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Abstract

Kinematic studies of the Hipparcos catalogue have revealed associations that are best explained as
disintegrating multiple systems, presumably resulting from a dynamical encounter between
single/multiple systems in the field (Li et al. 2009). In this project | have searched for disintegrating
multiple systems in three database/catalogues; Dwarf Archive, the Hipparcos Main Catalogue, and the
Gliese-Jahreils Catalogue. My techniques were able to identify systems containing stars, as well as
star/brown dwarf components. Distance constraints from parallax and spectrophotometry allowed me to
identify common distance associations. Proper motion measurements allowed me to separate common
proper motion multiples from my sample of disintegrating candidates. And proper motion and positional
information allowed me to select candidate systems based on relative component positions that were
tracked back and projected forward through time. Four candidate disintegrating multiple systems have
been identified, all quadrupoles. One of these four systems contains a UCD (GJ 570 D). Another consists
mainly of known members of the open cluster IC 2602, and the other two systems consist of M-K dwarfs
and K dwarfs respectively. In addition | have identified two candidate disintegrating double systems, each
containing one UCD component. The first one consists of a T1 dwarf and a white dwarf. The second one
(the eta CrB system) has been previously identified as a bound multiple system, though my analysis
suggested it could be disintegrating. In addition | have identified three multiples (previously unreported
or with un-reported components) with component spectral types of; K1+K5 (spectroscopic binary),
MO0+M2 and M1+M3.5+M4. | discussed the properties of all these systems as well as the sample overall,
considering sources of uncertainty and contamination, and discussed future work on the sample and to
expand this area of research.
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the top) a L dwarf (in purple), a T dwarf (in magenta) and the spectrum of Jupiter
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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.

1.5: (left) The binary fraction measured within 30-10,000 AU (the restricted
separation range). (right) The binary separation distribution of the M dwarfs
from the survey of Ward-Duong et al. (2014) within the mentioned restricted
separation range of 30-10,000 AU (Figure 2 from Ward-Duong et al. 2014).
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the benchmark systems from the literature. Model colour tracks for Saumon et al.
(2012) and Morley et al. (2012) are shown for comparison. Each benchmark is link
to a box indicating the colour predicted by the model.

2.1: From the spectral type O to M (0-9 O type, 10-19 B type, 20-29 A type, 30-39

F type, 40-49 G type, 50-59 K type and 60-69 M type), the spectral type distribution
of GJC.

2.2: The polynomial fit for MKO and 2MASS (Figure 25 of Dupuy & Liu (2012)).The
figure shown NIR absolute magnitude as a function of spectral type (for all ultracool
field dwarfs with parallaxes but not include known young or planetary mass object
and sub-dwarfs).

2.3: Number of UCDs versus distance in parsec. There is a higher population of
objects at a closer distance than at a much further distance. Objects with measured
parallax are plotted in black, while objects without are plotted in red. The population
without parallaxes extends further than the one with parallaxes, due to the
challenge of measuring parallaxes at large distances.
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2.4: Number of stellar objects versus distance in parsec. The entire sample is plotted
in black, while objects with uncertainties < 10% are plotted in red. There is a higher
population of objects at an intermediate distance than at a much further distance.
This is because of the limiting magnitude of Hipparcos. Objects with good quality
parallax (i.e. uncertainties < 10%) only extend out to 200 pc.

2.5: Colour magnitude diagram with the data from the HMC. The entire sample is
plotted in black, while objects with uncertainties < 10% are plotted in red. The 10%
sample takes the shape of the HR diagram. The longest curve extending from top left
to bottom right is the main sequence. Red giants are represented by the shorter curve
from the top right to the mid main sequence. A small population of white dwarfs is at
the bottom left of the figure.

2.6: Number of stellar objects versus distance in parsec. There is a higher
population of objects at closer distance than at a much further distance.

2.7: Colour magnitude diagram with the data from the GJC. The longest curve
extending from top left to bottom right is the main sequence. A small population
of red giants shows on top of the mid part of the main sequence. The shorter curve
parallel to the main sequence is the white dwarf population.

2.8: The right ascension (a) versus declination (8) plot from the DA data shows the
distribution of UCDs on the sky. Objects with measured parallax are plotted in black,
while objects without are plotted in red. The population of UCDs is densest along
the equator.

2.9: The colour of the UCDs versus the brightness of the UCDs. Objects plotted in
black are the ones with measured parallax and objects plotted in red are ones
without. Star symbols indicate L dwarfs and open diamonds indicate T dwarfs. The
brighter objects are M and L dwarfs, with J between 15 and 16 there is the L/T
transition, T dwarfs are the faintest and bluest objects.

2.10: The colour of the UCDs versus the absolute J magnitude of the UCDs.

Objects with measured parallax are plotted in black, while objects without are
plotted in red. Star symbols indicate L dwarfs and open diamonds indicate T dwarfs.
Objects without measured parallax show a larger scatter in colour with spectral type.

2.11: The colour of the UCDs versus the absolute K magnitude of the UCDs. Objects
with measured parallax are plotted in black, while objects without are plotted in red.
Star symbols indicate L dwarfs and open diamonds indicate T dwarfs. Objects without
measured parallax show a larger scatter in colour with spectral type.

2.12: Spectral type versus M;. This plot shows the transition pattern between L
dwarfs and T dwarfs in the J band. The objects plotted in black are the ones
with measured parallax and the objects plotted in red are the ones without.
Objects in red follow the Dupuy & Liu (2012) polynomial, while objects in black
show a larger scatter due to the presence of young objects and unresolved
binaries. Star symbols indicate objects following the MKO polynomial and open
diamonds indicate objects following the 2MASS polynomial.
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2.13: Spectral type versus M. This plot shows the transition pattern between L
dwarfs and T dwarfs in the K band. Objects with measured parallax are plotted

in black and objects without are plotted in red. Objects in red follow the Dupuy & Liu
(2012) polynomial, while objects in black show a larger scatter due to the presence
of young objects and unresolved binaries. Star symbols indicate objects following
the MKO polynomial and open diamonds indicate objects following the 2MASS
polynomial.

2.14: Spectral type versus My. This plot shows the transition pattern between L
dwarfs and T dwarfs in H band. Objects with measured parallax are plotted in
black while objects without are plotted in red. Star symbols indicate objects
following the MKO polynomial and open diamonds indicate objects following the
2MASS polynomial.

2.15: Separation histogram from the X-match between DA and HMC. The majority
of the systems have separation within 1.5 arcminutes. Only few of them extend
to 9 arcminutes.

2.16: Colour-colour diagram for the UCD components of the DA-HMC X-matching
data. Objects with parallax are plotted in black while objects without parallax are
plotted in red. The L-T sequence extends from the top right corner to the bottom
left corner.

2.17: Colour magnitude diagram with the DA-HMC X-matching data. Objects
with parallax are plotted in black while object without parallax are plotted in red.
The L-T sequence extends from the top to the bottom left corner of the plot. The
majority of the systems are L dwarfs.

2.18: Colour magnitude diagram with the DA-HMC X-matching data. BDs

are plotted in black while Hipparcos stars are plotted in red. The primaries

are main-sequence stars while the BDs cover the entire L-T range.

2.19: Absolute J magnitude against separation for the DA-HMC systems. Wide
associations are rare and the 2 widest associations are L dwarfs, which are the
most common type of UCD in DA.

2.20: Separation histogram from the results of the X-match between DA and GJC.
The majority of the systems have separation within 1.5 arcminutes.

2.21: Colour-colour diagram with the DA-GJC X-matching data. Objects with
parallax are plotted in black while object without parallax are plotted in red.
The L-T sequence extends from the top right corner to the bottom left corner.
2.22: Colour magnitude diagram with the DA-GJC X-matching data. Objects
with parallax are plotted in black while object without parallax are plotted in
red. The L-T sequence extends from the top to the bottom left corner of the
plot. The systems are quite evenly distributed in the spectral sequence.
2.23: Colour magnitude diagram with the DA-GJC X-matching data. BDs

are plotted in black while Gliese stars are plotted in red. The majority of

the primaries are main-sequence stars but there are a couple of faint white
dwarfs as well. BDs cover the entire L-T range.
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2.24: Absolute J magnitude against separation for the DA-GJC systems. Only L
dwarfs are found at large separations. 50

2.25: Separation histogram for the HMC-HMC X-match. Systems within 50pc are

plotted in black while systems outside this limit are plotted in red. The sample in

general contains systems with a wide range of separations and peak between 0

and 100 AU and decreases towards the maximum separation of 3200 AU. 51

2.26: Colour magnitude diagram with the HMC-HMC X-matching data. Objects in

groups of 2 are plotted in black while objects in groups of 3 are plotted in red and

objects in groups of 5 are plotted in green. The figure shows the main sequence

and the red giants, the longest curve extending from top left to bottom right and

on top of the mid part of the main sequence, respectively. The population of LMSs is

a lot sparser in comparison to the population of higher mass stars in the main

sequence. Most of the objects in groups of 3 and 5 stars are high mass early spectral

type objects. No white dwarfs or giants are found in multiple systems. 52

2.27: Separation histogram for the results of the GJC-GJC X-match. Systems within
25pc are plotted in black while systems outside this limit are plotted in red. The vast
majority of the systems are within 100 AU. 53

2.28: Colour magnitude diagram with the GJIC-GJC X-matching data. Objects in groups

of 2 are plotted in black while objects in groups of 3 are plotted in red. Objects in

groups of 4 are plotted in blue and objects in groups of 5 are plotted in green. The

figure shows the main sequence and the red giants, the longest curve extending from

top left to bottom right and on top of the mid part of the main sequence, respectively.

The population of high mass main sequence stars, red giants, and white dwarfs is

smaller than the population of LMSs. The objects in high multiplicity groups are evenly
distributed along the main sequence and even include red giants and white dwarfs. 53

2.29: Separation histogram for the results of the HMC-GJC X-match. Systems within

25pc are plotted in black while systems outside this limit are plotted in red. The
distribution of nearby objects peaks between 50 and 100 AU, while the distribution

of distant objects is flat from 50 all the way to 200 AU. 54

2.30: Colour magnitude diagram with the HMC-GJC X-matching data. Objects in

groups of 2 are plotted in black while objects in groups of 3 are plotted in red.

Objects in groups of 4 are plotted in blue, objects in groups of 5 are plotted in green

and objects in groups of 6 are plotted in yellow. The figure shows the main sequence

and the red giants, the longest curve extending from top left to bottom right and on

top of the mid part of the main sequence, respectively. The population of high mass

main sequence stars and red giants is smaller than the population of LMSs, and the
population of white dwarfs is even smaller, limited to a few objects. The objects in

high multiplicity groups are evenly distributed along the main sequence and even

include red giants and white dwarfs. 55

2.31: The difference between the PM of the components of the associations
identifies X-matching DA with HMC as a function of their PM error. The two



dashed lines show the 1 sigma and 3 sigma limits. All except two objects are within
the 3 sigma limit.

2.32: Separation histogram for the DA-HMC X-matching. CPM systems are

plotted in black and non-CPM systems are plotted in red. CPM systems are
common at shorter separation, non-CPM systems are more common at larger
separation.

2.33: In the top plot, | show the full range of the two components of the PM of the
objects in DA-HMC systems. BDs are plotted in black while Hipparcos stars are
plotted in red. In the bottom plot, | show a zoom into the low PM region. CPM
objects appear next to each other. The components of each system are connected
with a black line. The error bars represent the one sigma uncertainty, in many cases
the error bars are not showing because the uncertainties are very small.

2.34: The difference in PMra on the x-axis and the difference in PMdec on the
y-axis for each association. CPM systems are plotted in red and non-CPM systems
are plotted in black. Non-CPM systems that are close to 0 have very small
uncertainties.

2.35: The difference between the PM of the components of the association
identifies X-matching DA with GJC as a function of their PM error. The two
dashed lines show the one sigma and 3 sigma limits. A lot of objects are above
the 3 sigma limit hence are disintegrating candidates.

2.36: Separation histogram for the DA-GJC X-matching. CPM systems are plotted

in black and non-CPM systems are plotted in red. CPM systems are common at
shorter separation, and there are quite a few non-CPM systems at close separation
too. This could be real disintegrating systems.

2.37: In the top plot, | show the full range of the two components of the PM of the
object in DA-GJC systems. UCDs are plotted in black while Gliese stars are plotted
in red. In the bottom plot, | show a zoom into the low PM region. The components
of each system are connected with a black line. CPM objects appear next to each
other and some of them are even superimposed. The error bars represent the one
sigma uncertainties, in many cases the error bars are not showing because the
uncertainties are very small.

2.38: The difference in PMra on the x-axis and the difference in PMdec on the
y-axis for each association. CPM systems are plotted in red and non-CPM systems
are plotted in black.

2.39: The difference between the PM of the components of the associations
identifies X-matching HMC with HMC as a function of their PM error. The two
dashed lines show the one sigma and 3 sigma limits. Components of candidate
binaries are plotted in black, components of candidate triple systems are plotted
in red while components of candidate quintuple systems are plotted in blue. A lot
of objects are above the 3 sigma limit, hence are disintegrating candidates.
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2.40: Separation histogram for the HMC-HMC X-matching. CPM systems are plotted
in black and non-CPM systems are plotted in red. There are a few CPM systemes,
especially at shorter separation, and there are quite a few non-CPM systems
extending all the way to 50 kAU. These are likely to be real disintegrating systems.
2.41: In the top plot, | show the full range of the two components of the PM of the
objects in HMC-HMC systems. The two components of groups of 2 are plotted in
black and red respectively, objects in groups of 3 are plotted in green and objects
in groups of 5 are plotted in blue. In the bottom plot, | show a zoom into the low
PM region. CPM objects appear next to each other and some of them are even
superimposed. The error bars represent the one sigma uncertainties, in many cases
the error bars are not showing because the uncertainties are very small.

2.42: The difference in PMra on the x-axis and the difference in PMdec on the
y-axis for each association. CPM systems are plotted in red and non-CPM systems
are plotted in black. Non-CPM systems that are close to 0 have small uncertainties.
The CPM system that is far from 0 has large uncertainties.

2.43: The difference between the PM of the components of the associations
identified X-matching GJC with GJC as a function of their PM error. The two dashed
lines show the one sigma and 3 sigma limits. Components of candidate binaries are
plotted in black and components of candidate triple systems are plotted in red. A
lot of objects are above the 3 sigma limit hence are disintegrating candidates. The
objects form a vertical line because of my assumption of 2.5 mas/yr PM errors.

2.44: Separation histogram for the GJC-GJC X-match. CPM systems are plotted

in black and non-CPM systems are plotted in red. The distribution of CPM and
non-CPM systems are very similar. In both cases the majority of the systems have
close separation.

2.45: In the top plot, | show the full range of the two components of the PM of the
objects in GJC-GJC systems. The two components of groups of 2 are plotted in black
and red respectively, objects in groups of 3 are plotted in green while objects in
groups of 4 are plotted in light blue and objects in groups of 5 are plotted in blue.
In the bottom plot, | show a zoom into the low PM region. CPM objects appear next

to each other and some of them are even superimposed. The error bars represent the

one sigma uncertainties, in many cases the error bars are not showing because the
uncertainties are very small.

2.46: The difference in PMra on the x-axis and the difference in PMdec on the
y-axis for each association. CPM systems are plotted in red and non-CPM systems
are plotted in black. Non-CPM systems that are closer to 0 have very small
uncertainties.

2.47: The difference between the PM of the components of the associations
identifies X-matching HMC with GJC as a function of their PM error. The two
dashed lines show the one sigma and 3 sigma limits. Components of candidate
binaries are plotted in black, components of candidate triple systems are plotted
in red, components of candidate quadruple systems are plotted in green,
components of candidate quintuple systems are plotted in blue and components
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of candidate sextuple systems are plotted in yellow. A lot of objects are above the
3 sigma limit hence are disintegrating candidates.

2.48: Separation histogram for the HMC-GJC X-match. CPM systems are

plotted in black and non-CPM systems are plotted in red. The distribution of CPM
and non-CPM systems are very similar.

2.49: In the top plot, | show the full range of the two components of the PM of the
objects in HMC-GIC systems. The Gliese stars are plotted in black and the Hipparcos
stars are plotted in red. In the bottom plot, | show a zoom into the low PM region.
CPM objects appear next to each other and some of them are even superimposed.
The error bars represent the one sigma uncertainties, in many cases the error bars
are not showing because the uncertainties are very small.

2.50: | have plotted the difference in PMra on the x-axis and the difference in

PMdec on the y-axis for each association. CPM systems are plotted in red and

non-CPM systems are plotted in black. Non-CPM systems those are closer to 0
have very small uncertainties.

2.51: The separation between the objects in a non-CPM association as a function
of time. The yellow line is the separation between object number 1 and object
number 2, the red line is the separation between object number 1 and object
number 3 while the blue line is the separation between object number 2 and
object number 3. The objects reach minimum separation in the future so the
system is not disintegrating.

2.52: The proper motion of the stars. The M2 is plotted in yellow and the MO is
plotted in red. The figure shows that the two objects share CPM and therefore
are very likely to be a genuine binary system. The errors on the two components
of the PMs are plotted at the beginning of each arrow. The dashed lines are
plotted to ease the comparison between the PMs directions.

2.53: The proper motion of the stars. The K1 is plotted in yellow and the K5 is
plotted in red. The figure shows that the two objects share a CPM is very likely to

be a genuine binary system. The error on the two components of the PMs is plotted
at the beginning of each arrow. The dashed lines are plotted to ease the comparison
between the PMs direction.

2.54: The proper motion of the stars. The M1 is plotted in yellow, the M3.5 is

plotted in red and the M4 is plotted in light blue. The M1 and M3.5 are superimposed
in the plot as they share the same co-ordinates and PM. The errors on the two
components of the PMs are plotted at the beginning of each arrow. The dashed

lines are plotted to ease the comparison between the PMs directions.

3.1: Separation in AU against the distance of the associations from the

DA-HMC X-match. The dashed line shows the 10 arcminute angular separation
limit. There is a wide and homogeneous range of separations.
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3.2: Separation in AU against the distance of the associations from the

DA-GJC X-match. The dashed line shows the 10 arcminute angular separation
limit. There is a wide and homogeneous range of separations.

3.3: Separation in AU against the distance of the associations from the
HMC-HMC X-match. The dashed line shows the 10 arcminute angular separation
limit. There is a wide and homogeneous range of separations.

3.4: Separation in AU against the distance of the associations from the
GJC-GJC X-match. The dashed line shows the 10 arcminute angular separation
limit. Most of the associations have very close separations.

3.5: Separation in AU against the distance of the associations from the
HMC-GJC X-match. The dashed line shows the 10 arcminute angular separation
limit. Most of the associations have very close separations because of the

GJC components.

3.6: The proper motion of the star and UCD. The Gliese star is plotted in yellow
and the BD is plotted in red. The large PM masks the small difference in alignment.
The errors on the two components of the PM are plotted at the beginning of

each arrow. The dashed lines are plotted to ease the comparison between the PMs
directions.

3.7: The separation between the components of the association as a function of
time. The black line represents the separation between the BD and the host star
(Gliese star 1) and the red line represents the separation between Gliese star 1
and the disrupting third body (Gliese Star 2). The association disintegrates after
Gliese star 2 passes between the other two objects. For each parabola the one
sigma error range is delimited by a dotted line (upper limit) and a dashed line
(lower limit).

3.8: The proper motion of the stars. The B7 spectroscopic binary is plotted in
yellow while the B2.5 is plotted in red and the B9.5 is plotted in blue. The three
objects align very well while the B7 appear to have the highest PM of the group.
The errors on the two components of the PMs are plotted at the beginning of each
arrow. The dashed lines are plotted to ease the comparison between the PMs
directions

3.9: The separation between the components of the association as a function of

time. The separation between the B7 and the B2.5 is plotted in blue, the separation
between the B7 and the B9.5 is plotted in yellow while the separation between the
B2.5 and the B9.5 is plotted in red. The association disintegrates after the B7 passes
next to the B9.5. For each parabola the one sigma error range is delimited by a dotted
line (upper limit) and a dashed line (lower limit).

3.10: The proper motion of the stars. The K6 binary is plotted in yellow, the M0.5
is plotted in red, and the M2 is plotted in light blue. It is easy to see that the M2 is
passing between the K6 and MO0.5 and is therefore likely to disintegrate the K6-M0.5
system. The errors on the components of the PMs are plotted at the beginning of
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each arrow. The dashed lines are plotted to ease the comparison between the PMs
directions.

3.11: The separation between the components of the association as a function of
time. The separation between the M2 and the K6 is plotted in yellow, the separation
between the MO0.5 and the K6 is plotted in red while the separation between the M2
and the MO0.5 is plotted in blue. The interaction between the M2 and the M0.5
triggers the disintegration of the K6-M0.5 system. For each parabola the one sigma
error range is delimited by a dotted line (upper limit) and a dashed line (lower limit).

3.12: The proper motion of the stars. The K3 is plotted in blue, the K1 is plotted in
light blue, and the K4 is plotted in yellow while the K5 is plotted in green. The K4
and the K5 clearly form a binary system, while the other two do not seem to be
related. The errors on the components of the PMs are plotted at the beginning
of each arrow. The dashed lines are plotted to ease the comparison between the
PMs directions.

3.13: The separation between the components of the association as a function
of time. The separation between the K4 and the K1 is plotted in black, the
separation between the K4 and the K3 is plotted in red, the separation between
the K4 and the K5 is plotted in yellow, the separation between the K1 and the K3
is plotted in green, the separation between the K1 and the K5 is plotted in light
blue while the separation between the K3 and the K5 is plotted in dark blue. The
interaction between the objects results in the K1+K3 pair being disintegrated.
For each parabola the one sigma error range is delimited by a dotted line

(upper limit) and a dashed line (lower limit).

3.14: The proper motion of the star. The white dwarf is plotted in yellow and the
BD is plotted in red. The BD is moving faster than the white dwarf, perhaps a sign
that is being ejected. The error on the two components of the PM are plotted at
the beginning of each arrow. The dashed lines are plotted to ease the comparison
between the PMs directions.

3.15: The separation between the components of the association as a function of
time. The BD could be ejected because of a hidden third object or due to the
evolution of the more massive primary. For each parabola the one sigma error
range is delimited by a dotted line (upper limit) and a dashed line (lower limit).

