-mass objects could also gain some insight or even
be answered through the study of disintegrating multiple systems.

The method used in this project to search for candidate disintegrating systems in
the TGAS catalogue was first described in|Yip et al[(2016). In general, the principle of
this method is to first make sure all components within each candidate system share
a common distance (reducing possible selection of chance alignment) via the use of
distance measurements and constraints from trigonometric parallax and spectropho-
tometric techniques. The next step is to select possible systems that do not have CPM
(hence that are likely to be disintegrating) by using their relative PMs and their asso-
ciated measurement uncertainties. The last step is to fine tune the selection of more
genuine candidate disintegrating systems with the aid of relative component posi-
tions that are tracked back and projected forward through time. In this thesis I proved
not only that this method works, but also that it is robust, as demonstrated by the 20
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possible disintegrating multiple systems uncovered here.

Though in consideration that disintegration can be a complex process, I began with
the investigation of two main types of break up. The first type is when the group is
completely disintegrating due to more violent interactions. Hence, all objects have
broken away from the original system, i.e., the disintegrating multiple system consists
of associations where all three components are moving away from each other (here-
after Group A - 15 systems). The other type is when the group has only one object
that is breaking away while the rest of the system remains bound because of a gentler
interaction, i.e., the disintegrating multiple system consists of a possible binary and a
third object that is moving away from the binary (hereafter Group B — 5 systems). In
this project, then I explored 9 of these candidate systems, which are all from Group A.
Aiming to search for possible UCD/s that could be part of the disintegrating system,
I lead a proposal to follow-up 5 of these systems with the use of DECam. The pro-
posal (ID 2017A-0918) was awarded one night via the CNTAC. The observations were
carried out in visitor mode by myself and my advisor, Prof. Radostin G. Kurtev. The
other 4 candidate systems were followed up with ISIS, to measure the [Fe/H] and RV
information needed to further confirm their likelihood of being genuine disintegrat-
ing systems. This was done through a proposal to ING (ID SW2017a08) which was
awarded 5 hours. The observations were conducted in service mode. The remain-
ing 6 candidate systems that were not investigated are solely because of them being

unobservable at the time.

The outcome is that 3 out of 5 of the disintegrating systems from the DECam group
and 2 out of 4 of the candidate systems from the ISIS group are likely to be genuine.
From this I can deduce the contamination rate to be 4 out of 9 or 44.4%. Given these
disintegrating multiple systems are not trivial to find, the contamination rate is accept-
able. Even though numerical simulations predict that 50% to 95% of non-hierarchical
triple systems and 10% of hierarchical triple systems undergo an ejection at some point
in their evolution (e.g. Anosova, [1990; Valtonen et al.,|2003), there are currently only
10 known disintegrating system candidates in the literature (Li et al., 2009). So, my 5
new promising candidates represent a 50% increase over the current population.

I will now briefly summarize the properties of the five genuine disintegrating sys-
tems. The first system consists of TYC 6813-1293-1, TYC 6813-286-1 and TYC 6813-
643-1AB and could be at least a possible sextuple (due to one of the objects being in
the Catalog of Accelerations and another object being a spectroscopic binary) i.e. a

quadruple+binary disintegrating system. Next, the system consisting of TYC 9281-
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3037-1, TYC 9281-2422-1 and TYC 9281-1175-1AB? could be a quadruple (one of the
components needs confirmation that it is indeed part of this system) i.e. a triple+single
star candidate disintegrating system. TYC 7731-1951-1, TYC 7731-2128-1AB and TYC
7731-1995-1ABC? is the third system and it could be a sextuple (due to one of the ob-
jects being in the Catalog of Accelerations and another component yet to be confirmed
if it is indeed part of this system) i.e. a quintuple+single star candidate disintegrating
multiple system. The fourth system consists of TYC 3023-1691-1, TYC 3024-1493-1 and
TYC 3023-1688-1ABC? (one of the objects is yet to be confirmed as part of this system)
and could be a quintuple i.e. a quadruple+single star candidate system. Finally, TYC
3440-338-1, TYC 3441-520-1 and TYC 3440-300-1AB is the fifth system which could be
at least a sextuple (due to two of the components being in the Catalog of Accelerations)
i.e. a quadruple+binary disintegrating system. Overall, there are 3 possible sextuples
(2 of which are quadruple+binary systems and 1 is a quintuple+single star system), 1

quintuple and 1 quadruple candidate disintegrating systems.