3.16: The proper motion of the stars. The spectroscopic binary is plotted in
yellow and the BD is plotted in red. The difference between the PMs is very
small. The errors on the two components of the PMs are plotted at the
beginning of each arrow. The dashed lines are plotted to ease the comparison
between the PMs directions.

3.17: The separation between the components of the association as a function
of time. The BD could be ejected because of a hidden third object or due to the
dynamical interaction with the spectroscopic binary. For each parabola the one
sigma error range is delimited by a dotted line (upper limit) and a dashed line

XV

84

85

86

87

88

89

90



(lower limit).

XVi

91



List of Tables

2.1: This table shows the result of numbers of candidate systems with multiples
components from DA-HMC X-matching.

2.2: This table shows the result of numbers of candidate systems with multiples
components from DA-GJC X-matching.

2.3: This table shows the result of numbers of candidate systems with multiples
components from HMC-HMC X-matching.

2.4: This table shows the result of numbers of candidate systems with multiples
components from GJC-GJC X-matching.

2.5: This table shows the result of numbers of candidate systems with multiples
components from HMC-GJC X-matching.

2.6: This table presents the summery results for all X-matching.

3.1: This table shows the properties of the objects of the disintegrating association.
3.2: This table shows the properties of the objects of the disintegrating association.
3.3: This table shows the properties of the objects of the disintegrating association.
3.4: This table shows the properties of the objects of the disintegrating association.
3.5: This table shows the properties of the objects of the disintegrating association.

3.6: This table shows the properties of the objects of the disintegrating association.

XVii

46

49

52

53

55

76

82

84

86

88

91

92



In this Thesis

The main findings of my research will be presented in this Thesis. | will discuss topics in the light of
current published data and theories, in addition with the implications and new opportunities offered by
these results for future study in these particular areas. In the first chapter, | will present sufficient
background in this field with related literature to explain the importance of my work and how my
research provides a significant contribution to knowledge in these areas. The set of requirements | used
to select my candidate systems and methods applied in this work will be listed and described in Chapter
2. The results obtained by this project and discussion thereof shall be reported in Chapter 3. Finally, the
future work and conclusions of my findings will be present in Chapter 4.
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Chapter 1

1. Background

1.1 Introduction

The theory of brown dwarfs was first proposed by Kumar (1963). From the properties of completely
convective models of stars from 0.09 to 0.04 solar masses, assuming non-relativistic degeneracy of
the stellar material, Kumar noticed a lower limit to the mass of a main sequence star, which was
approximately 0.07 solar masses (Mg). The most up-to-date value of the minimum mass for
hydrogen-burning is ~0.075 M. Stars whose mass is below this limit will not go through the normal
stellar evolution, due to the fact that the potential energy produced by gravitational contraction is
not sufficient to ignite hydrogen fusion in their core. These objects were therefore considered failed
stars and were called ‘Black Dwarfs’ at the time. Though there were a few other names suggested
beside ‘Black Dwarf’ (e.g. ‘Infrared Dwarf’; Davidson 1975), none of them was unambiguous. Hence
the need for a new name for these intermediate objects became urgent. It was then that Tarter
(1975) suggested in her Ph.D. thesis the term ‘Brown Dwarf’, because the colour ‘Brown’ in a colour
palette is somewhere between ‘Red’ and ‘Black’. This new name has been accepted by the ‘sub-
stellar objects community’ and has become widely used nowadays.

Since these objects are intrinsically faint due to the lack of fusion, the first brown dwarf candidate,
GD 165B, was observed only in the late 1980’s with the aid of infrared telescopes by Becklin &
Zuckerman (1988), orbiting around a white dwarf (however GD 165B at the time was not recognised
as a brown dwarf). The first two unambiguous brown dwarfs, GL 229B (a T7 dwarf with a mass of 20-
50 M;, companion to an M1 dwarf; Nakajima et al. 1995) and Teide 1 (found in the Pleiades cluster
as a free-floating M8 dwarf with a mass of 40-70 M;; Rebolo et al. 1995) were discovered only
another 7 years later. The number and type of brown dwarfs discovered increased exponentially as
infrared technology advanced with the improvement in the sensitivity of the instruments, and led to
the extension of the Morgan-Keenan spectral classification system of stars (Morgan, Keenan, &
Kellman 1943), with the introduction of three new spectral classes: L, T (Burgasser et al. 2002;
Geballe et al. 2002; Kirkpatrick 2005; Burgasser et al. 2006a), and more recently Y (Cushing et al.
2011). In the past years, astronomers have been using observations to improve our understanding of
how brown dwarfs form, their mass spectrum (the sub-stellar initial mass function; IMF), and their
atmospheric properties.

Brown dwarfs are found either as field objects or as cluster/moving group members. They have been
observed as isolated objects, in binary systems (i.e. brown dwarf-brown dwarf; star-brown dwarf)
and also in higher order multiple systems (see https://igagneastro.wordpress.com/list-of-ultracool-
dwarfs/ for a census of known ultracool dwarfs).

Dynamical interactions of these multiple systems with nearby stellar objects/multiples could lead to
the disintegration of the system. There has been some limited analysis of disintegrating multiple
systems in the field using Hipparcos data (Li et al. 2012). Other related studies in the disintegrating
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multiple systems domain are the numerical experiments on binary-binary encounters (Mikkola
1983), the dynamical evolution of star clusters (e.g. Aarseth 2004), focusing in particular on the
slingshot mechanism as one of the formation scenario for triple systems (due to binary-binary
encounters; Saslaw et al. 1974) in addition to simulations on the effect that negative total energy
has on triple systems (e.g. Anosova 1990).

In this thesis, | have used parallaxes and proper motions provided from astrometric surveys of stellar
objects and brown dwarfs to look for the evidence of disintegrating multiple systems with cool
nearby components. | have identified a set of possible candidate systems which can be used to
search for additional fainter objects in these associations using surveys including UKIDSS, SDSS,
VISTA and WISE. This work will contribute further clues to the limited study on the probability of cool
objects being ejected by disintegrating systems, as well as introducing an alternative route to locate
those extra dim objects.

In the following sections of chapter 1, the background information on ultra-cool dwarfs (population’s
properties, spectral types, etc.) will be presented in section 1.2. Then in section 1.3, | will describe
the definition as well as the formation theories for these cool objects. | will then discuss in section
1.4 the properties and proposed formation theories for multiple systems, as well as the dynamical
interactions that can lead to their disintegration. Last, the motivation for this thesis will be
presented in section 1.5.

1.2 Ultra-cool populations

Among the population of celestial objects those with effective temperature below 2500 K (S M7)
are generally referred to as ultra-cool dwarfs. This class includes very low-mass stars (hereafter
LMSs), brown dwarfs (hereafter BDs) and giant extrasolar planets (hereafter ESPs), and it is in
particular on the last two types of objects that | will focus in this thesis, as possibly ejected members
of disintegrating multiple systems. A more detail discussion of the properties of these ultra-cool
objects will be present in the following sections.

1.2.1 Effective temperature

To clarify, ultra-cool dwarfs (hereafter UCDs) as mentioned above is a temperature-based definition,
referring to objects that have effective temperature (T, s¢) that are below 2500K, whereas BDs are
objects that have a mass that is below 0.075M,. Hence not all UCDs are BDs. For example, LMSs will
cool, but eventually reach a minimum luminosity they can maintain through steady internal fusion,
becoming early L spectral type UCDs. On the other hand, since BDs cannot sustain stable hydrogen
burning, they will just darken gradually over their lifetime while most of the energy produced from
gravitational contraction is radiated away.

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,rr. Most M dwarfs are stars and have T ¢ ranging between 2300K and
3800K whereas the T, f for L dwarfs is approximately between 1400K and 2300K. The T,¢7 of T
dwarfs is from around 500K to 1400K and since Y dwarfs are cooler than the T dwarfs so their T,z is
below 500K. | will explain the atmospheric differences that occur with the temperature changes in
section 1.2.3 to 1.2.6 below.

Both the age and mass of these sub-stellar objects influence the distribution of their T, ¢ and
luminosity (i.e. (Luminosity, To¢¢) = 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 (i.e. Chabrier & Baraffe 2000; Saumon & Marley 2008; Allard et al. 2013; Allard
2014). The evolution of T ¢ (in K) with age (in Gyrs) for various objects of various masses (e.g. LMSs,
BDs and ESPs) is shown in Figure 1.1 (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 M; (the deuterium limit)
whereas the BDs and ESPs that have mass equal or below 13 M; 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 indicated the approximate realms for the L and T dwarfs as the regions of L and T dwarf
are still poorly determined. It also shows that the majority of BDs evolve from spectral types M (late)
to Lto lastly T.

Essentially, stars at the lowest mass end contract at a rapid rate as pre-stellar objects; 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, s¢ remain constant throughout their lifetime and become late M or early L
dwarfs, and reach relatively compact states where the radius is roughly equivalent to the radius of
Jupiter.

At the beginning of the evolution of these low-mass stars and high-mass BD, there is a short
deuterium burning phase (within ~20 Myr) depending on their mass (Chabrier & Baraffe 2000). Sub-
stellar objects will then carry on with their contraction, cooling and fading slowly and steadily. They
will then evolve from spectral type M to L then T and the least massive ones will eventually become
Y dwarfs.

Sub-stellar objects below the deuterium burning limit such as low-mass BDs and planets 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 approximately a linear function of its mass when it is
young. On the other hand sub-stellar objects undergo a mass-radius relation inversion after ~100
Myr. Originally more massive brown dwarfs will end up with smaller radii (the objects with the
largest radii are those with mass around 4 M, e.g. Zapolsky & Sappeter 1969; Hubbard 1977) as
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.
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Figure 1.1: The evolution of T¢s¢ (in K) with age (in Gyrs) for various mass such as LMSs, BDs and ESPs (Figure 8 from
Burrows et al. 2001).

1.2.2 Spectral type distribution

The Morgan-Keenan (MK) system of classification (Morgan, Keenan, & Kellman 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 photosphere. 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, Keenan, &
Kellman 1943), where type O indicates the most massive and hottest stars and type M indicates the
smallest and coolest stars in the main sequence, hence lying in the red part of the spectrum. 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, Keenan, & Kellman 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. 2006a) and Y (Burrows et al., 2003;
Kirkpatrick 2008) were later added to the previous MK system after the discovery of GL 229B by
Nakajima et al. (1995). Note that while the temperature of these sub-stellar objects drops, dust
grains and clouds start to form. In addition, their metallicity and surface gravity also play an
important role in affecting their spectral type.

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 giant planets. In general, the spectrum of GD
165B lacks common and typical feature of M dwarfs such as the absorption bands of titanium(Il)
oxide (TiO). Additionally, it cannot be a planet either due to the absence of the spectral features of
Jupiter and Saturn, methane (CH,) and ammonia (NHj3) respectively. However, the first
unambiguous brown dwarf ever observed was GL 229B, by Nakajima et al. in 1995. Not only the
absorption bands of CH, can be seen in its spectrum, but it also shows a general similarity with the
spectrum of Jupiter (Oppenheimer et al. 1998). PPl 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 sub-stellar objects were similar to GD
165B, therefore very different from M dwarf. Additionally, objects with spectra similar to GL229B
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 spectral sequence from M dwarfs to giant planets is shown in
Figure 1.2 (reproduced from Cushing et al. 2006).
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Figure 1.2: 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 (Cushing et al. 2006).

However, even cooler objects were being discovered continuously (e.g. Lucas et al. 2010; Liu et al.
2011) but the coolest and faintest objects identified to date were found by the latest NASA IR
satellite WISE (Kirkpatrick et al. 2011; Cushing et al. 2011).

A more detailed description of the spectral types will be given in the following sub-sections.

1.2.3 M dwarfs

M dwarfs are a mixture of cold and old low-mass hydrogen burning stars as well as high-mass and
young BDs. Only the very young BDs are hot enough to be late M dwarfs i.e. 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 — 200 Myr. 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 was 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 across the red part of the electromagnetic spectrum
are the absorption bands of water (H,0) and the weakening metal-oxide bands. TiO is found in K7 to
M6 dwarfs and produces especially strong absorption bands in the early-M dwarf’s spectra.
Vanadium oxide (VO) is also found in late-type objects (e.g. Kirkpatrick et al. 1991). The presence of
metal hydrides such as iron(l) hydride (FeH), magnesium hydride (MgH) and calcium hydride (CaH)
also causes additional important absorption bands for this spectral type. Cal, Nal, K1 and Ca Il cause
the main atomic lines within M dwarf’s optical spectra.

1.2.4 L dwarfs

The following spectral class is type L which was defined and categorized by Kirkpatrick 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
Na, K, rubidium (Rb) and cesium (Cs), metal-oxides (mainly TiO and VO) and hydrides such as
chromium(ll) hydride (CrH), FeH, MgH and CaH. 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. Then in the spectra of late-Ls, it can be seen that the bands of H, 0 have deepen
while hydrides bands have become weaker. Moreover, the deep line of calcium (Ca) and the strong
band of carbon monoxide (CO) at wavelength ~2.1 um and ~2.3 pum respectively are the main
sources of opacity in the red end of the spectra (i.e. ~2 — 2.3 um).

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 emerging flux, warm dust can also “re-warm” the atmosphere.

Though the optical and the IR classification schemes are influenced by different atmospheric
phenomena, yet numerous studies showed that, with a few exceptions, optical-based and IR-based L
spectral types overlap (i.e. Reid et al. 2001b; McLean et al. 2003).

1.2.5 T dwarfs

As time progressed, more low-mass objects were discovered and it was the discovery 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. (2006a) 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 prominent CH,
absorption 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 the mid- and late-T type objects. Furthermore, the absorption
lines from alkali metals (Na and K) in the optical spectrum are on the edge of merging due to their
depth and width (Burgasser et al. 2006a). Separated by the absorption bands of CH, and H,0, the
four peaks (1.08, 1.27, 1.59 and 2.08 um) in the spectrum are a characteristic of late-T spectra (note
that the CIA of H, causes the peak at ~2.08 um to be further damped as well as T dwarfs to look
relatively blue in terms of NIR colours, besides the absence of dust).

1.2.6 Y dwarfs

The coolest objects discovered so far are classified as Y dwarfs. They share similar masses and
temperatures as gas giant planets. Although the theory have not yet been confirmed, but the
existence of H,0 clouds in these objects at 300-400K have been predicted (Morleys et al. 2014). Only
a few of these cool objects have recently been discovered (Cushing et al. 2011; Kirkpatrick et al.
2011) and the archetypal Y Dwarf is WISEP J1828+2650 (Cushing et al. 2011). The classification
scheme is only preliminary 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. Model atmospheres of cool BDs predict the hotter T dwarfs, which
are blue in NIR colours, turn red again when their Tess drops between 300 and 400K, because the
blue tail of the spectral energy distribution collapses. Consequently, the turning to the red of the NIR
spectrum was one of the triggers forcing the creation of a new Y spectral type (Burrows et al. 2003;
Kirkpatrick 2008).



Y dwarfs show absorption bands of H,0, CH, and NH3, which begin to play a more important role in
shaping the NIR spectra. Note that moving to later types, H,0 bands become deeper, while atomic
lines become shallower. On the other hand, Na condenses out of the gas phase into sodium sulfide
(Na,S), and K as well be condenses into clouds as potassium chloride (KCI), hence their lines in the
optical spectrum become weak. Though, at T, of approximately 350K, a reasonable amount of
H,0, CH, and NH; condenses into clouds too, and since all three bands blend together the detection
of the NH; is a challenge (note that only if the spectra have high enough signal-to-noise ratio, NH;
might be observable in the H-band in some Y dwarfs).

1.3 Brown dwarfs

BDs are known as intermediate objects between stars and planetary mass objects, and hold the key
to bridging the gap between the two. Although BDs are faint and difficult to detect and measure,
they are far from being rare. The number ratio of brown dwarfs to stars, possibly dependent on their
environment, according to various surveys vary between 1/6 and 1/3 (e.g. Luhman et al. 2007;
Kirkpatrick et al. 2012, Scholz et al. 2012).

1.3.1 Difference between brown dwarfs and planets

The line drawn between BDs and giant exoplanets is rather fine. The limited understanding of these
faint objects lead to the development of a working definition (which will evolve as the knowledge of
the subject grows with additional data being gathered) by the International Astronomical Union
(IAU). These statements compromise between definitions and are based solely on formation
mechanism or on the deuterium-burning mass. Though, numerous astronomers have a preference
on the formation-based definition (see Pinfield et al. 2013), however, for it to become practical,
further progress in both observational techniques and theoretical modelling is necessary. The
working definition of brown dwarfs and planets was first issued on 28 Feb 2001 and last modified 28
Feb 2003 (Boss et al. 2003), exactly as follows:

- Objects orbiting around solar-type stars with true masses above the limiting mass for the
thermonuclear fusion of deuterium (currently calculated to be 13 Jupiter masses for objects of solar
metallicity) are “brown dwarfs” (no matter how they formed), while objects with true masses below
this limiting mass are “planets”.

- Free-floating objects in young star clusters (which presumably formed in the same manner as stars
and have not been shown to be ejected from planetary systems) with masses below the limiting
mass for thermonuclear fusion of deuterium are not “planets,” but are “sub-brown dwarfs” (or
whatever name is most appropriate).

In other words, if a sub-stellar object has true mass 0.013 < M, < 0.075 it is currently considered to
be a “brown dwarf” regardless of how it was formed or where it is located. The lower limit of the
interval, 0.013 My, is the deuterium-burning limit, here consider the cut-off between planets and
BDs, and 0.075 M, is the hydrogen-burning limit which is the cut-off between stars and BDs.

1.4 Multiple systems

When two stars in a star system (primary and secondary) orbit around their common centre of mass,
they are called a “binary star”, and this is due to the gravitational pull/interaction between them
(same principle for multiple systems). The primary in this case is the brighter/more massive star
between the two and the dimmer/less massive one is called the secondary or companion star. The
secondary could be either a sub-stellar 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, Ruzmaikina, & Mathieu 1992; 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 extra
constraints on its composition and mass (e.g., Burgasser et al. 2000a). Further, if the components are
consistent with having equal brightness this implies that they are likely to be a near equal mass
binary. Furthermore, there is evidence that binary systems (independently of their range of orbital
periods) and isolated young stars are more likely to have a disk around them (Mathieu 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 amount 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). Moreover, hierarchical multiple systems are relatively common and according to Fekel
(1981), most of their period ratios are usually within the range of 10 — 10* (e.g. our Earth is a
primary to our moon with a short period of a month, and our Sun is a wide companion to our Earth,
with a much longer period of a year). 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 explained.

For both close by star-forming regions and inside our solar neighbourhood, LMSs (especially M
dwarfs) outnumber by a relatively large margin all other types of star. In addition the star formation
process can also be tested by the observation of binary properties. Dynamical interactions, star
formation and even the origin of Galactic field stars can be deduced from the chief characteristics of
M-dwarf’s companions, e.g. mass ratio, separation distribution and multiplicity fraction. For orbital
separations in diverse ranges, close by M dwarfs (that have low luminosities and high proper
motions) allow the identification of multiple systems and co-moving binaries. Initial studies focused
mainly on solar-type stars (Duquennoy & Mayor 1991; Raghavan et al. 2010) but nowadays have
been expanded with the first informative study of M dwarfs (Fischer & Marcy 1992) and also of A-
type stars (De Rosa et al., 2014).The binary fraction of the least massive stellar objects (also the most
common stellar population) became more accurate 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 sub-stellar binaries. Brief background/properties of these binary/multiple
systems will be present in the following sections.

1.4.1 General properties

There is more than just one type of binary systems, and the way they appear to the observer is one
of the main characteristics used to classify them. A basic review of the types of binary will be in the
next section.

1.4.1.1 Observational classification of binary system

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 Castor system), where the periodic motion of both
components is observable in the sky (e.g. Dupuy & Liu 2012). One variety of this type are called
Astrometric Binaries when only the motion of one star is visible (and can be detect optically).
Astrophysicists can obtain from visual binaries their orbital pattern (e.g. McCaughrean et al. 2004),
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.



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 Binaries. When the Doppler shifts are
measurable for both binary components then the system is called double-lined spectroscopic binary.
Otherwise, the system is named single-lined spectroscopic binary when only one of the component’s
Doppler shift can be measured. In addition, the time variation of these spectroscopic binaries’s
spectrum can also be obtained (e.g. Burgasser et al. 2010).

Another type of binary systems is the Photometric Binaries, where the colour (or flux) of the system
appears to have a periodic variation. However, this is 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.

The last main 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). Depending on the inclination of the orbit relative to the line of sight, the
binary will only eclipse if the orbit is aligned with the line of sight, or 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 basic stellar parameters of stars (i.e. mass and radius).

Ultimately, these binary systems are fundamentally important because astronomers can obtain the
masses of their components by calculating their orbits (e.g., Zapatero Osorio et al. 2004). In
addition, their subsequent evolution and their formation can be revealed by their orbit. Once the
orbit of these binary/multiple systems is determined, scientists can then find out the amount of
angular momentum in the system by looking at the mass of the components and the period of the
binary.

1.4.1.2 Orbital period properties and eccentricities of binary system

Binary/multiple systems can either be so close to the point of almost being in contact with each
other (~ a few AU or nearer) or so far apart (~ a few hundreds of thousands AU) that one can only
indicate that they are indeed in connection by looking at their common proper motion. Generally,
the separation of binary/multiple systems determines their orbital period (P,,},), ranging from ~ 11
mins to 10° yrs (Podsiadlowski 1989). The larger the separation the longer the P,,,,, and vice versa.
Furthermore, Duquennoy and Mayor (1991) found the period distribution of main-sequence binaries
in the range 0 < log P,,;, (days) < 9 to be unimodal and best described by a Gaussian-type relation (a
smooth distribution) with a median period (single maximum) of approximately 180 years, where
each decade of log P,,;, contains 10% of the systems from 1073 yrs to 10”yrs. It is handy to bear in
mind that for a relatively approximate period distribution, the distribution in log P,,,, is
logarithmically flat (i.e. f (log P,,,) = constant).

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. P, < 10 d) end up being circularized via tidal interactions, while if the separation
between the components is wide, then a highly elliptical orbit is possible (Duquennoy & Mayor
1991). The distribution of eccentricities for these systems is in general widely scattered e =

J 1 — b?/a?, where a is the semi-major axis and b is the semi-minor axis.

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,
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such as density and radius. Prior of having their empirical mass-luminosity relationship determined,
then the masses of single stars can also be estimated. Mass is the fundamental property of any
stellar object, since it can be used to determine its entire life history.

On the other hand, some properties of relatively low-mass binaries, i.e. multiplicity fraction, orbital
semi-major axes, and mass ratio can be studied in a statistical way by using a large sample without
the information of 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 1.3, showing the
period distribution of BDs companions to main sequence stars. There is a clear lack of short period
binaries (i.e. P < 100 days) compared to long period binaries (i.e. 100 < P < 10000 days). This is
known as the "brown dwarf desert" (e.g. Ma & Ge 2014; Stamatellos & Herczeg 2015).
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Figure 1.3: The period distribution of BDs companions to main sequence stars, from Ma & Ge 2014 (Fig.1). Long period
binaries are much more numerous than short period binaries.

1.4.1.3 Mass ratio distribution

To have a reliable set of constraints on the formation models is fundamentally important to
determine the possible dominant formation scenario for various stellar objects, especially very low-
mass stars. Naturally, the knowledge of the properties of these very dim objects will aid providing
the set of constraints necessary. The mass ratio distribution (i.e. ¢ = M,/M;, where M; is the
primary and M, is the secondary) is one of the properties of low-mass binaries that can provide
appropriate constrains to the formation models. Though g seems to be dependent on the mass
regime, but none the less is not precisely determined. Generally, if the primary star is massive then
there is a much higher likelihood for the secondary to be in a similar mass regime. However, there is
not a similarly clear pattern for LMSs. 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 fration is 30% (e.g. Duquennoy & Mayor 1991;
Kobulnicky & Fryer 2007). The inconsistence in mass ratio distribution between massive stars and
LMSs reveals a possible difference in the still uncovered formation process.

Further, Abt in 1983 suggested that by selecting random pairs from a population of objects,
assuming that they follow the Salpeter IMF, 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 g
than large g. However this statement was disputed by both Duquennoy & Mayor (1991) and

10


http://adsabs.harvard.edu/cgi-bin/author_form?author=Herczeg,+G&fullauthor=Herczeg,%20Gregory%20J.&charset=UTF-8&db_key=AST

Halbwachs (1987), because they believed Abt (1983) have not provided any/enough evidence to
support his theory, and they suggested the binary period is actually independent of the g
distribution. To defend his pervious statement in 1983, in 1987 Abt claimed that there is a pattern
where binary systems with higher g tend to have in general a shorter period. More in depth studies
are necessary in order to fully support Abt’s new statement.

Moreover, the mass ratio between the components has an important role in determining the binary
fraction, and at g ~ 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.

0.6 |

0.5 | Data likely incomplete

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.

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 late spectroscopic and imaging surveys are capable
of detecting very low mass binary systems with g = 0.5. Furthermore, over half of the confirmed
very low mass binaries have g > 0.9 which is a drop-off that is visible at the highest mass ratios. This
bias could instead and more likely lead to underestimating the number of systems with low mass
ratio.

1.4.1.4 Binary mass function

Mass as mentioned in the previous section is a very important parameter in determining the
evolution of the 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:
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M3 sind i P(vqsini)3

fl(MZ) = (M, + MZ)Z = 216G ) (11)
and
M3 sin3 i P(v, sini)3
fiMy) = s =~ (12)

For f; and f, being the mass functions for star 1 and star 2. These two relations are derived 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, also with the aid of Newtonian relations. The measurable
quantities are P, which is the orbital period (with the gravitational constant G), (v Sin i) 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 quantities that attract the most interest in this
equation and they are locate in the middle expression beside Sin i.

With the two masses directly related to observable quantities by the mass function, the radial
velocity amplitudes of both components can be measured from the double-lined spectroscopic
binary spectrum. Both M3 sin3 i and M3 sin® i then can be deduced using these relations. 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 eclipsing 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; << M,). Equation 1.1 in this case simplifies
to f;(M,) = M, sin3 i. This method is indeed one of the most robust ways to work out the masses
of stellar objects as well as black holes. 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 binaries happen to have known
distances too then their luminosities can also be obtained.

1.4.1.5 Binary fraction/multiplicity

The binary fraction/multiplicity is one of the fundamental properties of binaries, offering clues to
understand the formation mechanism. It provides extra constraints for testing the existing formation
models. Unfortunately, the presence of unresolved binary/multiple systems induces an extra
complication in obtaining, in particular for the sub-stellar 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. Nonetheless, researchers still succeeded in coming up
with various methods to work out this vital observable. A brief summary of the present knowledge
of the sub-stellar 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 70% (Abt 1983; Duquennoy & Mayor 1991). Based on other surveys (that however
are less complete) other spectral classes seem to have a similar percentage (Abt 1983). However, the
binary fraction for M dwarfs, specifically for the ones that are in close binaries, seems to be lower
compared to main-sequence binaries (Marcy & Benitz 1989). In addition, for spectroscopic binaries,
their frequency is comparable to that of Population | stars (very old stars). This was deduced via a
survey of thick-disk and halo stars (Torres 1991). Young binary stars (i.e. younger than 10° yrs) are
spotted among pre-main-sequence stellar objects, indicating that most binaries are formed during
the collapse of the proto-star, or in the stellar formation period. For pre-main-sequence stars,
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although the studies of them are limited (Mathieu, Walter, & Myers 1989; Simon et al. 1991), the
binary frequency is not showing a significant difference from stars on the main-sequence.

In order to gain additional knowledge regarding the formation environment of LMSs, as well as the
history of evolution of their associated planets and disks, and frequency, it is essential to
characterise the frequency of binary and multiple stars among M dwarfs. One of the multiplicity
studies regarding M dwarf binaries was conducted by Ward-Duong et al. in 2014. The sample of
multiple systems that was targeted by the group, to compare with the multiplicity of more massive
stellar objects, have a restricted separation limit within the range 30-10,000 AU. Their result is
shown in Figure 1.5 (left panel) where from top to bottom are the binary fraction for field A-type
stars (represented by the blue solid circle, De Rosa et al. 2014), the yellow solid circle indicates solar-
type stars (Raghavan et al. 2010) and the M dwarfs targeted in that study are represented as a red
solid circle. In addition, the up side down solid pink triangle in this figure represents the upper limit
on the binary fraction for BD primaries (Allen et al., 2007). The figure shows a pattern of decreasing
multiplicity as a function of decreasing primary mass, meaning there are more binaries that are A-
type (more massive in this case) than the rest of the other type of stars/BDs (less massive in this
case). In the right panel of Figure 1.5, the separation distribution for the M dwarfs in the survey of
Ward-Duong et al. (2014), inside the restricted range of separations mentioned above, is fit with
both limiting cases of the true distribution, i.e. a restricted log-normal (solid line) and a free (dashed
line) fit. The distribution was also corrected for incompleteness. The figure shows a high frequency
at smaller separations, meaning the separation between M dwarfs are smaller than the other more
massive primaries (Ward-Duong et al. 2014).
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Figure 1.5: (left) The binary fraction measured within 30-10,000 AU (the restricted separation range). (right) The binary
separation distribution of the M dwarfs from the survey of Ward-Duong et al. (2014) within the mentioned restricted
separation range of 30-10,000 AU (Figure 2 from Ward-Duong et al. 2014).

Other multiplicity studies have been conducted via the combination of high resolution spectroscopy
surveys (e.g. Basri & Reiners 2006; Joergens 2006, 2008), with peak sensitivity to tightly bound
systems, and high resolution imaging (e.g. Ahmic et al. 2007; Delorme et al. 2012b) 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% (91’11%, Burgasser et al. 2003c; 7.61’?;3%, Bouy et al. 2003; 13-15%,
Martin et al. 2000).
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On the other hand, using high-resolution spectroscopy for a sample of late-M dwarfs, an estimation
of 677% was made by Reid et al. (2002b). Then from a sample of 25 late-M and early L dwarfs,
Guenther & Wuchterl (2003) have estimated the binary fraction to be 121’};0%. The latest estimation
was derived by Joergens (2008) by monitoring the radial velocity of LMSs and BDs in Chamaeleon I.
At separations < 3 AU is 10¥28% and 7+3% at separations < 0.3 AU. Joergens (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 estimation made by Maxted et al. (2008) where at separations < 0.28 AU, the
binary fraction in o and A Orionis is estimated 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 estimated to be 24715%,

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 very LMSs 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 incidentally supports the binary fraction in the Praesepe and Pleiades
clusters of 507119% that were 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 appear 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 = 150 AU or systems in young nearby clusters with
an even larger separation = 200 — 1000 AU).

1.4.2 Formation

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 mechanism/s for stars, BDs and planetary objects?
Extremely young binary systems have been identified (Wotten 1989; Sasseloy & 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; first is the isothermal phase, when the object is optically thin; then the
adiabatic phase, when it is optically thick). Though various ideas have been suggested to try to
explain the origin of binary systems, however, 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 though 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
momentum (i.e. via a dissipative process), and then end up sharing a common orbit (e.g.
WDO0837+185AB, Casewell et al. 2012). Another possible formation scenario for binary systems that
was put forward by Kelvin and Tait in 1883 (see Tassoul 1978) and has the full support of Jeans

14



(1929) is fission. This mechanism might occur while the hydrostatic equilibrium applies, when an
object undergoing a rapid rotation might become dynamically unstable and breaks up into
fragments.

In 1953, Hoyle suggested an idea that is based on the principle of increasing density of the
isothermal collapsing cloud, extending the originally large scale dependent dynamical instability, 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 increases. What 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) is rotation, which is an additional fundamental cause discovered in later works.
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 either 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 angular momentum via the friction between the interacting discs,
then the original wide orbit could get closer with each disk interaction. When the discs eventually
disappear, 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) before the spontaneous
fragmentation takes place.

Under ideal conditions, the disc that forms around young stars can become gravitationally unstable,
hence lead to possible fragmentation, according to Adams, Ruden, & Shu (1989). A brief discussion
of the four types of formation scenarios (fragmentation, disk fragmentation, fission and capture)
that are thought to form binary/multiple systems is in the following sub-sections.

1.4.2.1 Fragmentation

During the isothermal phase, the 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. 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 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 to
approximately 1 AU can be formed by fragmentation, if they form in the central regions of the
clasping 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 interactions and disk-induced
captures in fragmented multiple systems, orbital decay of long-period systems and gravitational
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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 stars formation.

One of the more up-to-date numerical calculations regarding hierarchical fragmentation was done
by Boss (1991b). In general, the theory of hierarchical fragmentation is that a ring structure would
form at a point when the rotational 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 consider 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. Since the resulting sub-fragments
do not appear to be sharing an orbit, and also having a sub-orbit which is too small to be view on the
numerical grid used, this calculation does not represent true hierarchical fragmentation.

1.4.2.2 Disk fragmentation

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

1.4.2.3 Fission

In general, a uniform-density star can gain angular momentum either when it is contracting during
the proto-stellar collapse (early phase of star formation) or contracting during the 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) have 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 the 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 ~ 1:10, which is
expected according to observations. The star may also never reach the point where it will become
unstable (required initial condition), and this is the third major problem with this formation
mechanism. For proto-stellar objects to form very near-by binaries, their angular momentum has to
be very small, which then results in the majority of their own mass to collapse onto the central core
rather than onto the surrounding disk. According to Ruzmaikina (1981 a, 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 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
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greater than the gravitational energy, according to various independent 3-dimensional numerical
hydrodynamical calculations of Durisen et al. (1986), the angular momentum can be transferred out
from the central core by spiral waves, preventing the instability from happening. For more
information see Bodenheimer (1992).

1.4.2.4 Capture

The last formation mechanism is capture, i.e. when two stars that formed independently are
captured into an orbit. It may occur under 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 interactions between them one of the body 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
dynamical 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; Boss 1988; Hills & Day 1976). 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 (i.e. Orion Trapezium cluster) is 0.4 captures per star per 10° yr, which is
considered to be significant (Larson 1990). Though another 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’s (1990). The capture rate is
however =~ 0.05 — 0.1 captures per star per 10° yr according to the results of numerical calculations
by Heller (1991), which sits in between of Larson’s (1990) and Clarke & Pringle (1991a) results.

The separation between the components depends on the type of capture. Systems produce 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 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. Though, 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 component can be not aligned 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, Hayashi & Narita 1984; Monaghan & Lattanzio 1991). 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 interactions therefore take
place between the fragments, and single stars and binaries may be produced by the three-body
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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
unstable), numerical studies were made by Clark & Pringle (1991b). Their results show high
sensitivity with changes to the initial conditions, and also a possible wide range of eccentricities and
orbital parameters.

1.4.3 BDs in multiple systems

The first L and T dwarfs, GD 165 and GL 229B respectively, were both discovered accompanying a
more massive primary (i.e. WD-L dwarf and M dwarf-T dwarfs). In order to increase the number of
identified nearby bright stellar objects that couple to brown dwarfs, various methods have been
used and a lot of interesting new multiple systems hence have been discovered.

With the facilities of the Hubble Space Telescope (HST) high-resolution red and IR imaging being
available, one of the methods is to look for low-mass companions to M dwarfs, either in open
clusters (e.g. Martin et al. 2000; Patience et al. 2002) or in the field (Reid & Gizis 1997). Alternatively,
these types of high-mass-low-mass systems can also be identified by applying the X-matching
method (in this case by X-matching a good selection of UCDs, e.g. DA with catalogues of stellar
objects e.g. HMC or GJC to establish binarity via common proper motion) which is a standard
procedure nowadays to search for multiple systems (Luyten, 1979). Note that van Biesbroeck in
1961 was the first person to apply this technique in an attempt to look for faint companions to 650
nearby stellar objects. The search for UCDs as companions to nearby stars hence becomes more
conceivable now with the availability of NIR all sky surveys.

The mass of BDs is fundamental in obtaining insights on the properties of these objects. However,
the sub-stellar 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 impossible 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 systems in general consist 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 impossible to observe the low-mass object. In addition, the nature 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, Gagne’ et al. 2014, Malo et al. 2014). By 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 sub-stellar objects can be derived and
studied within those nursery environments, such as the Orion nebula cluster. In addition, given that
these benchmark systems are very young (~ 1Myr), 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 member of binary systems however provide the best
source of benchmark companions (e.g. Pinfield et al. 2006). This is because the primary-secondary
relation apply in this case and as the stellar companions are well characterised, and given they were
formed from the same molecular cloud, it is quite safe to assume both objects have identical age
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and composition (i.e. metallicity). 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, space or rotational velocity (i.e. kinematical) age,
Lithium test and coronal or chromospheric activity (CallHK, 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).

Note that 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 comparison to the lifetime on the main-
sequence. Furthermore, there are also benchmark systems that consist of a UCD companion to a
white dwarf (WD, e.g. Rodriguez et al. 2011, Casewell et al. 2012). Such systems include DA WDs-L
dwarf (e.g. Zuckerman & Becklin 1992; Kirkpatrick et al. 1999; Steele et al. 2009), DA WD-mid-T
dwarf (Day-Jones et al. 2011, Casewell et al. 2012) and DQ WD-possible Y dwarf (Burleigh et al. 2009;
Luhman et al. 2011). The cooling age of the WD can be measured with precision as the WD stage is
well understood. With hydrogen in their atmosphere as well as being very hot (i.e. > 12, 000 K), the
hydrogen lines are strong and can be easily observed and measured in WD spectra. Then by fitting
the spectrum with an appropriate atmospheric model, a decent estimation of the T and the mass
of a WD can be obtained. Appling the relation between the WD and the progenitor, the mass of the
progenitor can then be obtained (Catalan et al. 2008). Using the main-sequence mass-T, s relation,
the T, of the progenitor can be derived. Then from evolution models of the main-sequence, the
initial Tos¢ of the WD is obtained, from this the cooling age (by knowing how much the WD has
cooled down, calculating the time it takes to reach the current T¢¢) of the WD can be derived. Using
evolution models of the main-sequence again to get the total time that took the progenitor from
being born to first becoming a WD, combining it with the cooling age that was previously acquired,
one can determine the age of the WD.

The X-matching technique was used by e.g. Gizis et al. (2001), Kirkpatrick et al. (2001) and Wilson et
al. (2001) in the early days to currently by e.g. Burningham et al. (2009), Faherty et al. (2010), Day-
Jones et al. (2011), Pinfield et al. (2012) and Gomes et al. (2013). Various discoveries and interesting
results have been produced by this method. Note that the latest works have employed more
modern surveys (e.g. UKIDSS and WISE) along with the less contemporary 2MASS. In addition, 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. 2009, and atmospheric models, Leggett et
al. 2008; Burningham et al. 2009; Pinfield et al. 2012).

1.4.3.1 Population properties

It is relatively common for wide main-sequence binaries to have separation >1000 AU. From a
sample consisting of three L dwarf companions to main-sequence stars, an L dwarf companion
fraction of 1.5% have been deduced by Gizis et al. (2001). A total UCDs companion fraction of
18+14% was also then calculated. Note that this is under the assumption of a=1, which substituted
into the companion mass function leads to the fraction of UCDs detected as L dwarfs being 8% (Gizis
et al. 2001). Using a larger sample consisting of 14 common proper motion companions to stars (out
to a limiting magnitude of J=16.1) from the Hipparcos catalogue, Pinfield et al. (2006) deduced a
larger L dwarf companion fraction of 2.7£32% and a larger UCD companion fraction of 34¥2% (under
the same assumptions as Gizis et al. 2001). This result implies that a sufficient amount of wide

companion UCDs to main-sequence stellar objects are available for studying.
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A mass-age plot of benchmark UCDs is shown in Figure 1.6 (taken from Figure 6.3 of Day-Jones’s PhD
Thesis, 2010). The distance-magnitude limit can clearly be observed, corresponding coarsely to a
detection limit of J~19. This is represented by the black dotted line, corresponding to a distance limit
of 50pc, 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 show that the numbers of benchmarks UCDs decreases beyond the age of 2
Gyr.

® Corfirmed UCD biraries (this work)
UCD candidae biraries
didate binaries

Figure 1.6: Taken from Figure 6.3 of Day-Jones’s PhD Thesis (2010). A mass-age plot showing the distributions of the
benchmark systems from the literature.

The importance on benchmark UCDs is shown further in Figure 1.7, 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: Taken from Figure 10 from Burningham et al. (2013). A colour-colour plot of the benchmark systems from the
literature. Model colour tracks for Saumon et al. (2012) and Morley et al. (2012) are shown for comparison. Each
benchmark is link to a box indicating the colour predicted by the model.

1.4.4 Dynamical interaction of multiple systems

In general, celestial objects interact with each other gravitationally (for basic interaction 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 details the properties and evolution of the
numerous types of interacting binary systems is beyond the scope of this thesis. In the following
sections | will therefore focus on the disintegrating systems, since these are the target of my
work.

1.4.4.1 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 are
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 sub-stellar
objects. Normally, such interactions are relatively weak, nevertheless, there are some more severe
interactions between binaries and single stars/binaries that can lead to a relatively 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
disintegrating systems are very difficult to identify.
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To search for disintegrating multiple systems, | will first have to look for binary/multiple systems
whose components have a wide separation between each other. This is because the 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 (with other by pass stellar or sub-stellar
objects/systems) than systems with stronger bonds. In theory, this could be the cause of some of the
disintegrating multiple systems seen in the HMC (Li et al. 2009).

I will be looking into those binary/higher order systems and use their proper motion to see if they
are disintegrating systems. Then | will look for their ejected components. Although | will not be using
the Marchal’s test (Li et al. 2009) for this purpose, but it will make a good comparison to my method,
and so | briefly describe it in the following section.

1.4.4.2 The Marchal’s test

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

Objects or structures that are most frequently observed are believed to either have a long life span
or to be reasonably stable. In particular, real triple stars seem to be found at a higher rate in
hierarchical configuration rather than in random structures. This suggests that systems not in
hierarchical configuration are likely to be unstable. Though, systems that are in hierarchical
configuration are not necessarily stable either. When applying the Marchal’s test (1990), it is
fundamental to identify a substantial amount of real disintegrating systems. Note that there are a
few things one need to bear in mind regarding triple systems. First, according to extensive
simulations on systems with hierarchical configuration, ~95% have had an ejection in their life-time
(e.g. Anosova 1990). Second, some triple systems can form via binary-binary encounters, where one
of the components of the original binary systems gets ejected during the encounter of the two
systems (Saslaw et al. 1974). This is deduced by the dynamical evolution of stellar clusters (e.g.
Aarseth 2003b, 2004) and numerical experiments on binary-binary encounters (Mikkola 1983). The
last point is that, since the hierarchical configuration is in general a more stable structure for triple
systems, newly formed triple systems (e.g. via binary-binary encounter) re-arrange into hierarchical
configuration shortly after formation (Li et al. 2009). Overall this information implies that numerous
triple systems that are in hierarchical configuration are likely to reach a disintegration phase shortly
or are currently disintegrating. Note that there are types of triple system this method cannot be
applied to. For some types of triple systems (e.g. “binary-third body system”), their period can be
too long, exceeding the time duration spanned by available observations, leading to unreliable
orbital solutions (Lattanzi et al. 2004).

This test only requires a one-dimensional projected motion state of the system at any given instant.
The Marchal’s test is a relatively well developed tool for the purpose of identifying real,
disintegrating small stellar systems, for which the full motion state is usually unavailable. To test out
visual triple stars, Li et al. (2009) have designed an algorithm for practicality to make good use of the
two-dimensional kinematic data. They then applied this algorithm to 24 Hipparcos triple systems
with their disintegration probability and the estimated mass of their components already obtained.
The Monte Carlo method was used to deal with the errors from observations. A reliable set of
probabilities for a real triple star disintegrating system 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.
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Ultimately, the main difference between my method and Li et al.’s (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, their orbit
and their velocity, and those things are hard to measure. On the other hand, my method relies solely
on proper motion, distance and separation, which are easier quantities to measure and obtain.

Note that such interactions might also release low-mass objects previously bound to one of the
components of the system. Such low-mass objects might include LMSs, BDs, or ESPs.

1.5 Motivation

The motivation to work on this topic is mainly because of the interest in studying the orbital
population of giant planets, BDs and very low-mass stars. However, it is proven to be difficult as
these low-mass objects at visible wavelengths are relatively faint compared to their parent stars. The
difficulty to detect such faint light sources, plus the glare of their primary stars, tend to “wash out”
these objects, making studying them a challenge. Blocking the light from the parent star to reduce
the glare and leave the bound population detectable is a major technical obstacle. Being able to
identify systems where the orbital population has been ejected dynamically would avoid such
problem.