Furthermore, it is even harder to find additional low-mass components that are
missed by Gaia. After rigorous assessment with the aid of various CMDS, I identified
a promising UCD candidate in one of the systems from the DECam sample. The sys-
tem consists of TYC 7731-1951-1, TYC 7731-2128-1AB, and TYC 7731-1995-1ABC?, and
began its possible disintegration approximately 9000 years ago. It includes a promis-
ing novel early L dwarf candidate, with a spectral type estimate in the range M8-L2.
I have ruled out the presence of UCD candidates in the other 2 out of the 3 genuine

systems followed up with DECam.

In addition, I also established a reliable method to use iSpec to measure the [Fe/H]
and vsini of AFGK stars. Using the ISIS spectra, I have also measured the RVs for
all objects observed. The combination of validating as well as further study of these
candidate disintegrating multiple systems could lead to the disclosure of the full range
of components during disintegration, hence new constraints then can be placed on
the typically unseen constituents of multiple systems. Moreover, the rate at which
these disintegrating systems interact in the Galactic disk can be determined from the
observed frequency of those disintegrators. Further, the identifiable disintegrating
components in the low-mass range can be extended through supplementary analysis

of longer wavelength observations (e.g. the data on the Spitzer Heritage Archive).

107



CHAPTER 5. CONCLUSIONS AND FUTURE WORK

5.2 Future work

All 20 candidate disintegrating systems from both Group A and Group B would re-
quire follow-up observations to obtain high quality parallax, PM, RV, and [Fe/H] for
all members that are currently lacking such measurements. RV monitoring or adaptive
optics observations are desirable to verify if objects in the Catalogue of Acceleration
are real binaries or multiple systems. Once the distance, PM and RV for all counter-
parts in these disintegrating systems have been acquired, by also obtaining the 3-D
velocities, dynamical simulation then can be performed to provide additional confir-
mation of whether these candidate systems are in fact gravitationally unbound or not.
Additional lower mass components could potentially be released as results of the dy-
namical interactions thus become detectable as they become widely separated from
their original host. Hence, follow-up with even deeper observations, in particular
of the 5 more promising disintegrating multiple systems, is necessary. A deep near-
infrared imaging in the region of those candidate systems could aim to investigate if
there are any/additional fainter ejected objects which were previously undetectable
that are also involved in the disintegration process, i.e., T and Y dwarfs and even exo-

planets.

It is also essential to confirm the nature, characterize as well as to obtain the RV
measurement of the candidate UCD from the disintegrating system consisting of TYC
7731-1951-1, TYC 7731-2128-1AB and TYC 7731-1885-1ABC? by following it up with
near-infrared spectroscopy. It may be also beneficial to obtain spectra for a few of the
rejected UCD candidates, to make sure that the selection method is not removing real
UCDs. Further, a good parallax measurement for the candidate UCD is also crucial in

validating if it is indeed a part of this candidate disintegrating system.

Moreover, a continuous expansion to the existing list of candidate systems with
even higher quality candidate systems would also be an imperative part of the future
work, given that Gaia DR3 provides extremely accurate parallaxes and PMs for main-
sequence stars and UCDs down to G=20.7 mag. For the selection of photometric UCD
candidates, beyond the current surveys and facilities such as the UHS (Dye et al.,
2018), PanSTARRS (Chambers et al., 2016), VHS (McMahon et al., 2013), WISE (Wright
et al,[2010), UKIDSS (Lawrence et al.,|2007) and SDSS (York et al.,[2000), other infrared
surveys will soon be available and can be used for a much larger sample of UCD
companion/s that could be part of this new list of disintegrating systems, e.g. EUCLID
(Laureijs et al., 2011} |[Euclid Collaboration et al., 2022) and the Nancy Grace Roman
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Space Telescope (Spergel et al., [2013). LSST (Ivezic et al., 2019) will provide repeated
observations for the candidate UCDs identified this way, and therefore allow me to
measure their PM and parallaxes and determine if they are members of the system.
SPHEREX (Korngut et al., 2018) will provide low-resolution spectra for the candidates,
therefore enabling me to confirm the nature of the candidates and characterize them
right away. Finally, NEOSurveyor (Kirkpatrick et al.,|2019) will provide data at longer
wavelengths, to search for even colder ejected components.

Overall, the combination of future large area surveys and facilities will greatly ex-
pand the possibility to identify disintegrating multiple systems, and will facilitate the
identification and characterization of ejected low-mass components, therefore allow-

ing for a more comprehensive study of the population of these intriguing objects.
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