The aim of this project is to look for evidence of disintegrating multiple systems with cool nearby
components in order to collect a set of possible candidate systems for further studies. Since there is
a number of UCDs in DA that might be examples, | started my work using the DA, HMC and GJC
where these candidate systems can be found. | will use the measured proper motions from DA, HMC
and GJC to test if those multiple systems are disintegrating systems, and then look for their ejected
components.
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Chapter 2

2. Analysis methods and candidate samples

In this section | describe the analysis tools | used, and the astronomical catalogues and
archive/database facilities | searched to implement my project. Useful background and context is
presented, and relevant capabilities are summarised. | describe my approach for determining
distances, and consider how the sensitivity and content of each catalogue will bias my selection of
candidate disintegrating multiples (in terms of distance range and uncertainty, as well as spectral
type constituents).

| then explain my X-matching approach, and look at the resulting distribution of associated
candidates. Furthermore | explain how | confirm disintegrating multiple candidates from their
relative direction of motion. The results of my analysis are then presented in a table.

2.1 Tools and Catalogues

In order to identify ejected populations from disintegrating multiple systems | needed to identify a
set of possible disintegrating multiple system candidates. To begin, first | had to collect all the
available data from catalogues. The three primary catalogues | have used are Dwarf Archives
(hereafter DA), the Hipparcos Main Catalogue (HMC, Perryman et al. 1997; van Leeuwen 2007) and
the Gliese—Jahreils Catalog (GJC, Gliese & JahreiRl 1979; Stauffer et al. 2010). | have decided to use
the HMC and GIC all sky surveys for the stars and low-mass stars that could be associated with the
cool objects from DA. The background and reasons for these choices are in the following sections.

To access and analyze the data from the above catalogues, | have used a few essential tools. | have
listed them below along with a brief description of their uses.

2.1.1 Dwarf Archives

The Dwarf Archives (DA) is a compendium of 1281 spectroscopically confirmed M, L, T, and Y dwarfs
from various sources in the literature. In this thesis | used the version updated on the 29-05-2013. It
contains some M dwarfs, but mainly includes L and T dwarfs (as well as the small number of new Y
dwarfs). These objects are taken from the published literature, and were mainly discovered using a
number of major surveys carried out over the last ~15 years. The largest number of L and T dwarfs
in DA was found in the 2MASS (Skrutskie et al.2006), the SDSS (York et al. 2000), the UKIDSS
(Lawrence et al. 2007) and the WISE (Wright et al. 2010). This catalogue provides co-ordinates,
spectral types, photometry in the J, H and K band (mainly from 2MASS and UKIDSS), parallaxes and
proper motions, along with additional information on binarity, variability, and peculiarity.

2.1.2 Hipparcos Main Catalog
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Hipparcos stands for High Precision PARallax COllecting Satellite (HMC, Perryman et al. 1997; van
Leeuwen 2007) and it was the first space experiment devoted to precision astrometry. It was
launched in 1989 and operated until 1993. There are 118218 entries of main-sequence stars from
spectral type O to M in the Hipparcos Main Catalog (HMC). It is known to have very reliable
parallaxes (trigonometric parallaxes provide direct distance measurements) and proper motions of
stars down to a precision of ~0.001 arcsec, and it is complete out to ~20pc. It has limiting
magnitudes of V ~ 7.3 to 7.9 (depending on spectral type) in uncrowded fields. The information
provided by HMC that we used mostly in this work are co-ordinates, parallaxes, proper motions,
spectral types, and B and V band photometry. Note that the Tycho catalogue also came from the
Hipparcos mission, providing lower precision astrometry and photometry for stars down to fainter
magnitudes (~2.5 million stars down to V~11), but | do not use the Tycho catalogue in my work.

2.1.3 Gliese-Jahreil} Catalog

The Gliese—Jahreil} Catalog (GJC, Gliese & Jahreilt 1979) consists of 3803 entries of main-sequence
stars within the completeness limit of 25 pc. In this Thesis | have used the updated version from
Stauffer et al. 2010. GJC provides co-ordinates, parallaxes with average precision up to 14%, proper
motions, and B and V band photometry. From spectral type O to M, the spectral type distribution in
this catalog is shown in Figure 2.1. With no O type stars at all and with only 4 out of 3803, B type
stars are less than 1%. There is an obvious pattern of increase in number as the mass of the main-
sequence star decrease. For A type stars the percentage is 4 %, for F type stars is 7 % then for type
G, Kand M stars is 13%, 20 % and 29% respectively. Note that the remaining 27% of the objects are
not main-sequence stars. The spectral type distribution of GJC is dictated by the relative numbers in
the local volume. There are many more low-mass stars than there are high mass stars due to the
rising stellar mass function (Chabrier 2003). Note that GJC is not complete since it only includes
objects with parallax measurements, and in any event not all stars within 25pc have been published.
For a recent example of newly published parallaxes (not included in GJC) see Winters et al. (2015).
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Figure 2.1: From spectral type O to M (0-9 O type, 10-19 B type, 20-29 A type, 30-39 F type, 40-49 G type, 50-59 K type and
60-69 M type), the spectral type distribution of GJC.

2.1.4 The WFCAM Science Archive (WSA) and the Vista Science Archive (VSA)
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The Wide Field Camera (WFCAM) Science Archive (WSA, Hambly et al. 2008) and the Vista Science
Archive (VSA, Cross et al. 2012) are the web archives for the WFCAM instrument on the UK infrared
Telescope (UKIRT) and the VIRCAM instrument on the Visible and Infrared Survey Telescope for
Astronomy (VISTA) telescope.

The data of the WSA were collected by WFCAM on UKIRT. WFCAM has a pixel scale of 0.4
arcsec/pixel and can cover the range of wavelengths between 0.83-2.37 um by usingthe Z, Y, J, H, K
and H, filters. The data were released as part of the UKIDSS (Lawrence et al. 2007), which is a
modern NIR sky survey (successor to the 2MASS, see section 2.1.9; Skrutskie et al. 2006). UKIDSS
consists of 5 public surveys (all described in Lawrence et al. 2007): Large Area Survey (LAS), Galactic
Plane Survey (GPS), Galactic Clusters Survey (GCS), Deep Extragalactic Survey (DXS) and Ultra Deep
Survey (UDS). In fact, extending to both high and low Galactic latitudes, UKIDSS had surveyed 7500
square degrees of the northern sky with an effective volume 12 times larger and a depth of three
magnitudes deeper than the previous 2MASS.

With limiting magnitudes for the Y, J, H and K band reaching 20.5, 20.0, 18.8 and 18.4 respectively, in
the Northern hemisphere, the LAS (the largest public survey of UKIDSS) imaged an area of 4000
square degrees at high Galactic latitudes. To obtain the proper motion for the surveyed objects, a
second scan of the whole area was necessary and filter / was employed to do the job. The Z filter at
0.84-0.93 um and the Y filter at 0.97-1.07 um were used to survey for possible nearby low-mass
dwarfs and cool Y dwarfs. UKIDSS also targeted the detection of known objects (i.e. high proper
motion cool stars that could be both Population Il BDs and cool white dwarfs). Note that the filters
of UKIDSS are less sensitive than the SDSS’s (York et al. 2000) and so they get better reading without
the interference of atmospheric conditions. The combination of photometry data of both SDSS and
UKIDSS offers a wide and unobstructed atlas in all directions of the Galactic plane. The area that LAS
scanned is a subsection of the SDSS (1907.6 square degrees of SDSS equatorial block, 1907.6 square
degrees of SDSS northern block which overlap a bit, and 212.5 square degrees of the southern
equatorial stripe, see Stoughton et al. 2002 for more details).

Covering 1800 square degrees, the GPS surveyed half of the Galactic plane with the passbands J, H
and K, with limiting magnitudes of 20.0, 19.1 and 19.0 respectively. Note that over the duration of a
few years, in order to measure proper motions and identify variability, the depth of the K band was
built up in three passes. Furthermore, the narrow H, band (2.12 um) in the survey was used to scan
300 square degrees of the Taurus-Auriga-Perseus (T-A-P) star formation complex.

Using Z, Y, J, H and K filters with respective limiting magnitudes of 20.4, 20.3, 19.7, 18.8 and 18.7,
GCS surveyed 1400 square degrees of the sky. This survey was programmed to image 10 open star
clusters and star formation associations. Due to the need of measuring proper motion, the K band
was used to pass over the same survey area a second time. In an attempt to test the universality of
the IMF, the GCS was used to measure the sub-stellar mass function all the way down to a mass limit
of 25M;.

The DXS scanned a combination of 4 fields at high Galactic latitudes, (XMM-LSS, Lockman Hole, Elais
N1 and VIMOS 4) each covering 8.75 square degrees, adding up to a total area of 35 square degrees.
Note that out of the 3 filters used in this survey, only J and K image the whole 35 square degrees
whereas H only survey 5 square degrees out of the total scan area. The limiting magnitudes of the J,
H and K band are 22.5, 22.0 and 21.0 respectively.

The 0.77 square degrees covered by the UDS were actually the same field as the Subaru/XMM-
-Newton Deep Survey. The UDS used the J, H and K filters down to a depth of 25.0, 24.0 and 23.0.
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Note that 2 out of 5 of the public surveys cover only a small area of the sky (35 square degrees to
K=21 and 0.77 square degrees to K=23), but they were designed to enrich our understanding of deep
extra-Galactic sources (i.e. galaxy clusters and elliptical galaxies at redshifts 1<z<2, high-redshift
dusty starburst galaxies, and the highest-redshift quasars at z=7).

The data of the VSA were collected by the Visible and Infrared Camera (VIRCAM) on VISTA (Emerson
et al. 2004). VISTA is a wide field survey telescope with a 4 meter primary mirror. The operations of
the public survey began in April 2010. Feeding a 0.34”/pixel camera, the infrared field of view of this
telescope is 1.65 degrees in diameter. VISTA is so sensitive that to follow up any selected object, an
up-to-date 8 meters class telescope is necessary. The rapid deep infrared imaging surveys use
wavelengths mainly from 0.85 to 2.3 um (passbands of Z, Y, J, H and K) to have the southern sky
covered. Moreover, the J and H filters aim to be 3 magnitudes deeper than 2MASS, a depth achieved
by repeating observations of each field for at least 4 years.

In an attempt to accomplish different scientific goals, each survey was programmed to use a certain
set of filters with specific detection limits to observe a particular solid angle of sky. For the first 5
years, there are 6 surveys (VISTA Variables in the Via Lactea (VVV), VISTA Hemisphere Survey (VHS),
VISTA Kilo-Degree Infrared Galaxy Survey (VIKING), Ultra VISTA, VISTA Magellanic Cloud Survey
(VMC), and VISTA Deep Extragalactic Observations (VIDEO)) that took up the majority of the
observing time.

562 square degrees of the central part of our galaxy (galactic bulge and adjacent section of the disk,
containing 33 globular and 355 open clusters) are the main target of the VVV survey. The filters used
for this purpose are the Z, Y, J, H and K with limiting magnitudes of 21.9, 21.2, 20.2 18.2 18.1
respectively. The multi-epoch setting of the VVV allows the detection of a vast amount of variable
objects. For each patch of the sky covered, more than 100 observations will take place at various
times, cautiously interspersed. The survey should produce a catalogue consisting of approximately a
billion point sources and about a tenth of them should be variable objects.

By scanning approximately 20 000 square degrees of the sky (excluding the areas already covered by
VVV and VIKING in the J and K, near-infrared bands, the whole area of the southern hemisphere),
the VHS is the largest of VISTA’s surveys. The limiting magnitudes of the filters used in this survey (Y,
J, Hand K;) are 21.2, 21.2, 20.6 and 20.0 respectively. The resulting data in comparison to the
former Deep Near-Infrared Survey of the southern sky (DENIS, Epchtein et al. 1999) and 2MASS will
be 4 magnitudes deeper, or in other words forty times deeper.

Imaging 1500 square degrees (see VLT Survey Telescope of the Kilo-Degree Survey (VST- KIDS) e.g.
http://kids.strw.leigenuniv.nl/), with limiting magnitudes of 23.1, 22.3, 22.1, 21.5 and 21.2
respectively, the VIKING survey is geared with the Z, Y, J, H and K filters. When combined with KIDS,
the total of 9-passbands allow the measurement of highly accurate photometric redshifts (since the
estimate of the distance of galaxies depends on their colour, especially the ones that are very far
away). Compared to the Large Area Survey (LAS) of UKIDSS, the limiting magnitudes of VIKING are
deeper by 1.4 magnitudes, and by 2 magnitudes if compared to SDSS.

Ultra VISTA covers only 1.5 square degrees of the southern sky (the Cosmological Evolution Survey
(COSMOS) equatorial field) and by observing the same area repeatedly, aims to study the build-up of
stellar mass during the peak epoch of star formation activity, star formation that is dust-obscured,
and the first galaxies. It is the narrowest and deepest survey of VISTA. To achieve this desire, the Y, J,
H and K; filters, with limit magnitudes of 26.7, 26.6, 26.1 and 25.6 respectively, are used along with
one narrow-passband filter with limit magnitude of 26.
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The data collected by the VMC are suitable for studying the resolved stellar population, the star
formation history of the system, and also to trace its three-dimensional structure. The main goal is
to survey the 184 square degrees of the Magellanic System (our nearby neighboring galaxies) i.e. the
Large Magellanic Cloud and the Small Magellanic cloud, and also their environment i.e. the Bridge
and the Magellanic Stream. VMC uses the Y, J and Kj filters that have limiting magnitude of 21.9,
21.4, 20.3 respectively.

By using the Z, Y, J, H and K filters with limiting magnitudes of 25.7, 24.6, 24.5, 24.0 and 23.5
respectively, VIDEO is a survey that aims to extend the knowledge in extragalactic astrophysics. The
program images 3 areas of sky (4.5 square degrees of the XMM-Newton Large-Scale Structure
Survey, 3 square degrees of a field of the European Large-Area ISO Survey, and 4.5 square degrees of
the Extended Chandra Deep Field South — for more information see Jarvis 2012) that make up the
total scanning area of 12 square degrees. In general, VIDEO is an intermediate survey between Ultra-
VISTA (very deep but narrow) and VIKING (relatively shallow but wide).

2.1.5 Two Micron All Sky Survey (2MASS)

Two Micron All Sky Survey (2MASS, Skrutskie et al. 2006) operated from 1997 to 2001. Its
instruments were two 1.3m telescopes at Mt. Hopkins and CTIO in Chile, each equipped with a 3
channel camera using 256x256 arrays of HgCdTe detectors. It mapped the entire sky in three
photometric bands: J, H, and K with limiting magnitudes of 15.8, 15.1, and 14.3 respectively.

2.1.6 Sloan Digital Sky Survey (SDSS)

Sloan digital Sky Survey (SDSS, York et al.2000) has been in service since 2000 to present, using a 2.5
meter telescope at Apache Point Observatory in New Mexico. It has a 120 megapixel camera which
images 1.5 square degrees of sky at each pointing. The passbands that are used in SDSS are u, g, r, i
and z to a depth of 22.0, 22.2, 22.2, 21.3, and 20.5 magnitudes respectively. The z band is a very
good tool for detecting M dwarfs and younger objects, because they are bluer and appear brighter in
the z band compared to colder brown dwarfs.

2.1.7 Wide-field Infrared Survey Explorer (WISE)

More recently, the Wide-field Infrared Survey Explorer (WISE, Wright et al. 2010), since its launch on
2009, have mapped 99% of the sky with angular resolutions of 6.”1, 6.4, 6.”5 and 12.”0 at
wavelengths of 3.4, 4.6, 12 and 22 um. The limiting magnitudes are 15.3, 14.4, 10.1, and 6.7
respectively. It is a 40cm telescope feeding arrays with a total of 4 million pixels. WISE’s W2 band
centred at 4.6 um is a very powerful tool for tracking down cool brown dwarfs, especially Y dwarfs.

2.1.8 SuperCOSMOS Sky Survey (SSS)

The web server of the SuperCOSMOS Sky Survey (SSS) was first set up in Jun 1999 providing an on-
line access for the users to extract digitized data up to 15 arc minutes across in three wavebands, i.e.
blue, red (two epochs) and near infra-red, for the whole sky. It was the first time that proper
motions, colours and variability information were available in digitized format. SSS has a smaller
pixel size (10 micron, i.e. 0.7 arcsec) compare to both the old DSS-1 25 micron (i.e. 1.75 arcsec) and
the new DSS-Il 15 micron (i.e. 1.05 arcsec). Moreover, it allows accessing the images associated with
the catalogue simultaneously. These images were obtain from SuperCOSMOS scans of photographic
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plates from various different sky surveys conducted with the Palomar Schmidt telescope, the UK
Schmidt telescope (UKST), and the ESO Schmidt telescope.

2.1.9 Catalogues selection

Since ejected objects from multiple systems are expected to be very rare, to maximize the chance of
finding them, | had to search within a very large set of objects. The reason why | used HMC and GJC
in this project is because they contain bright nearby stars that would constitute ideal benchmark
systems. They also provide a good range of spectral types from O to M, and distance. | needed
accurate parallax distances for at least the stellar components (hence HMC and GJC as the most
comprehensive samples currently available). Then | relaxed this requirement for ultra-cool
components so that | increased the number of possible associations (thus DA). Overall | have thus
managed the distance uncertainties (to avoid loads of false associations), but not limited the UCD
numbers too much (to maximise the chance of finding systems).

2.2 Distance measurements
2.2.1 Distances for DA

| started off working with DA; for each UCD, this catalogue provides right ascension (a), declination
(6), ) magnitude (Jmag), H magnitude (Hmag), K magnitude (Kmag), parallax (rt), proper motion (),
position angle (6) and spectral type (spt), both in optical (opt) and infrared (ir) along with their
associated uncertainties.

2.2.1.1 Obtaining photometric distance

Many of the objects in DA do not have a measured parallax. To resolve this problem, | first obtained
the absolute J magnitude (M;) using the absolute magnitude-spectral type relation from Dupuy & Liu
(2012). The polynomial fit for MKO and 2MASS magnitudes are shown in Figure 2.2 (Figure 25 of
Dupuy & Liu 2012). | used the MKO and 2MASS photometric systems for my work, and was thus able
to make use of the analysis presented by these authors. Figure 2.2 shows NIR absolute magnitude as
a function of spectral type (for all ultra-cool field dwarfs with parallaxes, but not including known
young or planetary mass object and sub-dwarfs). The polynomial fits to the data are represented by
the thick solid lines and the inverted polynomial fits are represented by dashed grey lines. Especially
for the K and K band, the spectral types as a function of magnitude are sufficiently monotonic. The
objects were plotted in various colours for various ranges of spectral type (brown, red, purple and
blue for spectral ranges of M6 - L2, L2.5- 19, L9.5 - T4 and 2 T4.5 respectively). The root mean square
(rms) of the fit is given at the bottom of each panel and for the inverted polynomial fits the rms
values are shown on the right of the plots. | then calculated the distance modulus (DM) using J from
the catalogue data (J-M; = DM). | could then use it to calculate the photometric distance by
rearranging DM = 5logD - 5 to obtain D.
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Figure 2.2: The polynomial fit for MKO and 2MASS (Figure 25 of Dupuy & Liu 2012).The figure shows NIR absolute
magnitudes as a function of spectral type (for all ultra-cool field dwarfs with parallaxes but not including known young or
planetary mass object and sub-dwarfs).

2.2.1.2 Calculation of photometric distance

Given the lack of parallax measurements for UCDs in DA, the use of absolute magnitude-spectral
type relations became fundamental in obtaining the photometric distance for my target UCDs. The
spectral type for most of the objects in DA is provided either in optical and/or in NIR. Late M and L
dwarfs can be detected in both optical and NIR bands and | have selected the optical spectral types
over the NIR types when both are available. There is no ideal option here, hence my choice to follow
general conventions. | note that optical and NIR spectral types differ most severely for unresolved
UCD binary systems, because the earlier (hotter) component dominates the optical flux and the later
(cooler) component contributes more substantially in the NIR. However, | excluded objects that are
known or suspected to be unresolved binaries. One more reason to pick optical spectral types over
the NIR ones is that using NIR spectral types for all objects would result in polynomial relations
different by 0.01-0.02 magnitudes for MKO bands and 0.03-0.06 magnitudes for 2MASS bands. On
the other hand, T dwarfs can only be detected and are much more luminous in NIR bands due to the
decline in T,¢ ;. Note | have excluded all the objects with peculiarity in their spectral types because
they would affect the accuracy of the calculated absolute magnitude from the polynomial equation
further (Dupuy & Liu 2012).

An accurate determination of the distance is always crucial in minimising uncertainty in any
astrophysical study. Hence many factors that can affect the outcome of the photometric distance in
this case needed to be look in to, and to be corrected. | discussed above my choice in terms of
spectral type. The next important step was to apply the appropriate polynomial, depending on the
photometric system in which the apparent magnitudes of the UCDs were measured. DA photometry
is a mixture of different systems (mostly the MKO and the 2MASS system) and | needed to
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determine which system was appropriate for each object and convert as required. All 2MASS UCDs
were apparent from their discovery name. | also employed the Leggett L and T dwarf archive
(Leggett et al. 2010) to identify (and confirm) measurements made on the MKO system.

Next, to identify objects that were measured in the 2MASS system, | have uploaded all objects
without measured MKO photometry onto Gator, NASA/IPAC Infared Science Archive (IRSA) to X-
match with the 2MASS catalogue objects. | then uploaded the leftover DA objects that were not
matched to both of the previous X-matched archives to the WSA, to X-match with UKIDSS to identify
objects that were also measured in the MKO system. There were then only a few leftover from this
last X-matching, and based on the high likelihood | assumed they were likely to be measured in the
MKO system.

After determining the photometric system for each object, | calculated distance moduli and
distances using either 2MASS or MKO photometry, employing the polynomial equations from Dupuy
& Liu (2012). An alternative approach would have been to convert the 2MASS magnitudes into MKO
magnitudes, using for example the conversion published by Stephens & Leggett (2004). However this
would have introduced another systematic error into my calculation, hence | have rejected this
possible solution. Since Gator and WSA only required the co-ordinates of the objects in degrees, |
have then X-matched those objects, along with their associated rms, with the original reduced data
using TOPCAT, to combine them back into one table.

Although a vast number of parallaxes are missing in DA, of course measured distances are more
accurate than those | have calculated using photometry and spectroscopy (i.e. the polynomial fits
from Dupuy & Liu 2012). Hence | have obtained the minimum distance (Dmin) and maximum
distance (Dmax) to each UCD in two different ways, depending on whether the parallax and its error
were given by the catalogue or not. Note that instead of using the available measured parallaxes
from DA, | used the more up-to-date inventory complied by Dupuy & Liu (2012), containing all UCDs
with direct distance measurements, providing position, parallax and proper motion (i.e. the
astrometry of the object), and both MKO and 2MASS photometry (either from published
measurements or synthesized from any spectra available) for each object. Other photometry is also
included if available, i.e. Spitzer/IRAC (all channels), WISE (flags of data quality and upper limits
included) and SDSS (from DR7 onward). Additional information is also provided, i.e. spectral types
determined from both optical and NIR bands, flags for unusual properties (e.g. being a member of a
young moving group, have low metallicity or low gravity, etc.), information on the high-angular
resolution imaging, and information on the companion/s if the object is part of a multiple system.
Note that the data table presented by Dupuy & Liu (2012) is constantly updated whenever new
parallaxes become available.

The first way to calculate Dmin and Dmax is to use the distance-parallax equation for objects that
have the parallax error (o) provided. Since the parallax is measured in milliarcseconds (mas), | have
multiplied both (1) and (2) by 1000 to convert it back to arcseconds (as). Then dividing by the
parallax plus its error gives the Dmin and dividing by the parallax minus its error gives the Dmax as
shown below:

1000

Dmin = oy (1)
1000

Dmax = — (2)

For objects that do not come with measured parallax, to calculate Dmin and Dmax, | had to first
work out the error on the distance of the UCD (ADy¢p). | considered two solutions to determine the
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ADycp- The first way is to apply the propagation of uncertainty to work out the ADypby using the
distance modulus equations. However, | ended up using the magnitude-flux and distance-flux
relations to work out the percentage error for the distance since it is less time consuming.

The change in magnitudes (Am) can be converted to a variation in brightness (flux):

f_2 ~ Am
i 2.5 (3)

| first used the magnitude-flux relation where M; is the magnitude measured in the J band.

M;~2.5log(f) (4)

Rearranging for f:

M

My
f=10zs (5)
Then | used the distance-flux relation (inverse square law):

1

fes (6)

Rearranging for d:

doc\g (7)

Substituting (5) into (7):

1
do | =7

102

—
—_
00
-

wul

Given the percentage error with respect to M; is:
Ad% (M) =d —1 (9)

However, | have to take into account that M; has two types of error, M;(spt) with respect to the
spectral type and M;(rms) with respect to the rms from the Dupuy & Liu (2012) equation.

Moreover, Ad%(J) which is the percentage error of J (where the error of Jmag, 0jag, is provided by
DA) is calculated by:

Ad%()) = 2™ % 100 (10)

Jmag

The final formula | used to calculate the percentage error propagation:

AD(%) or Derror = \/Ad%(J)? + Ad%(M;(spt))? + Ad%(M;(rms))? (11)

The steps described in equations (3) to (11) are equivalent to rearranging the distance modulus
equation and determining the distance uncertainty from that. Note that the error for M](spt) =
+0.5, this is because | assumed the uncertainty of the spectral type to be half a spectral type.
Further, the error for M;(rms) = £0.4 since the error for M;(rms) is between 0.39 and 0.40
depending on the system used (Dupuy & Liu 2012). Given that the difference is very small, and to be
more conservative, | picked the larger value of the two to be the standard rms error for this
particular calculation.
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The candidate associated object (UCD in this case) must have a distance larger than the Dmin of the
star and smaller than the Dmax of the star to be considered a companion. After | have calculated the
error on the distance of the star (ADg;,,) and have deduced ADyp, | then used them to work out
Dmin and Dmax (note that the 50 kAU constraint was not included in this calculation as it is
negligible in comparison to AD;q, of ADycp Which are around 10 times larger or more):

Dmin = Dstar — ADgtar — ADycp (12)
Dmax = Dstar + ADgtar + ADycp (13)

| have in Figure 2.3 plotted the distribution of objects in relation to their distance. Objects with
measured parallaxes are plotted in black, while objects without are plotted in red. The parallax
distances were taken straight from DA, but for the remaining objects | needed to estimate the
distance using the available spectroscopy and photometry. The figure shows that there are very few
UCDs with distance below 10pc due to the small volume of space this represents. For greater
distance the number increases as the space volume goes up, but then peaks and decreases. The
parallax sample (black line) falls beyond ~15pc because only brighter UCDs (of any spectral sub-type)
are targeted for parallax observations. The non-parallax sample peaks at ~20pc and falls at greater
distance for two reasons; (i) spectroscopic follow up of UCD candidates is preferentially done for
brighter candidates, and (ii) the photometric limits and uncertainties of the main UCD surveys lead
to distance cut-offs and higher contaminations levels in selected samples. The sample is most
numerous out to ~50pc, before falling off rapidly between 50 and 100pc.
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Figure 2.3: Number of UCDs versus distance in parsec. There is a higher population of objects at a closer distance than at a
much further distance. Objects with measured parallax are plotted in black, while objects without are plotted in red. The
population without parallaxes extends further than the one with parallaxes, due to the challenge of measuring parallaxes
at large distances.

2.2.2 Distances for HMC

The HMC parameters that | used in my analysis are right ascension (a), declination (&) at the J2000
epoch, apparent magnitude (Vmag), parallax (), proper motion in the right ascension direction (L),
proper motion in the declination direction (pg), colour (B-V), spectral type (spt), and their associated
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uncertainties. | took parallax measurements and associated errors to determine distance limits as
before. In order to select only good quality measurements, | have imposed a limit on the uncertainty
of the HMC parallaxes of 10% or better, because Hipparcos parallaxes are only good quality if their
uncertainty is 10% or better. As a result, the catalogue was downsized by a factor of ~6 with only
20871 objects left.

| have in Figure 2.4 plotted a distance histogram to see the distribution of objects in relation to their
distance. The black histogram shows all of Hipparcos targets, while the red one shows only objects
with uncertainties within 10%. The figure shows the number of objects increases until around 100-
150 pc, because the volume sampled increases. After that as the distance increases, the number of
stars decreases due to reduced photometric sensitivity and incompleteness. However, the number
of objects with good parallaxes only increases up to 60 pc, and only extends to 200 pc. For distances
above 60pc the frequency of good quality Hipparcos parallaxes decreases due to the typical lack of
bright stars and the limiting magnitude of Hipparcos (van Leeuwen 2007). Note that the plot only
shows the distribution out to 500 pc, but Hipparcos contains objects with reported distances out to
100 kpc. The distances near 100kpc are very inaccurate, and dominated by uncertainty. Note that
there is a good match between the most populated distance range of the photometric distance
sample from DA (<50pc) and the <10% sample from HMC (<60pc).
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Figure 2.4: Number of stellar objects versus distance in parsec. The entire sample is plotted in black, while objects with
uncertainties < 10% are plotted in red. There is a higher population of objects at intermediate distance than at a much
further distance. This is because of the limiting magnitude of Hipparcos. Objects with good quality parallax (i.e.
uncertainties < 10%) only extend out to 200 pc.

| have in Figure 2.5 plotted a colour magnitude diagram with the HMC data to see the distribution of
types of objects. The entire sample is plotted in black, while objects with uncertainties < 10% are
plotted in red. The entire sample shows a lot of scatters on the colour-magnitude diagram, forming a
cloud of points. There are objects extending out to B-V=5.6 but those measurements are probably
dominated by uncertainty. The 10% sample takes the shape of the Hertzsprung-Russell (HR)
diagram. The curve extending from the top left corner to the bottom right corner in the figure
represents the main sequence, the shorter curve extending from the right corner to the middle of
the main sequence represents the red giants. A small population of white dwarfs shows in the
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bottom left corner. The majority of objects in the <10% sample are FGK main sequence stars (B-
V<1.3), with reduced numbers of M dwarfs (B-V>1.3) due to their optical faintness. There are also a
significant number of evolved stars in the form of sub-giants and giants. Such objects are intrinsically
brighter than main sequence stars of the same temperature (and thus measurable out to greater
distance), though lower space density (since the giant phase happens on a much shorter time-scale
than the main sequence phase) acts to reduce their number in the HMC sample. Only a small
number of white dwarfs and sub-dwarfs (below the main sequence) are in the <10% sample due to
their intrinsic faintness and lower space density. Thus the HMC provides good coverage of potential
disintegrating multiple components with FGK types out to ~60pc, with a somewhat reduced
sensitivity to M dwarfs and evolved giants, and very low white dwarf and sub-dwarf numbers.
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Figure 2.5: Colour magnitude diagram with the data from the HMC. The entire sample is plotted in black, while objects with
uncertainties < 10% are plotted in red. The 10% sample takes the shape of the HR diagram. The longest curve extending
from top left to bottom right is the main sequence. Red giants are represented by the shorter curve from the top right to
the mid main sequence. A small population of white dwarfs is at the bottom left of the figure.

Since HMC also provides parallaxes measured in mas, hence to calculate Dmin and Dmax | used
equation (1) and (2) as above.

2.2.3 Distances for GJC

The GJC parameters that | used in my analysis are right ascension (a), declination (8), proper motion
(u), spectral type (spt), apparent magnitude (Vmag), colour (B-V), parallax (mt), absolute apparent
magnitude (M) with their associated errors.

| have in Figure 2.6 plotted a distance histogram to see the distribution of objects in relation to their
distance. The figure shows that there are very low numbers closer than 10pc, while the majority of
the objects are between 10 and 20 pc, and as the distance increases, fewer objects are found. The
distribution is flat (the number of objects is roughly constant) in the 10-25pc range, which shows the
incompleteness - | would expect more stars at greater distance, due to an increased volume (i.e. the
histogram should have an uphill climb). Note that Gliese is just a catalogue, not a survey. So it was
constructed as a catalogue containing objects with parallax distance of 25pc or less. Over time these
measurements can change a bit as parallaxes improve. So there is a tail of Gliese stars above 25pc.
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The GJC sample provides a good distance match to the peak of the DA histogram, but (due to its
design) fails to cover the >25pc range.
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Figure 2.6: Number of stellar objects versus distance in parsec. There is a higher population of objects at closer distance
than at a much further distance.

| have in Figure 2.7 plotted a colour magnitude diagram for the GJC data to see the distribution of
types of objects. The curve extending from the top left corner to the bottom right corner in the
figure represents the main sequence. The GJC sample is dominated by M dwarfs, making a good
complement to the HMC. A small population of red giants and sub-giants is shown just above the
middle of the main sequence. The shorter curve parallel to the main sequence represents white
dwarfs. Although the number of white dwarf is much lower than the number of main sequence
stars, there are many more white dwarfs in GJC than in the HMC, thanks to the efforts of the white
dwarf community measuring parallaxes. There are also a higher percentage of sub-dwarfs
presumably due to targeted follow up within the community. GJC provides good coverage of
potential disintegrating multiple components with M spectral type out to 25pc, and offers a
significant improvement over the HMC for white dwarfs and sub-dwarfs in this range.
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Figure 2.7: Colour magnitude diagram with the data from the GJC. The longest curve extending from top left to bottom right
is the main sequence. A small population of red giants shows on top of the mid part of the main sequence. The shorter
curve parallel to the main sequence is the white dwarf population.

Though, the errors in proper motion (Uu) are lacking in this catalogue and | needed this parameter to
calculate the Gaussian error (section 2.6) later on. The proper motion quoted in GJC is taken from
either the Tycho catalogue, the Hipparcos catalogue or the USNO catalogue. Stauffer et al. (2010)
quote typical uncertainties of 2.5 mas/yr for the brightest stars in the catalogue. Note that this value
can be underestimated for fainter stars however, since in this work | focus only on the brightest
nearby stars then the real uncertainty will not be too different from the value given by Stauffer et al.
(2010). From this point onward, | will therefore consider as Gaussian error on the GJC proper motion
the value of 2.5 mas/yr.

2.3 UCD sample properties

| now plot various properties of the UCD sample, combing catalogue measurements with my
distance determinations. This shows sensitivity biases across the sky, as well as the spectral type and
magnitude distribution of DA. It indicates likely uncertainties in the photometric distances due to
photometric scatter and unresolved binarity, and also highlights a small fraction of unusual UCDs in
the sample (red and blue outliers).

First, from the DA catalogue, in Figure 2.8, | have plotted the right ascension (a) versus declination
(6). The plot shows the lay out of the UCDs on the sky. Objects with measured parallax are plotted in
black, while objects without are plotted in red. It can be seen that the population is densest along
the equator. Clearly there is a lack of UCDs in the Galactic plane region. This is because BDs are
difficult to identify when there is lots of contamination from reddened objects. The distribution of
objects with measured parallax is more homogeneous. There is an over-density of UCDs in the
Northern hemisphere. This is due to the non-uniform coverage of the sky, i.e. the Northern
hemisphere has been more thoroughly mapped by survey such as UKIDSS and SDSS. The ongoing
VISTA survey will compensate in the Southern hemisphere. The over-density of UCDs near the
celestial equator is due to follow-up of 2MASS and SDSS early data releases (e.g. Cruz et al. 2007,
Chiu et al. 2006).
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Figure 2.8: The right ascension (a) versus declination (8) plot from the DA data shows the distribution of UCDs on the sky.
Objects with measured parallax are plotted in black, while objects without are plotted in red. The population of UCDs is
densest along the equator.

Next | have plotted a series of colour magnitude diagrams and Figure 2.9 below is one where J-K
versus J magnitude is plotted. The objects plotted in black are the ones with parallax and the objects
plotted in red are the ones without. Although this plot shows apparent magnitude against colour,
the approximate division between L and T dwarfs is still clear from the colours, with the more
numerous L dwarfs redder than J-K=1 and the less numerous T dwarfs much bluer than this. There
are a small number of brighter T dwarfs in the upper left corner of the plot whose parallax
measurements show that they are very nearby, and in general it can be seen that there is a
preference to measure parallaxes for the brightest examples at any spectral type. In between the L
and T dwarfs there are the L/T transition objects, whose relative rarity (and difficulty to identify in
the NIR) means that there are very few nearby examples and those with parallax lie at J~16 (see
above section 1.2.3 to 1.2.6 for more information).
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Figure 2.9: The colour of the UCDs versus the brightness of the UCDs. Objects plotted in black are the ones with measured
parallax and objects plotted in red are ones without. Star symbols indicate L dwarfs and open diamonds indicate T dwarfs.
The brighter objects are M and L dwarfs, with J between 15 and 16 there is the L/T transition, T dwarfs are the faintest and
bluest objects.

| show in Figure 2.10 the absolute J magnitude against the J-K colour. Objects with measured
parallax are plotted in black as usual, while objects without are plotted in red. It can be seen that
objects with photometric distance form horizontal lines (one for each spectral type), due to the
guantised nature of spectral types and the polynomial relations used to determine their absolute
magnitude, while those with parallax are more evenly distributed. Objects with photometric
distance also show a larger scatter.
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Figure 2.10: The colour of the UCDs versus the absolute J magnitude of the UCDs. Objects with measured parallax are
plotted in black, while objects without are plotted in red. Star symbols indicate L dwarfs and open diamonds indicate T
dwarfs. Objects without measured parallax show a larger scatter in colour with spectral type.

In Figure 2.11 | show My as a function of J-K. As usual black symbols indicate objects with measured
parallax while red symbols indicate objects without. In comparison to Figure 2.10 the population
shows a larger scatter because of the presence of colour outliers — e.g. red and blue L and T dwarfs
(e.g. Folkes et al. 2007; Faherty et al. 2009; Schmidt et al. 2010; Mace et al. 2013; Marocco et al.
2014). Only a small fraction of objects are outliers and can be seen easily because they lie outside of
the main sequence containing the majority of UCDs. Colour outliers are due to the sensitivity of the
J-K colour to metallicity and surface gravity. The same effect is seen in the population of objects with
measured parallaxes. The main difference between this figure and Figure 2.10 is the slope of the
sequence between the reddest L dwarfs and the mid T dwarfs. This is due to objects getting fainter
in K in this range. Conversely L/T transition objects remain about the same brightness in J, and even
get slightly brighter for the early T dwarfs.
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Figure 2.11: The colour of the UCDs versus the absolute K magnitude of the UCDs. Objects with measured parallax are
plotted in black, while objects without are plotted in red. Star symbols indicate L dwarfs and open diamonds indicate T
dwarfs. Objects without measured parallax show a larger scatter in colour with spectral type.

| have plotted in Figure 2.12 the absolute magnitude in J band (M) as a function of spectral type
and have obtained the same L/T transition trend (see above sections of 1.2.4 and 1.2.5) as Figure 8
in Knapp et al. (2004). The objects in black are the ones with measured parallax and the objects in
red are the ones without. Objects in red follow exactly the polynomial from Dupuy & Liu (2012). It
can be seen that in the L/T transition the slope of the two polynomials (i.e. the MKO and the 2MASS
one) is significantly different. This could be due to the greater sensitivity of the UKIDSS filters to the
settling of dust. Objects with measured parallax show a larger scatter. In particular unresolved
binaries and young objects are over luminous and so sit above the polynomial. The unresolved
binary sequence (along with any young objects not fully contracted) is very clear in this plot, lying
~0.75 magnitudes above the single star sequence, defined by the red objects. This means that any
unresolved binary without parallax measurements would have its absolute J magnitude over
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estimated, introducing a systematic error into the distance measurements. Note that the
brightening of the L/T transition only occurs in the J-band.
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Figure 2.12: Spectral type versus M;. This plot shows the transition pattern between L dwarfs and T dwarfs in the J band. The
objects plotted in black are the ones with measured parallax and the objects plotted in red are the ones without. Objects in
red follow the Dupuy & Liu (2012) polynomial, while objects in black show a larger scatter due to the presence of young
objects and unresolved binaries. Star symbols indicate objects following the MKO polynomial and open diamonds indicate
objects following the 2MASS polynomial.

| have also plotted in Figure 2.13 the absolute magnitude in K band (M) as a function of spectral
type as Figure 9 in Knapp et al. (2004). Similarly to the previous plot, objects with measured parallax
are plotted in black, while objects without parallax are plotted in red. This figure show the same L/T
transition pattern as in J band but flatter, this is because the L/T transition pattern is mostly
dependent on the dust clouds and in comparison the K band is less sensitive to the dust than the J
band. For the same reason, there is no difference between the two polynomials (i.e. MKO ad
2MASS). Unresolved binaries and young objects appear over-luminous.
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Figure 2.13: Spectral type versus M. This plot shows the transition pattern between L dwarfs and T dwarfs in the K band.
Objects with measured parallax are plotted in black and objects without are plotted in red. Objects in red follow the Dupuy
& Liu (2012) polynomial, while objects in black show a larger scatter due to the presence of young objects and unresolved
binaries. Star symbols indicate objects following the MKO polynomial and open diamonds indicate objects following the
2MASS polynomial.

| have also plotted in Figure 2.14 the absolute magnitude in H band (M) versus spectral type.
Objects with measured parallax are plotted in black while objects without are plotted in red. Here
the pattern have gotten even flatter due to the same reason as above that the H band is even less
sensitive to dust than the K band. For the same reason there is no difference between the two
polynomials from Dupuy & Liu (2012).
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Figure 2.14: Spectral type versus M. This plot shows the transition pattern between L dwarfs and T dwarfs in H band.
Objects with measured parallax are plotted in black while objects without are plotted in red. Star symbols indicate objects
following the MKO polynomial and open diamonds indicate objects following the 2MASS polynomial.

Except for a few over luminous objects, which could be unresolved binaries (Dupuy & Liu 2012), one
would assume the luminosity should decrease proportionally to the temperature as L dwarfs turn
into T dwarfs. However, as mentioned above there is a brightening in luminosity at the L-T transition,
before it decreases again. In general, it is mostly the dusty atmosphere of L dwarfs that causes the
scattering of light, hence the redness of the spectrum. Whereas the much less dusty atmosphere of
T dwarfs (with minimal scattering) causes the spectrum to be blue. Being cloudless leads also to the
brightening of T dwarfs in the J band. There are also fewer objects in the L-T transition and this is
because of the narrow range of effective temperature T,r = 1100-1400K (e.g., Kirkpatrick et al.
2000; Golimowski et al. 2004b; Vrba et al. 2004) covered by the transition.

Besides the descending T, (and the consequent formation and following removal of condensate
clouds from the photosphere) it is also the change of dominant carbon-bearing molecule (from CO
to CH,) that causes the J brightening. There is a variety of one-dimensional models trying to
reproduce the general changes of colours, spectra and magnitudes from late L dwarfstomid T
dwarfs, based on different prescriptions for the clouds (Marley et al. 2002; Tsuji 2002; Burrows et al.
2006). However there are difficulties in modelling clouds (e.g., Helling et al. 2008), and we still lack a
robust physical theory (e.g. Helling & Casewell 2014; Marley & Robinson 2015). Hence none of the
models up to date can accurately reproduce the entire colour-magnitude trend of L and T dwarfs
(Saumon & Marley 2008; Allard et al. 2011).

2.4 Identifying initial candidate associations

2.4.1 Separation constraint

The aim of this work is to identify a set of possible multiple disintegrating systems within the 3
selected catalogues, for further study.

Disintegrating systems may have much in common observationally with gravitationally bound wide
binary systems. However, they can differ in two key aspects. Firstly, consider that gravitationally
bound multiple systems have their orbital velocities limited by Newton’s law, and their relative
velocities are expected to be much less than the systematic velocity. Observationally they are thus
generally common proper motion systems. Disintegrating multiples are not limited in this way, and
should have higher relative velocities if they are unbound systems. This means that they do not have
to be common proper motion systems. Secondly, disintegrating multiples may be observed after the
components have moved apart to some degree, and | would thus expect their separation range to
extend to greater separations than those seen for bound systems. | address the proper motions of
my candidate systems in a later chapter, but employed a separation constraint as part of my initial
candidate selection.

Given the furthest separations known for wide stellar binary systems are approximately 200 kAU
(e.g. Caballero 2010; Caballero et al. 2006), the stars would be so loosely bound together that
gravitational interaction with other nearby objects could disrupt the system. Hence for the first
constraint, | decided to apply a more conservative angular/separation limit. The objects had to be
within maximum 10 arcmins and 50 kAU of each other, because | wanted a separation range that
was wider than for typical multiple systems, and at the same time | wanted to limit the number of
random matches. This way | identified candidate associations that include (i) disintegrating multiples
that are gravitationally unbound, (ii) wide binary/multiple systems that are gravitationally bound,
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and (iii) false groupings that are neither of these (i.e. contamination, or line-of-sight systems). Most
known multiple systems containing a UCD have separations out to ~10 kAU, and a few are as wide as
~25 kAU (see references by Burgasser et al. 2005; Zhang et al. 2010; Faherty et al. 2010). So by going
out to 50 kAU | was looking out to separations about twice as large as the widest multiples.

But | also needed to limit the separation range somewhat because one starts getting lots of
contamination (chance alighments) at very wide separation. False line-of-sight associations are
considered further in the section describing my candidate sample. At this point | chose an upper
limit of 50 kAU as a reasonable mean of searching for unbound multiples with wider separation than
is typically seen for known wide binaries.

Then | needed to avoid selecting just any two objects that appear to be very close together in the sky
due to line of sight alighment, but with the other “component” being actually much further away.
The second constrains is therefore based on the error of the measured distance, to have both
objects within the same Dmin to Dmax distance range. This way the ‘pair’ would be confirmed to be
a possible candidate association. Also while one object is within the ‘range’ of the other object then
the angular distance between them is so small (small angle approximation) that they can be
considered as sharing common distance.

2.4.2 Spatial/Distance associations

Candidate associations were defined so that the Dmin-Dmax range of one object overlaps with the

Dmin-Dmax range of the other, potentially placing the two objects at a common distance (to within
the observational constraints). In addition it was required that their physical separation be <50 kAU
(equating to an angular separation limit at the average distance of the pair).

My complete X-matching procedure followed a 3 stage process. Initially | began with DA and
searched for associated objects in DA itself and the HMC and GJC. | then carried out a similar analysis
but starting with the HMC, and finally the GJC. In this way | was able to find disintegrating multiple
candidates with any combination of constituents from the three catalogues. This procedure thus
required me to identify and remove associations that were selected multiple times. This was done by
scanning through the resulting pairs to pick out those that share the same spectral type and with
their coordinates marginally close to each other (i.e. < 0.1 arcsec). | have then blinked through their
images from SSS and SIMBAD to identify those duplicates and rejected them from the X-matching
results.

Note that | did not set a maximum number of associated objects because | do not want to exclude
any possible multiple associations to ensure a decent sample size. The only limitation is that all of
the objects in the association had to be within an overall separation of 50 kAU. | have X-matched DA
with HMC, DA with GJC, HMC with HMC, GJC with GJC and HMC with GJC. The results of the X-
matching are described in the following paragraphs.

The results of the X-matching are summarized in Table 2.1. In Figure 2.15 | have plotted the
separation distribution for the systems resulting from the X-matching between DA and HMC. It can
be seen that the majority of the systems have separations within 1.5 arcminutes and only a few of
them extend all the way out to 9 arcminutes. Since almost all of DA is closer than 100pc (see Figure
2.3) I would not expect to get many separations close to 50 kAU because this will be beyond 10
arcminutes. In Figure 2.16, | show a colour-colour plot for the UCD components of the DA-HMC
systems. Objects with parallax are plotted in black, while objects without are plotted in red. The
majority of the objects are on the top right corner of the plot, meaning that they are L dwarfs. A few
of them extend towards the opposite corner, which is the location of T dwarfs. The sequence is
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linear with only a couple of outliers lying below it. Figure 2.17 shows a colour-absolute magnitude
diagram. The L-T sequence is visible from the top of the plot to the bottom left corner. The main
feature is that the majority of the objects are L dwarfs, which are more numerous than T dwarfs in
DA, and are intrinsically brighter so detectable in association with stars out to a greater distance. It
can also be noted that the majority with measured parallaxes are late L dwarfs and T dwarfs. This is
because parallax campaigns have focused mostly on the coldest objects (e.g. Smart et al. 2010,
Marocco et al. 2010, Dupuy & Liu 2012). In Figure 2.18 | plotted a colour-absolute magnitude
diagram for the stars and the BDs in the DA-HMC systems. BDs are plotted in black and the stars are
plotted in red. | can see that the stars are main-sequence stars and the BDs cover the entire L-T
range. Figure 2.19 shows absolute J magnitude against separation for the DA-HMC systems. The
reason the 2 widest associations are L dwarfs is because wide associations are rare, so | expect them
to come from amongst the most common type of UCD in DA, that are detectable as associations to
stars out to larger distance.

Table 2.1: This table shows the number of candidate systems with multiples components from the DA-HMC X-match.

Number of components Number of candidate systems
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Figure 2.15: Separation histogram from the X-match between DA and HMC. The majority of the systems have separation
within 1.5 arcminutes. Only few of them extend to 9 arcminutes.
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Figure 2.16: Colour-colour diagram for the UCD components of the DA-HMC X-matching data. Objects with parallax are
plotted in black while objects without parallax are plotted in red. The L-T sequence extends from the top right corner to the
bottom left corner.
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Figure 2.17: Colour magnitude diagram with the DA-HMC X-matching data. Objects with parallax are plotted in black while
object without parallax are plotted in red. The L-T sequence extends from the top to the bottom left corner of the plot. The
majority of the systems are L dwarfs.
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Figure 2.18: Colour magnitude diagram with the DA-HMC X-matching data. BDs are plotted in black while Hipparcos stars
are plotted in red. The primaries are main-sequence stars while the BDs cover the entire L-T range.
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Figure 2.19: Absolute J magnitude against separation for the DA-HMC systems. Wide associations are rare and the 2 widest
associations are L dwarfs, which are the most common type of UCD in DA.

The results of the X-matching are summarized in Table 2.2. In Figure 2.20 | have plotted the
separation distribution for the systems resulting from the X-matching between DA and GJC. In a
similar way as the DA-HMC systemes, it can be seen that the majority of the systems have separation
within 1.5 arcminutes and only a few of them extend all the way out to 9 arcminutes. In Figure 2.21,
| show a colour-colour plot for the DA-GJC systems. Objects with parallax are plotted in black, while
objects without are plotted in red. The majority of the objects are on the top right corner of the plot,
meaning that they are L dwarfs. A few of them extend towards the opposite corner, which is the
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location of T dwarfs. The sequence is linear with only 1 outlier lying below it. Figure 2.22 shows a
colour-absolute magnitude diagram. The L-T sequence is visible from the top of the plot to the
bottom left corner. The objects are evenly distributed across the full spectral type range. It can also
be noted that the majority with measured parallaxes are late L dwarfs and T dwarfs. In Figure 2.23 |
plotted a colour-absolute magnitude diagram for the stars and the BDs in the DA-GJC systems. BDs
are plotted in black and stars are plotted in red. | can see that the stars are main-sequence stars with
a couple of white dwarfs and the BDs cover the entire L-T range. Figure 2.24 shows absolute J
magnitude against separation for the DA-GJC systems. Only the L dwarfs can be found at large
separations. This is for the same reason explained above.

Table 2.2: This table shows the number of candidate systems with multiples components from the DA-GJC X-matching.

Number of components Number of candidate systems
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Figure 2.20: Separation histogram from the results of the X-match between DA and GJC. The majority of the systems have
separation within 1.5 arcminutes.
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Figure 2.21: Colour-colour diagram with the DA-GJC X-matching data. Objects with parallax are plotted in black while
objects without parallax are plotted in red. The L-T sequence extends from the top right corner to the bottom left corner.
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Figure 2.22: Colour magnitude diagram with the DA-GJC X-matching data. Objects with parallax are plotted in black while
objects without parallax are plotted in red. The L-T sequence extends from the top to the bottom left corner of the plot.
The systems are quite evenly distributed in the spectral sequence.
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Figure 2.23: Colour magnitude diagram with the DA-GJC X-matching data. BDs are plotted in black while Gliese stars are
plotted in red. The majority of the primaries are main-sequence stars but there are a couple of faint white dwarfs as well.
BDs cover the entire L-T range.
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Figure 2.24: Absolute J magnitude against separation for the DA-GJC systems. Only L dwarfs are found at large separations.

The results of the X-matching are summarized in Table 2.3. In Figure 2.25 | have plotted the
separation distribution for the systems resulting from the X-matching between Hipparcos stars.
Systems within 50pc are plotted in black while systems outside this limit are plotted in red. The
majority of the nearby systems have separation less than 500 AU, while the more distant systems
extend out to larger separations, up to 3200 AU. In comparison there are more systems with large
separations than in the DA-HMC and DA-GJC X-matches. Figure 2.26 presents a colour-magnitude
diagram. The main sequence can be seen extending across the plot from the top left to the bottom
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right corner. Red giants and sub-giants are on the top right corner, while white dwarfs are on the
bottom left corner. The components of groups of 2 are plotted in black, the components of groups
of 3 are plotted in red, and the components of groups of 5 are plotted in green. Most of the objects
in groups of 3 and 5 are high mass early spectral type objects.

Table 2.3: This table shows the number of candidate systems with multiple components from the HMC-HMC X-match.

Number of components Number of candidate systems
2 144
3 3
4 0
5 1
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Figure 2.25: Separation histogram for the HMC-HMC X-match. Systems within 50pc are plotted in black while systems
outside this limit are plotted in red. The sample in general contains systems with a wide range of separations and peak
between 0 and 100 AU and decreases towards the maximum separation of 3200 AU.
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Figure 2.26: Colour magnitude diagram with the HMC-HMC X-matching data. Objects in groups of 2 are plotted in black
while objects in groups of 3 are plotted in red and objects in groups of 5 are plotted in green. The figure shows the main
sequence and the red giants, the longest curve extending from top left to bottom right and on top of the mid part of the
main sequence, respectively. The population of LMSs is a lot sparser in comparison to the population of higher mass stars
in the main sequence. Most of the objects in groups of 3 and 5 stars are high mass early spectral type objects. No white
dwarfs or giants are found in multiple systems.

The results of the X-matching are summarized in Table 2.4. In Figure 2.27 | have plotted the
separation distribution for the systems resulting from the X-matching between Gliese stars. Systems
within 25pc are plotted in black while systems outside this limit are plotted in red. The vast majority
of the systems have separations within 100 AU, and then the number of objects sharply drops by a
factor of 5 for larger separations, then it slowly declines towards maximum separations of 250 AU.
There are very few more distant objects and their distribution looks almost identical to the
distribution of nearby objects. Figure 2.28 presents a colour-magnitude diagram. The main sequence
can be seen extending across the plot from the top left to the bottom right corner. Red giants and
sub-giants are on the top right corner, while white dwarfs are on the bottom left corner. Compared
to Figure 2.26, there are a lot more LMSs and white dwarfs. Objects in groups of 2 are plotted in
black while objects in groups of 3 are plotted in red. Objects in groups of 4 are plotted in blue and
objects in groups of 5 are plotted in green. Objects in high multiplicity groups are evenly distributed
along the sequence. In particular there seem to be a lot of LMSs in triple systems.

Table 2.4: This table shows the number of candidate systems with multiples components from the GJC-GJC X-matching.

Number of components Number of candidate systems
2 474
3 33
4 3
5 1

52



et

H d<=25pc —— |4

| d > 25 pc i
100 i fm
m E ]
€ C ]
i - .
17 El 7
* B J
K i ]
©
o
E 10H =
= - -
Z L 4
hE] C ]
o
Ke} r 4
1 H 2]
B " L L L L L n " L I | _‘A f L L .m. 1 El
0 50 100 150 200 250

Separation (AU)

Figure 2.27: Separation histogram for the results of the GJC-GJC X-match. Systems within 25pc are plotted in black while
systems outside this limit are plotted in red. The vast majority of the systems are within 100 AU.
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Figure 2.28: Colour magnitude diagram with the GJC-GJC X-matching data. Objects in groups of 2 are plotted in black while
objects in groups of 3 are plotted in red. Objects in groups of 4 are plotted in blue and objects in groups of 5 are plotted in
green. The figure shows the main sequence and the red giants, the longest curve extending from top left to bottom right
and on top of the mid part of the main sequence, respectively. The population of high mass main sequence stars, red
giants, and white dwarfs is smaller than the population of LMSs. The objects in high multiplicity groups are evenly
distributed along the main sequence and even include red giants and white dwarfs.

The results of the X-matching are summarized in Table 2.5. In Figure 2.29 | have plotted the
separation distribution for the systems resulting from the X-match between Hipparcos and Gliese
stars. Systems within 25pc are plotted in black while systems outside this limit are plotted in red.
The number of systems increases with separation and reaches the peak between 50 and 100 AU,
then it declines towards a maximum separation of 300 AU. The distribution of more distant objects

53



increases as well, then reaches the maximum around 50 AU, but after that is essentially flat out to
almost 200 AU. After that the number of objects drops. Figure 2.30 presents a colour-magnitude
diagram. The main sequence can be seen extending across the plot from the top left to the bottom
right corner. Red giants and sub-giants are on the top right corner, while white dwarfs are on the
bottom left corner. Objects in groups of 2 are plotted in black while objects in groups of 3 are
plotted in red. Objects in groups of 4 are plotted in blue, objects in groups of 5 are plotted in green
and objects in groups of 6 are plotted in yellow. There are many objects in high multiplicity groups,
and they are evenly distributed along the sequence. In particular the X-match produced associations
with up to 6 components. Quite a few red giants and white dwarfs are found in multiple systems.
Figure 2.26, 2.28 and 2.30 show that HMC is best for FGK stars associations, GJC is much better for M
dwarfs and WDs, and when | combine them together (Figure 2.30) | get the best of both, with a wide
range of objects being associated and some associations with more components in them (i.e. as
many as 6 objects). This shows that the catalogues | am using are complementary, and that the way |
do X-matching is effective and complete.

Table 2.5: This table shows the number of candidate systems with multiples components from the HMC-GJC X-match.

Number of components Number of candidate systems
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Figure 2.29: Separation histogram for the results of the HMC-GJC X-match. Systems within 25pc are plotted in black while
systems outside this limit are plotted in red. The distribution of nearby objects peaks between 50 and 100 AU, while the
distribution of distant objects is flat from 50 all the way to 200 AU.
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Figure 2.30: Colour magnitude diagram with the HMC-GJC X-matching data. Objects in groups of 2 are plotted in black
while objects in groups of 3 are plotted in red. Objects in groups of 4 are plotted in blue, objects in groups of 5 are plotted
in green and objects in groups of 6 are plotted in yellow. The figure shows the main sequence and the red giants, the
longest curve extending from top left to bottom right and on top of the mid part of the main sequence, respectively. The
population of high mass main sequence stars and red giants is smaller than the population of LMSs, and the population of
white dwarfs is even smaller, limited to a few objects. The objects in high multiplicity groups are evenly distributed along
the main sequence and even include red giants and white dwarfs.

2.5 Identifying common proper motion systems

One of the ways | used to separate gravitationally bound binary/multiple associations from unbound
disintegrating multiple candidate associations is by using proper motion. Widely separated bound
multiple systems should have common proper motion (CPM), while disintegrating systems can be
non-CPM. To identify CPM systems | have selected only groups where the differences between the
total PM of all components of the multiple system are within the combined error (Gaussian error). To
identify ejected candidates, | selected only groups where the difference between the total PM of at
least one component of the multiple system is larger than 3 times the combined error (Gaussian
error). In general for the candidates involving DA (i.e. the DA-GJC and DA-HMC matches), not all the
DA objects have PM measurements (only 35%). | carried out the CPM analysis only for DA objects
that do have PM measurements.

Note that GJC does not provide errors on the PM, so | assumed an uncertainty of 2.5 mas/yr
following Stauffer et al. (2010). One potential issue | encountered during my work is that in some
cases | found a large discrepancy between the PM given in GJC and the PM given in SIMBAD. For
consistency | have used the PM given in GJC, and assumed Tycho level uncertainties, in the work
presented in the following sections. This was done to select candidate systems in a complete way. |
then verified candidates at the end by checking on SIMBAD whether a more recent and more
accurate PM was available.

In Figure 2.31, | have plotted the difference between the PM of the components of the associations
identified X-matching DA with HMC as a function of their PM error. The PM errors are a combination
of the uncertainties from both of the X-matched samples. The two dashed lines show the one sigma
and 3 sigma limits. The candidates with uncertainties below 1 sigma are CPM systems. Those lying on
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or above the 3 sigma line are non-CPM systems. For this X-match there is only 1 system that lies well
above the 3 sigma line, and several in between the 1 and 3 sigma lines that | do not class as either

CPM or non-CPM.
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Figure 2.31: The difference between the PM of the components of the associations identifies X-matching DA with HMC as a
function of their PM error. The two dashed lines show the 1 sigma and 3 sigma limits. All except two objects are within the
3 sigma limit.

In Figure 2.32 | show the separation histogram for the DA-HMC X-matching. CPM systems are plotted
in black and non-CPM systems are plotted in red. CPM systems are in general more common at
closer separation. This could be due in part to the dominant formation mechanism (that leads to
wide binaries being rarer), as well as some selection biases that | will discuss in Chapter 3.

The non-CPM systems have larger separation, partly because some of them are simply random pairs
of objects, but also because some of them are disintegrating multiple systems and so their
separation is increasing.
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Figure 2.32: Separation histogram for the DA-HMC X-matching. CPM systems are plotted in black and non-CPM systems are
plotted in red. CPM systems are common at shorter separation, non-CPM systems are more common at larger separation.

In Figure 2.33 | show the two components of the PM of the object in DA-HMC systems. UCDs are
plotted in black while Hipparcos stars are plotted in red. This type of plot is very useful to identify
CPM systems almost at first sight. This is because CPM objects will be next to each other in the plot.
In the figure | have joined up the proper motions of associated objects with solid lines. These are
visible in some cases, though in many cases the proper motions are so close together that only the
red HMC object is seen because it has been over-plotted on top of the DA object.
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Figure 2.33: In the top plot, | show the full range of the two components of the PM of the objects in DA-HMC systems. BDs
are plotted in black while Hipparcos stars are plotted in red. In the bottom plot, | show a zoom into the low PM region.
CPM objects appear next to each other. The components of each system are connected with a black line. The error bars
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represent the one sigma uncertainty, in many cases the error bars are not showing because the uncertainties are very
small.

In Figure 2.34 | have plotted the difference in PMra on the x-axis and the difference in PMdec on the
y-axis for each association. CPM systems are plotted in red and non-CPM systems are plotted in
black. I can see that most of the CPM systems are concentrated around 0 while non-CPM systems

are further away. There is one non-CPM system not far from 0, this is because the errors on the PM
for that particular system are very small.
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Figure 2.34: The difference in PMra on the x-axis and the difference in PMdec on the y-axis for each association. CPM

systems are plotted in red and non-CPM systems are plotted in black. Non-CPM systems that are close to 0 have very small
uncertainties.

In Figure 2.35, | have plotted the difference between the PM of the components of the associations
identified X-matching DA with GJC, as a function of their PM error. The two dashed lines show the
one sigma and 3 sigma limits. | can see that there are a lot of objects above the 3 sigma limit and
these could be disintegrating associations. Only a few of them are within the 1 sigma limit.
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Figure 2.35: The difference between the PM of the components of the association identifies X-matching DA with GJC as a
function of their PM error. The two dashed lines show the one sigma and 3 sigma limits. A lot of objects are above the 3
sigma limit hence are disintegrating candidates.

In Figure 2.36 | show the separation histogram for the DA-GJC X-matching. CPM systems are plotted
in black and non-CPM systems are plotted in red. There are very few CPM systems, and they are all
at very close separation. There are many candidate associations with non-CPM at close separation.
This is very promising, since the chance of contamination is higher at wide separation and lower at
close separation. So the numerous close separation candidates seem suggestive of a population of
disintegrating systems.
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Figure 2.36: Separation histogram for the DA-GJC X-matching. CPM systems are plotted in black and non-CPM systems are
plotted in red. CPM systems are common at shorter separation, and there are quite a few non-CPM systems at close
separation too. This could be real disintegrating systems.
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In Figure 2.37 | show the two components of the PM of the objects from the DA-GJC X-match. UCDs
are plotted in black while Gliese stars are plotted in red. There are fewer CPM systems compare to
the DA-HMC X-match. The majority of the systems have PM < 1000 mas/yr and there are only 5
objects with very large PM.
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Figure 2.37: In the top plot, | show the full range of the two components of the PM of the object in DA-GJC systems. UCDs
are plotted in black while Gliese stars are plotted in red. In the bottom plot, | show a zoom into the low PM region. The
components of each system are connected with a black line. CPM objects appear next to each other and some of them are
even superimposed. The error bars represent the one sigma uncertainties, in many cases the error bars are not showing
because the uncertainties are very small.

In Figure 2.38 | have plotted the difference in PMra on the x-axis and the difference in PMdec on the
y-axis for each association. CPM systems are plotted in red and non-CPM systems are plotted in
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black. I can see that most of the CPM systems are concentrated around 0 while non-CPM systems
are further away.
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Figure 2.38: The difference in PMra on the x-axis and the difference in PMdec on the y-axis for each association. CPM
systems are plotted in red and non-CPM systems are plotted in black.

In Figure 2.39, | have plotted the difference between the PM of the components of the associations
identified from the X-match between HMC and HMC, as a function of their PM errors. The two
dashed lines show the one sigma and 3 sigma limits. Components of candidate binaries are plotted
in black, components of candidate triple systems are plotted in red while components of candidate
quintuple systems are plotted in blue. | can see that there are a lot of objects above the 3 sigma limit
and these are non-CPM systems that may be disintegrating multiple candidates. There are only 10
associations whose PM’s are within 1 sigma.
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Figure 2.39: The difference between the PM of the components of the associations identifies X-matching HMC with HMC as
a function of their PM error. The two dashed lines show the one sigma and 3 sigma limits. Components of candidate
binaries are plotted in black, components of candidate triple systems are plotted in red while components of candidate
quintuple systems are plotted in blue. A lot of objects are above the 3 sigma limit, hence are disintegrating candidates.

In Figure 2.40 | show the separation histogram for the HMC-HMC X-matching. CPM systems are
plotted in black and non-CPM systems are plotted in red. There are very few CPM systems, and most
of them are at close separation. The figure shows that there are a lot of non-CPM systems, and the
majority of them are at close separation. As mentioned before this is very promising because they
are likely to be real disintegrating multiple systems, since with such close separation they are less
likely to be contaminants.
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Figure 2.40: Separation histogram for the HMC-HMC X-match. CPM systems are plotted in black and non-CPM systems are
plotted in red. There are a few CPM systems, especially at short separation, and there are quite a few non-CPM systems
extending all the way to 50 kAU. These are likely to be real disintegrating systems.

In Figure 2.41 | show the two components of the PM of the objects in HMC-HMC systems. The two
components of groups of 2 are plotted in black and red respectively, associations that come from
higher level groupings (triples and quintuples) are shown in green and blue respectively. In this
figure, | did not join CPM systems with a line between them because otherwise the plot would
become unreadable. It is easy to identify by eye the CPM systems and | can see that 4 of them have
very large PM. The majority of the systems have lower PM, normally below 1000 mas/yr. The triples
and quintuples belong to this population.
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Figure 2.41: In the top plot, | show the full range of the two components of the PM of the objects in HMC-HMC systems.
The two components of groups of 2 are plotted in black and red respectively, objects in groups of 3 are plotted in green
and objects in groups of 5 are plotted in blue. In the bottom plot, | show a zoom into the low PM region. CPM objects
appear next to each other and some of them are even superimposed. The error bars represent the one sigma
uncertainties, in many cases the error bars are not showing because the uncertainties are very small.

In Figure 2.42 | have plotted the difference in PMra on the x-axis and the difference in PMdec on the
y-axis for each association. CPM systems are plotted in red and non-CPM systems are plotted in
black. | can see that most of the CPM systems are concentrated around 0 while non-CPM systems
are further away. There are non-CPM systems not far from 0, this is because the errors on the PM
for those particular systems are very small. On the other hand, there is one CPM system far from 0,
this is because the errors on the PM for that particular system are very large.

63



2018 X

*x CPM — }
x Non—CPM -0.14 ¢
-1 o

%01 &S

Y x Ap, (orcsec/yr) " :0.06 i

*
* *
-0.18 -0.14 -0.10 »0.06 * YD' 502 0.06 0.10
T T T T T % T T X " T T 1
* -0.02
* * *
-0.06°

-0.10

I v

-0.14
-0.18
=0.22 *

-0.26
-0.30

Figure 2.42: The difference in PMra on the x-axis and the difference in PMdec on the y-axis for each association. CPM
systems are plotted in red and non-CPM systems are plotted in black. Non-CPM systems that are close to 0 have small
uncertainties. The CPM system that is far from 0 has large uncertainties.

In Figure 2.43, | have plotted the difference between the PM of the components of the associations
identified X-matching GJC with GJC as a function of their PM error. The two dashed lines show the
one sigma and 3 sigma limits. Components of candidate binaries are plotted in black and
components of candidate triple systems are plotted in red. The objects form a vertical line because |
always assume a constant error of 2.5 mas/yr for each object, so the combined (in quadrature)
uncertainty is 2.5 * /2 (see above). Once again there are a lot of objects above the 3 sigma limit and
these could be disintegrating associations. Only a few of them are within the 1 sigma limit.

Lo

10°

Binaries x
Triple systems x

10*

T
ol

10°

T
ol

10?

T
ol

TN e e

Proper motion difference (mas/yr)

(o I I (PSRN S L SPR - M LS S R |

3.40 3.45 3.50 355 3.60 3.65
Proper motion error (mas/yr)

Figure 2.43: The difference between the PM of the components of the associations identified X-matching GJC with GJC as a
function of their PM error. The two dashed lines show the one sigma and 3 sigma limits. Components of candidate binaries
are plotted in black and components of candidate triple systems are plotted in red. A lot of objects are above the 3 sigma
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limit hence are disintegrating candidates. The objects form a vertical line because of my assumption of 2.5 mas/yr PM
errors.

In Figure 2.44 | show the separation histogram for the GJC-GJC X-match. CPM systems are plotted in
black and non-CPM systems are plotted in red. The distribution of CPM and non-CPM systems are
very similar. In both cases the majority of the systems have close separation. The fact that there are
lots of non-CPM systems at close separation may be due in part to my initial assumption that all
errors are 2.5 mas/yr. Some of these non-CPM systems were re-assigned as CPM systems in my final
candidate checking stage. Interestingly the distribution of CPM systems has a secondary peak at 6
kAU.
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Figure 2.44: Separation histogram for the GJIC-GJC X-match. CPM systems are plotted in black and non-CPM systems are
plotted in red. The distribution of CPM and non-CPM systems are very similar. In both cases the majority of the systems
have close separation.

In Figure 2.45 | show the two components of the PM of the object in GJC-GJC systems. The two
components of groups of 2 are plotted in black and red respectively, objects in groups of 3 are
plotted in green while objects in groups of 4 are plotted in light blue and objects in groups of 5 are
plotted in blue. In this figure, | did not join CPM systems with a line between them because
otherwise the plot would become unreadable. There is a higher number of higher PM objects than in
the HMC-HMC systems. This is because the GJC contains only very nearby objects (within 25pc) and
nearby objects have higher PM. The figure shows clearly a few CPM triple systems (e.g. the one at
1000, 0 or the one at -2500, -3500).
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Figure 2.45: In the top plot, | show the full range of the two components of the PM of the objects in GJC-GJC systems. The
two components of groups of 2 are plotted in black and red respectively, objects in groups of 3 are plotted in green while
objects in groups of 4 are plotted in light blue and objects in groups of 5 are plotted in blue. In the bottom plot, | show a
zoom into the low PM region. CPM objects appear next to each other and some of them are even superimposed. The error

bars represent the one sigma uncertainties, in many cases the error bars are not showing because the uncertainties are
very small.

In Figure 2.46 | have plotted the difference in PMra on the x-axis and the difference in PMdec on the
y-axis for each association. CPM systems are plotted in red and non-CPM systems are plotted in
black. | can see that most of the CPM systems are concentrated around 0 while non-CPM systems
are further away. There are some non-CPM systems not far from 0, this is because the errors on the
PM for those particular systems are very small.
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Figure 2.46: The difference in PMra on the x-axis and the difference in PMdec on the y-axis for each association. CPM
systems are plotted in red and non-CPM systems are plotted in black. Non-CPM systems that are closer to 0 have very
small uncertainties.

In Figure 2.47 | have plotted the difference between the PM of the components of the associations
identifies X-matching HMC with GJC as a function of their PM error. The two dashed lines show the
one sigma and 3 sigma limits. Components of candidate associations with 2, 3, 4,5 and 6
components are plotted in black, red, green, blue and yellow respectively. Similar to the previous
cases, the majority of objects are above the 3 sigma limit and these could be disintegrating
associations. Only a few of them are within the 1 sigma limit. Once again, the non-CPM associations
include objects where the PM uncertainties have been under-estimated (the 2.5 mas/yr
assumption), and many of these associations were removed when the SIMBAD proper motions were
examined in the final checking stage.
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Figure 2.47: The difference between the PM of the components of the associations identifies X-matching HMC with GJC as
a function of their PM error. The two dashed lines show the one sigma and 3 sigma limits. Components of candidate
binaries are plotted in black, components of candidate triple systems are plotted in red, components of candidate
quadruple systems are plotted in green, components of candidate quintuple systems are plotted in blue and components
of candidate sextuple systems are plotted in yellow. A lot of objects are above the 3 sigma limit hence are disintegrating
candidates.

In Figure 2.48 | show the separation histogram for the HMC-GJC X-match. CPM systems are plotted in
black and non-CPM systems are plotted in red. The distribution of CPM and non-CPM systems are
again very similar. In both cases the majority of the systems have close separation however it can be
seen that the number of non-CPM systems decreases smoothly towards large separations.
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Figure 2.48: Separation histogram for the HMC-GJC X-match. CPM systems are plotted in black and non-CPM systems are
plotted in red. The distribution of CPM and non-CPM systems are very similar.

In Figure 2.49 | show the two components of the PM of the object in HMC-GIC systems. The Gliese
stars are plotted in black and the Hipparcos stars are plotted in red. In this figure, | did not join CPM
systems with a line between them because otherwise the plot would become unreadable. There are
quite a few high PM objects because, as explained before, GJC contains mostly very nearby stars.
Most of the high PM objects are in CPM systems. Similarly to the pervious plot the majority of the
population have low PM, i.e. between -1000 and 1000 mas/yr.

68



Moge (mas/yr)

Mogc (mMas/yr)

2 = LS T d * ¥ T L % b T " = T
*-
2000 - " F .
| »
* *
or _
»
x
]
—-2000 —
x Gliese stars
x Hipparcos stars
v PP P 1 P BV
—4000 —2000 0 2000 4000
Hrac0s(DEC) (mas/yr)
T % s ow w0 % oam & & b

1000[

500

-500

-1000
-1000

Gliese stars x
Hipparcos stars x

-500 0 500
Hracos(DEC) (mas/yr)

Figure 2.49: In the top plot, | show the full range of the two components of the PM of the objects in HMC-GJC systems. The
Gliese stars are plotted in black and the Hipparcos stars are plotted in red. In the bottom plot, | show a zoom into the low
PM region. CPM objects appear next to each other and some of them are even superimposed. The error bars represent the
one sigma uncertainties, in many cases the error bars are not showing because the uncertainties are very small.

In Figure 2.50 | have plotted the difference in PMra on the x-axis and the difference in PMdec on the
y-axis for each association. CPM systems are plotted in red and non-CPM systems are plotted in
black. It can be seen that most of the CPM systems are concentrated around 0 while non-CPM
systems are further away. There are some non-CPM systems not far from 0, this is because the
errors on the PM for those particular systems are very small. Some of the non-CPM associations
have their uncertainties underestimated, so were re-identified as CPM during the final checking

stage.
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Figure 2.50: | have plotted the difference in PMra on the x-axis and the difference in PMdec on the y-axis for each
association. CPM systems are plotted in red and non-CPM systems are plotted in black. Non-CPM systems that are close to
0 have very small uncertainties.

2.6 Confirming disintegrating system candidates through relative motion

As a final assessment for disintegrating multiple candidates | combined proper motions with
separation measurements, and determined if associated objects are moving away from each other
as | expect for disintegrating systems. The separation between associated objects was calculated as a
function of time (t) using equation 14. Note that in equation 14 the time (t) can be negative and
positive, reflecting the previous and future separation of the association.

Sep(t) = J[(al + g, *t) = (@ + pg, *0)]" * c0s(8)% + [(81 + ps, xt) — (62 + ps, *1)]°
(14)

This equation does not account for any gravitational attraction, as it assumes straight line motion for
associated objects. This is an approximation, though should be reasonable for most of my candidates
because at wide separation the effects of gravity should be small. However, | expect this
approximation to lead to some inaccuracies in the previous/future forecasts of the time of closest
approach. Therefore | expect some level of scatter in the times of closest approach for the
components of higher order systems. This is because in higher order systems the gravitational
interaction between the components is more complex and the uncertainties add up causing larger
scatter.

Note that | have used Monte Carlo simulations as part of the calculation of the uncertainty on
Sep(t). For each system, the Monte Carlo simulation generates 1000 random numbers from a
Gaussian distribution centred on the PM of its components and with width equivalent to the PM
error of each component. | calculated Sep(t) for each of the 1000 generated PMs. The uncertainty
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on Sep(t) is the standard deviation of all the calculated separations, or in other words, the area
covered by the 1000 possible paths.

| then selected as disintegrating candidates only associations where the epoch of closest approach
between the objects was in the past, i.e. the objects were currently moving away from each other
(see Figure 3.7). In Figure 2.51 | show an association where the closest approach is in the future, and
therefore this association is not disintegrating. For the intermediate cases, where some objects have
the closest approach in the past and some in the future, | interpreted by eye the plot and decided
case by case if the system is disintegrating or not.
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Figure 2.51: The separation between the objects in a non-CPM association as a function of time. The yellow line is the
separation between object number 1 and object number 2, the red line is the separation between object number 1 and
object number 3 while the blue line is the separation between object number 2 and object number 3. The objects reach
minimum separation in the future so the system is not disintegrating.

2.6.1 New binaries and multiple systems identified with CPM

As part of my X-matching | have also identified several CPM systems. Most of these are already
confirmed as binaries or multiples. | have used SIMBAD and the Besangon Double and Multiple Star
Database to identify systems that were previously confirmed. However some of them are not
reported as binaries or multiples in the literature. | discuss them in the following subsections.
2.6.1.1 Binaries

System 1

A new binary | found X-matching HMC and GJC is formed by BD+57 1274, a MO type star (Vyssotsky
1943), and SDSS J103143.31+570644.2, a M2 star (West et al. 2011). The first object is at a distance
of 17.49 + 0.40 pc (from HMC) and second objects is at a distance of 17.54 + 2.46 pc (from GJC).

The two components of the PM of the MO are PMra=-66.52 + 1.05 mas/yr and PMdec=172.39 +
0.78 mas/yr (PM values are from HMC), while the two components of the PM of the M2 are PMra= -
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78.20 £ 2.50 mas/yr and PMdec= 205.61 + 2.50 mas/yr (PM value are from GJC). The PM of the two
stars therefore agrees at the 1 sigma level. This can be seen very well in Figure 2.52 where | show
the PM of the two objects. The M2 is plotted in yellow and the MO is plotted in red.
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Figure 2.52: The proper motion of the stars. The M2 is plotted in yellow and the MO is plotted in red. The figure shows that
the two objects share CPM and therefore are very likely to be a genuine binary system. The errors on the two components
of the PMs are plotted at the beginning of each arrow. The dashed lines are plotted to ease the comparison between the
PMs directions.

2.6.1.2 Triple systems
System 1

As well as CPM binaries, | have also identified CPM triple and even higher order groups. All of them
were previously confirmed except the ones that | am presenting now. The new triple system | found
X-matching HMC and HMC is formed by the V* LX Com, a K1 variable of BY Dra type star (Montes et
al. 2001), and BD+26 2401, a K5 spectroscopic binary (Yoss & Griffin 1997). The first object is at a
distance of 37.68 + 2.06 pc and second objects are at a distance of 39.78 + 2.75 pc (both distances
are from Hipparcos).

The two components of the PM of the K1 are PMra= -142.59 + 1.24 mas/yr and PMdec=-37.49 +
1.19 mas/yr, while the two components of the PM of the K5 spectroscopic binary are PMra=-141.09
+ 1.60 mas/yr and PMdec= -36.92 + 1.42 mas/yr (both PM values are from Hipparcos). The PM of the
two members of the system therefore agrees at the 1 sigma level. This can be seen very well in
Figure 2.53 where | show the PM of the system. The K1 is plotted in yellow and the K5 spectroscopic
binary is plotted in red.

72



Scaling of proper motion: * to + = 50 mas/yr

200? = 3 K1 ]

o f
g 100 -
S [
o [
w L
o
3 50 -
ok !
P TS AT AR | AT ATy | IR S | B0 o U B O | PR 1
-500 -400 -300 -200 -100 0

ARA (arcsec)

Figure 2.53: The proper motion of the stars. The K1 is plotted in yellow and the K5 is plotted in red. The figure shows that
the two objects share a CPM is very likely to be a genuine binary system. The error on the two components of the PMs is
plotted at the beginning of each arrow. The dashed lines are plotted to ease the comparison between the PMs direction.

System 2

The new triple system | found X-matching GJC and GJC is formed by a previously confirmed binary
and a single star. The two components of the binary system are BD+10 1857, a M1 star (Joy & Abt
1974), and BD+10 1857C, a M3.5 star (Bidelman 1985). The third star is 2MASS J08425064+0934465,
a M4 star (West et al. 2011). The first object is at a distance of 14.97 + 0.51 pc, the second object is
at a distance of 14.93 + 0.87 pc and the third object is at a distance of 14.97 + 0.51 pc (all distances
are from GJC).

The two components of the PM of the M1 are PMra= 203.49 + 2.50 mas/yr and PMdec=-641.50 +
2.50 mas/yr, the two components of the PM of the M3.5 are PMra= 223.84 + 2.50 mas/yr and
PMdec=-616.15 + 2.50 mas/yr, while the two components of the PM of the M4 are PMra= 203.49 +
2.50 mas/yr and PMdec=-641.50 + 2.50 mas/yr (all PM values are from GIC). The PM of the three
stars therefore agrees at the 1 sigma level. This can be seen very well in Figure 2.54 where | show
the PM of the three objects. The M1 is plotted in yellow, the M3.5 is plotted in red and the M4 is
plotted in light blue. The M1 and M3.5 are superimposed in the plot as they share the same co-
ordinates and PM. The M4 also shares the same PM as the other two, hence the arrows align
perfectly. Note that the PM listed in SIMBAD for two of the three objects is significantly different
from the one in GJC. As a consequence if | adopt the SIMBAD PM in my calculation the difference
between the PM of the objects is almost 3 sigma.
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Figure 2.54: The proper motion of the stars. The M1 is plotted in yellow, the M3.5 is plotted in red and the M4 is plotted in
light blue. The M1 and M3.5 are superimposed in the plot as they share the same co-ordinates and PM. The errors on the
two components of the PMs are plotted at the beginning of each arrow. The dashed lines are plotted to ease the
comparison between the PMs directions.

2.7 Final disintegrating multiple candidates

Table 2.6 summarizes my results. Overall | have identified 1 disintegrating quadruple candidate
containing a UCD component. Additionally | have found a new binary candidate and 2 new triple
candidates. Furthermore, | have also found another 3 possible disintegrating quadruple associations.
Note that the total number of CPM and non-CPM systems is the result of the initial X-matches,
therefore includes duplicate objects. These duplicate objects are from the GJC itself, i.e. there are
repeated objects in the GJC. The robustness of the method is proven by the fact that | have been
able to identify many previously confirmed binaries, multiples, benchmark systems and cluster
objects. These systems have been removed and the results presented here represent new
discoveries. As mentioned above all of the candidates have been inspected closely using SIMBAD
and the Besancon Double and Multiple Star Database, therefore they are not affected by the
duplicates.
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Table 2.6: This table presents the summary of the results from all X-matches.

X-match Number of CPM System candidates non-CPM Disintegrating
components candidates
DA-HMC 2 14 0 8 0
3 3 0 0 0
DA-HMC-HMC - 0 0 0 0
DA-HMC-GJC - 0 0 3 0
DA-GIC 2 2 0 12 0
3 4 0 1 0
DA-GJC-GJC - 0 0 3 1
DA-GJC-HMC - 0 0 10 0
HMC-HMC 2 10 2 134 0
3 1 1 3 0
4 0 0 1 1
GIJC-GJC 2 10 0 464 0
3 32 1 0 0
4 3 0 1 1
5 1 0 0 0
HMC-GIC 2 11 1 683 0
3 86 0 52 0
4 0 0 23 1
5 0 0 3 0

Note: In column 1 | show the catalogue that were X-matched, in column 2 | show the number of components of the
systems identified, in column 3 | show the number of CPM associations found, in column 4 | show the number of new CPM
systems found, in column 5 | show the non-CPM associations found, finally in column 6 | show the number of disintegrating
candidates found. The total number of CPM and non-CPM systems represents the result from the initial X-matches, i.e.
they include duplicate objects.

| will now in Chapter 3 describe in further details the various types of interesting associations that |
have found.
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Chapter 3

3. Discussion and individual candidate systems

3.1 Separation distribution of associations

The separation distribution is an important property of the associations that | have identified. This
was discussed briefly in Chapter 2 and now | analyze it in more detail. For some of my X-matched
samples there is a relatively large number of non-CPM associations at closer separation. This is likely
due to 3 reasons. The first reason is that the 10 arcminute maximum angular separation cuts out
very wide associations (> 50 kAU) when D < 84 pc, and only keeps very close associations at shorter
distance. This will affect different samples in different ways - samples that are dominated by fairly
nearby objects (like DA and GJC in particular) will be more affected.

This effect is demonstrated in Figure 3.1 to Figure 3.5, showing the separation in AU and the
distance (in pc) of the associations from the various X-matches. The dashed line shows the 10
arcminute angular separation limit. The plots show that the 10 arcminutes limit does not select
some wide associations at close distance, thus leading to an apparent bias favouring systems with
small separation. This is visible in particular in Figure 3.1, 3.2, and 3.4.
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Figure 3.1: Separation in AU against the distance of the associations from the DA-HMC X-match. The dashed line shows the
10 arcminute angular separation limit. There is a wide and homogeneous range of separations.
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Figure 3.2: Separation in AU against the distance of the associations from the DA-GJC X-match. The dashed line shows the
10 arcminute angular separation limit. There is a wide and homogeneous range of separations.
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Figure 3.3: Separation in AU against the distance of the associations from the HMC-HMC X-match. The dashed line shows
the 10 arcminute angular separation limit. There is a wide and homogeneous range of separations.
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Figure 3.5: Separation in AU against the distance of the associations from the HMC-GJC X-match. The dashed line shows
the 10 arcminute angular separation limit. Most of the associations have very close separations because of the GJC
components.

The second reason is that there are some non-CPM systems that are fairly marginal, i.e. the
difference between the PM of the components is only slightly above my 3 sigma limit. So some of
these will likely be CPM binaries and multiples but with measured PMs that have scattered a bit due
to measurement uncertainty. | can see that this might be the case for some objects in Figures 2.31,
2.35,2.39,2.43 and 2.47.
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The third reason is the assumption of PM uncertainty =2.5 mas/yr for all GJC objects. Although this
assumption is dealt with in my final selection of candidates, it remains as a bias in the selection of
CPM and non-CPM systems. This leads to the selection of some non-CPM systems that are actually
CPM multiples (which generally have closer separation).

Moreover, my separation histograms in Chapter 2 for non-CPM systems show that my results
contain a significant fraction of contamination. This is due to duplicate objects, misclassified CPM
objects, and line-of-sight associations with large uncertainty on their distance. These contaminants
are removed in the last step of my analysis, and the final result is a small number of candidate
disintegrating systems.

3.2 Individual systems

In this section | describe all of the disintegrating candidates. They were selected as having a common
distance (within uncertainties), my non-CPM criteria, and the requirement that components should
be moving apart from each other over time.

System 1

From the X-match between DA and GIC, this association is made of 4 stars from two binaries. For the
first binary, the star is GJ 570 A, a variable of BY Dra K4 type star (Cowley et al. 1967), at a distance
of 5.74 + 0.20 pc (from GJC). The UCD is GJ 570 D, a T7.5 type BD (Burgasser et al. 2000b), at a
distance of 5.84 + 0.03 pc (the distance is from Dwarf Archive). The second multiple system is a
spectroscopic binary, the components are GJ 570 B and GJ 570 C, both type M1.5 (Gray et al. 2006),
at a distance of 5.74 + 0.20 pc (from GJC).

The proper motion of the stars is shown in Figure 3.6. The Gliese star is plotted in yellow and the BD
is plotted in red. | can see that the two PM align almost perfectly because the PM are very large
while the difference between them is very small so it is harder to see the non-alignment.
Nonetheless the difference in PM is greater than 3 sigma. | note here that the system is consider to
be CPM in Burgasser et al. (2000), however my analysis identified as disintegrating and so further
analysis is necessary to reach a final conclusion. For the first binary, the two components of the PM
of star are PMra=1039.92 + 2.50 mas/yr and PMdec=-1737.58 + 2.50 mas/yr (PM values are from
GJC). The two components of the PM of the UCD are PMra=1034.03 + 1.68 mas/yr and PMdec=-
1725.69 + 1.53 mas/yr (PM values are from Dwarf Archive). For the spectroscopic binary, the two
components of the PM of the system are PMra=975.25 + 2.50 mas/yr and PMdec=-1668.94 + 2.50
mas/yr (PM values are from Gliese).

The GJ 570 system is a much cited system that is generally assumed to be a gravitationally bound
multiple system. In my analysis this system is identified as a candidate disintegrating system due to
the PM of GJ 570 BC being slightly different from the PM of the other members of the system. The
PM difference is not very large, and it is possible that the catalogue proper motion values for this
object may be high sigma outlier values. So although | have identified this system as a candidate
disintegrating system, | do so with an element of caution.

Note that the assumed linear motion of components (in equation 14) will led to a scatter in the
timings of closest separation, so the fact that they don't accrue at precisely the same time for these
higher order multiples is not an issue of concern.
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Figure 3.6: The proper motion of the star and UCD. The Gliese star is plotted in yellow and the BD is plotted in red. The
large PM masks the small difference in alignment. The errors on the two components of the PM are plotted at the
beginning of each arrow. The dashed lines are plotted to ease the comparison between the PMs directions.

In Figure 3.7 | show the separation between the components of the association as a function of time.
The black line represents the separation between the BD and the host star (Gliese star 1) and the red
line represents the separation between Gliese star 1 and the disrupting third body (Gliese Star 2). |
can see that the system is disintegrating after the Gliese star 2 passes between Gliese star 1 and the
BD. The spectroscopic binary continues on its path unaffected. The ejection velocity is high, as can
be seen from the steep parabola, and the current separation between the BD and Gliese star 1 is
1500 AU, i.e. more than 1000 AU larger than the minimum. The uncertainty on the PM of both
objects is small and therefore the shape and the minimum of the parabola are very reliable.
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Figure 3.7: The separation between the components of the association as a function of time. The black line represents the
separation between the BD and the host star (Gliese star 1) and the red line represents the separation between Gliese star
1 and the disrupting third body (Gliese Star 2). The association disintegrates after Gliese star 2 passes between the other
two objects. For each parabola the one sigma error range is delimited by a dotted line (upper limit) and a dashed line
(lower limit).

The properties of the association are summarized in Table 3.1.

Table 3.1: This table shows the properties of the objects of the disintegrating association.

Name of RA DEC D PMra PMdec SpT RV
object

GJ570A 14 57 28.00144 -2124 5.74 £0.20 1039.92 + -1737.58 + K4 26.79 £
55.7131 2.50 2.50 0.09

GJ570D 1457 14.96 -212147.8 5.84+0.03 1034.03 -1725.69 + T7.5 -

1.68 1.53

GJ 570 BC 14 57 26.53330 -2124 5.74£0.20 975.25 + -1668.94 + M1.5 25.90 +

41.5778 2.50 2.50 2.00

Note: Distance is measured in pc, PM in mas/yr, and radial velocity is in km/s. In addition, GJ 570 A is a variable star and GJ
570 BC is a spectroscopic binary.

System 2

From the X-match of HMC with HMC, this association is made of 4 stars: one spectroscopic binary
and 2 single stars. The spectroscopic binary is HR 4220, a B7 type star (Garcia et al. 1988), at a
distance of 139.86 + 9.00 pc. The third star is HR 4222, a B2.5 type star in the cluster IC 2602 (Garcia
et al. 1988), at a distance of 134.59 + 9.06 pc. The fourth star is HD 93738, a B9.5 type star (Houk &
Cowley 1975) member of IC 2602 as well, at a distance of 138.70 + 10.19 pc (all distances as
measured by Hipparcos).

The proper motion of the stars is shown in Figure 3.8. The B7 spectroscopic binary is plotted in
yellow while the B2.5 is plotted in red and the B9.5 is plotted in blue. | can see that the three PM
align quite well, but the B7 binary has a higher PM compared to the other two stars. Nonetheless the
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difference in PM is greater than 3 sigma. The fact that they are all cluster stars could explain the
slightly different proper motions. Cluster members have about the same proper motion, but there is
a bit of dispersion within the cluster. Conversely, a cluster represents a dense collection of stars, and
members would be more likely to interact. So there are arguments on both sides as to whether this
is likely to be a disintegrating system. For the spectroscopic binary, the two components of the PM
are PMra=-18.87 + 0.85 mas/yr and PMdec=12.06 + 0.90 mas/yr. The two components of the PM of
the third star are PMra=-17.75 + 0.47 mas/yr and Pmdec=11.27 + 0.40 mas/yr. For the fourth star,
the two components of the PM are PMra=-17.95 + 0.55 mas/yr and PMdec=10.35 + 0.45 mas/yr (all
PMs as measured by Hipparcos).
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Figure 3.8: The proper motion of the stars. The B7 spectroscopic binary is plotted in yellow while the B2.5 is plotted in red
and the B9.5 is plotted in blue. The three objects align very well while the B7 appear to have the highest PM of the group.
The errors on the two components of the PMs are plotted at the beginning of each arrow. The dashed lines are plotted to
ease the comparison between the PMs directions.

In Figure 3.9 | show the separation between the components of the system as a function of time.
The separation between the B7 and the B2.5 is plotted in blue, the separation between the B7 and
the B9.5 is plotted in yellow while the separation between the B2.5 and the B9.5 is plotted in red. |
can see that the system is disintegrating. First the B7 interacts closely with the B9.5 and shortly after
that the B2.5 and the B9.5 start moving apart from each other quickly.
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Figure 3.9: The separation between the components of the association as a function of time. The separation between the
B7 and the B2.5 is plotted in blue, the separation between the B7 and the B9.5 is plotted in yellow while the separation
between the B2.5 and the B9.5 is plotted in red. The association disintegrates after the B7 passes next to the B9.5. For each
parabola the one sigma error range is delimited by a dotted line (upper limit) and a dashed line (lower limit).

The properties of the association are summarized in Table 3.2.

Table 3.2: This table shows the properties of the objects in the disintegrating association.

Name of RA DEC D PMra PMdec SpT RV
object

HR 4220 1046 29.58853 -64 15 139.86 +9.00 -18.87 ¢ 12.06 + 0.90 B7 7.00 £
47.6653 0.85 1.00

HR 4222 1046 51.21999 -64 23 134.59 +9.06 -17.75 ¢ 11.27 £0.40 B2.5 12.00 +
00.5043 0.47 1.00

HD 93738 10 47 53.53059 -64 15 138.70 -17.95 ¢ 10.35+0.45 B9.5 4+1.00
46.2247 10.19 0.55

Note: Distance is measured in pc, PM in mas/yr, and radial velocity is in km/s. In addition, HR 4220 is a spectroscopic binary
and HR 4222 and HD 93738 are both members of IC 2602.

System 3

From the X-match between GJC and GJC, this system is made of 4 stars. The first star/system is a
spectroscopic binary named HD 38A, a K6 type star (Tamazian et al. 2006), at a distance of 11.49 +
0.50 pc. The third star is HD 38B, a MO0.5 type star (Tamazian et al. 2006), at a distance of 11.49 +
0.50 pc. The fourth star is BD+44 4548, a M2 type star (Joy & Abt 1974), at a distance of 11.49 + 0.50
pc (all distances as measured by GJC).

The proper motion of the stars is shown in Figure 3.10. The K6 binary is plotted in yellow, the MO0.5 is
plotted in red, and the M2 is plotted in light blue. | can see that the M2 is passing between the K6
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and the MO0.5. Given the very small separation between the two M dwarfs it is very likely that this
interaction triggered a disintegration of the K6-MO0.5 system. Note that the difference between the
PM of the K6 and MO0.5 is larger than 3 sigma and is therefore a highly likely for it to be a genuine
disintegrating system. For the spectroscopic binary, the two components of the PM are
PMra=821.27 + 2.50 mas/yr and PMdec=-171.57 + 2.50 mas/yr. The two components of the PM of
the third star are PMra=875.73 + 2.50 mas/yr and PMdec=-127.75 + 2.50 mas/yr (note that the
errors are from GJC). For the fourth star, the two components of the PM are PMra=879.03 + 2.50
mas/yr and PMdec=-162.92 + 2.50 mas/yr (all PMs as measured by GJC).
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Figure 3.10: The proper motion of the stars. The K6 binary is plotted in yellow, the MO0.5 is plotted in red, and the M2 is
plotted in light blue. It is easy to see that the M2 is passing between the K6 and M0.5 and is therefore likely to disintegrate
the K6-MO0.5 system. The errors on the components of the PMs are plotted at the beginning of each arrow. The dashed
lines are plotted to ease the comparison between the PMs directions.

In Figure 3.11 | show the separation between the components of the association as a function of
time. The separation between the M2 and the K6 is plotted in yellow, the separation between the
MO0.5 and the K6 is plotted in red while the separation between the M2 and the M0.5 is plotted in
blue. | can see that the system is disintegrating, because when the M2 gets closer to the M0.5 the
separation between the M0.5 and the K6 starts increasing, approximately 3000 years ago.
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Figure 3.11: The separation between the components of the association as a function of time. The separation between the
M2 and the K6 is plotted in yellow, the separation between the M0.5 and the K6 is plotted in red while the separation
between the M2 and the MO0.5 is plotted in blue. The interaction between the M2 and the MO.5 triggers the disintegration
of the K6-M0.5 system. For each parabola the one sigma error range is delimited by a dotted line (upper limit) and a
dashed line (lower limit).

The properties of the association are summarized in Table 3.3.

Table 3.3: This table shows the properties of the objects in the disintegrating association.

Name of RA DEC D PMra PMdec SpT RV
object

HD 38A 0005 41.0129 +45 48 11.49+0.50 821.27 -171.57 K6 350+
43.491 2.50 2.50 2.00

HD 38B 00 05 40.342 +45 48 11.49 +£0.50 875.73 = -127.75 MO0.5 1.90
38.73 2.50 2.50 2.00

BD+44 4548 00 05 10.88875 +45 47 11.49+0.50 879.03 = -162.92 + M2 -0.39+
11.6474 2.50 2.50 0.09

Note: Distance is measured in pc, PM in mas/yr, and radial velocity is in km/s. In addition, HD 38A is a spectroscopic binary.
The errors on the PMra and PMdec for HD 38B are acquired from GJC. Further, the error of RV for HD 38B is larger than the
RV itself suggesting a rough measurement which needs to be improved perhaps in future work.

System 4

From the X-match between HMC and GJC, this system is made of 4 stars with 2 single stars and a
known binary. The first star is HD 139323, a K3 type star (White et al. 2007), at a distance of 22.26 +
0.36 pc (as measured by Hipparcos). The second star is HD 139341, a K1 type star (Gray et al. 2003),
at a distance of 21.81 + 0.37 pc (as measured by Hipparcos). The first star of the binary is BD+40
2905A, a K4 type star (Couteau 1966), at a distance of 21.28 + 1.90 pc (as reported in GJC). The
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second star of the binary is BD+40 2905B, a K5 type star (Couteau 1966), at a distance of 21.28 +
1.90 pc (as reported in GIC).

The proper motion of the stars is shown in Figure 3.12. The K3 is plotted in blue, the K1 is plotted in
light blue, and the K4 is plotted in yellow while the K5 is plotted in green. The K4 and the K5 are
perfectly aligned as expected because they form a binary system. The K1 and the K3 seem to be
getting closer to each other and neither of them aligns with the binary. The two components of the
PM of the K3 are PMra=-448.91 + 0.60 mas/yr and PMdec=50.29 + 0.67 mas/yr (as measured by
Hipparcos). The two components of the PM of the K1 are PMra=-482.47 + 2.25 mas/yr and
PMdec=27.52 + 1.47 mas/yr (as measured by Hipparcos). The two components of the PM of the K4
are PMra=-461.23 + 2.50 mas/yr and PMdec=59.08 + 2.50 mas/yr (as measured by GJC). The two
components of the PM of the K5 are PMra=-454.68 + 2.50 mas/yr and PMdec=55.02 + 2.50 mas/yr
(as measured by GJC). The difference between the PMs is larger than 3 sigma.
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Figure 3.12: The proper motion of the stars. The K3 is plotted in blue, the K1 is plotted in light blue, and the K4 is plotted in
yellow while the K5 is plotted in green. The K4 and the K5 clearly form a binary system, while the other two do not seem to
be related. The errors on the components of the PMs are plotted at the beginning of each arrow. The dashed lines are
plotted to ease the comparison between the PMs directions.

In Figure 3.13 | show the separation between the components of the association as a function of
time. The separation between the K4 and the K1 is plotted in black, the separation between the K4
and the K3 is plotted in red, the separation between the K4 and the K5 is plotted in yellow, the
separation between the K1 and the K3 is plotted in green, the separation between the K1 and the K5
is plotted in light blue while the separation between the K3 and the K5 is plotted in dark blue. | can
see that the system is disintegrating. The four objects originally formed two separate binaries, the
K4+K5 and the K1+K3 pairs. These two binaries interacted with each other and this caused the K1+K3
pair to be disintegrated, probably because their original separation was larger than the separation
between the K4 and the K5. To confirm this theory one would need to run a dynamical simulation of
the interaction.
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Figure 3.13: The separation between the components of the association as a function of time. The separation between the
K4 and the K1 is plotted in black, the separation between the K4 and the K3 is plotted in red, the separation between the
K4 and the K5 is plotted in yellow, the separation between the K1 and the K3 is plotted in green, the separation between
the K1 and the K5 is plotted in light blue while the separation between the K3 and the K5 is plotted in dark blue. The
interaction between the objects results in the K1+K3 pair being disintegrated. For each parabola the one sigma error range
is delimited by a dotted line (upper limit) and a dashed line (lower limit).

The properties of the association are summarized in Table 3.4.

Table 3.4: This table shows the properties of the objects in the disintegrating association.

Name of RA DEC D PMra PMdec SpT RV
object
HD 139323 15 35 56.567 +39 49 22.26+0.36 -448.91 + 50.29 + 0.67 K3 -66.88
52.03 0.60 0.06
HD 139341 1536 02.223 +39 48 21.81+0.37 -482.47 27.52+1.47 K1 -66.70 £
08.91 2.25 0.16
BD+40 2905A 1536 02.239 +39 48 21.28 +1.90 -461.23 + 59.08 + 2.50 K4 -
09.17 2.50
BD+40 2905B 1536 02.230 +39 48 21.28 £1.90 -454.68 55.02 £ 2.50 K5 -
09.53 2.50

Note: Distance is measured in pc, PM in mas/yr, and radial velocity is in km/s. In addition, BD+40 2905A and BD+40 2905B
form a binary system.

3.3 Other interesting systems

Although my main analysis identifies systems containing at least 3 components, | have also identified
2 double systems that contain a UCD (from DA) where the components have common distance, non-
CPM, and are moving away from each other. However | have not included these associations in the
previous section because there is not a third object nearby that can cause the ejection.
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System 1

From the X-match between DA and GJC, this system is made of 1 star with 1 UCD. The staris GJ
1117, a DQ type white dwarf (Wills 1974), at a distance of 21.28 + 1.36 pc (as stated in GJC). The
UCD is 2MASS J08583467+3256275, a T1 type BD (Chiu et al. 2006), at a distance of 21.81 + 5.02 pc
(calculated using the Dupuy & Liu 2012 polynomial).

The proper motion of the objects is shown in Figure 3.14. The white dwarf is plotted in yellow and
the BD is plotted in red. The two PMs are aligned quite well but the PM of the BD is almost twice the
PM of the white dwarf. The two components of the PM of the white dwarf are PMra=-334.00 + 2.50
mas/yr and PMdec=-2.00 + 2.50 mas/yr (as reported in GJC). The two components of the PM of the
BD are PMra=-652.50 + 19.50 mas/yr and PMdec=20.90 + 19.40 mas/yr (as stated in Dwarf Archive).
The differences between the PM components are larger than 3 sigma.
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Figure 3.14: The proper motion of the star. The white dwarf is plotted in yellow and the BD is plotted in red. The BD is
moving faster than the white dwarf, perhaps a sign that is being ejected. The error on the two components of the PM are
plotted at the beginning of each arrow. The dashed lines are plotted to ease the comparison between the PMs directions.

In Figure 3.15 | show the separation between the components of the association as a function of
time. | can see that the system is disintegrating. There is not any other object nearby that can be
causing the ejection. However it is possible that the third object has not been detected yet, so | will
need further deep observation around this association to look for additional components. Another
possibility is that the BD is being ejected as a consequence of the evolution of the primary from
main-sequence star to white dwarf. To confirm such possibility | have determined the age of the WD
to check if the timing of the evolution of the WD matches the timing of the ejection of the T dwarf.

To do this, | first obtained T, and log g of the WD from Kleinman et al. (2013), T,fs = 12011 + 166K
and log g =9.69 + 0.103. | was then able to obtain the final mass (M) and the cooling age (t.) of the
WD, My =1.366 Mpand t.= 1.579 Gyr from the relations presented in Holberg & Bergeron (2006),
Kowalski & Saumon (2006), Tremblay et al. (2011), and Bergeron et al. (2011). | could then estimate
the mass of the progenitor of the WD (M;) as 8 Mg, (using Catalan et al. 2008 initial-to-final mass
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. , - .t M._ : .
relation). | then used the main-sequence lifetime equation: = ~(M—) 25 where t is the main-
o 0]

sequence lifetime, tg is the age of the Sun (~ 10%yr), M is the mass of the progenitor, i.e. M;, and
Mg is the mass of the Sun, i.e. 1. | calculated the main-sequence age of the WD to be approximately
55 Myr. Hence the total age of the WD is then approximately 1.63 Gyr (t. + t).

Hence for approximately 1335 years ago, when GJ 1117 and the T dwarf were about 1000 AU apart,
GJ 1117 had already evolved into a WD. By determining the age of the WD, the initial conclusion is
that the non-matching timing of the evolution of the WD and the ejection of the T dwarf rule out the
possibility that the T dwarf is being ejected due to the evolution of the WD.

There is of course the possibility that this is not a real disintegrating system, but just two stars
randomly nearby in the sky. To test this possibility | followed the method described in Gomes et al.
(2013). First | have calculated the volume of a cone with the base radius equal to the separation
between the DQ and the T1, and the height equal to the distance of the system. | then calculated the
number of stars that could randomly happen to be in that volume, by multiplying that volume times
the average density of stars. From Reid et al. (2007), this is 0.076 stars pc~3. The number of stars
that could randomly be in that volume is therefore 4.29 x 10~3. Then | calculated the number of
stars in GJ that have their PM aligned with the PM of the T1. | then divided that number by the area
of the full sky, i.e. 41253 degz, to calculate the expected number of stars with PM in that direction
per deg?. Finally | have multiplied that number times the area of the sky occupied by the DQ + T1
system, i.e. simply the area of a circle with radius equal to the separation between the WD and the
BD. This is the number of stars with PM in the same direction as the T1 that could randomly happen
to be close to the T1. The number is 4.53 X 10~*. The numbers calculated above are very small, and
therefore | am reasonably confident that the GJ1117 system is a genuine disintegrating system.
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Figure 3.15: The separation between the components of the association as a function of time. The BD could be ejected
because of a hidden third object or due to the evolution of the more massive primary. For each parabola the one sigma
error range is delimited by a dotted line (upper limit) and a dashed line (lower limit).

The properties of the association are summarized in Table 3.5.
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Table 3.5: This table shows the properties of the objects in the disintegrating association.

Name of object RA DEC D PMra PMdec SpT RV
GJ 1117 08 59 14.76 +32 57 21.28 £1.35 -334.00 + -2.00 £2.50 DQ -
12.1 2.50
2MASS 08 58 34.672 +32 56 21.81+5.01 -652.50 + 20.90 £ T1 -
J08583467+3256275 27.56 19.50 19.40

Note: Distance is measured in pc, PM in mas/yr, and radial velocity is in km/s.

System 2

From the X-match between DA and HMC, this system is made of a spectroscopic binary with a UCD.
The spectroscopic binary is eta CrB, a G2 type star (Struve & Franklin 1955), at a distance of 18.62 +
0.43 pc (as measured by Hipparcos). The UCD is eta CrB C, a L8 type BD (Schneider et al. 2014), at a
distance of 17.86 + 0.25 pc (as reported in Dwarf Archive).

The proper motion of the objects is shown in Figure 3.16. The spectroscopic binary is plotted in
yellow and the BD is plotted in red. It can be seen by eye that the two PMs are diverging. The two
components of the PM of the spectroscopic binary are PMra=125.77 + 0.62 mas/yr and PMdec=-
176.48 + 0.81 mas/yr (as measured by Hipparcos). The two components of the PM of the BD are
PMra=142.99 + 4.42 mas/yr and PMdec=-169.03 + 4.89 mas/yr (as stated in Dwarf Archive). The
difference between the PMs is larger than 3 sigma.
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Figure 3.16: The proper motion of the stars. The spectroscopic binary is plotted in yellow and the BD is plotted in red. The
difference between the PMs is very small. The errors on the two components of the PMs are plotted at the beginning of
each arrow. The dashed lines are plotted to ease the comparison between the PMs directions.

In Figure 3.17 | show the separation between the components of the association as a function of
time. | can see that the system is disintegrating. There is not any other object nearby that can be
causing the ejection. However it is possible that the third object has not been detected yet, so | will
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need deeper observations around this association to look for additional components. Another
possibility is that the BD is being ejected as a consequence of the dynamical interaction with the
spectroscopic binary, i.e. the system could be unstable to begin with, without needing any external
influence. To confirm this theory one would need to run a dynamical simulation of the association.

3560

3540

3520

Separation (AU)

3500

3480

Lo b v b b by by

3460

-5000 —-4000 —-3000 —-2000
Time from now (yrs)

Figure 3.17: The separation between the components of the association as a function of time. The BD could be ejected
because of a hidden third object or due to the dynamical interaction with the spectroscopic binary. For each parabola the

one sigma error range is delimited by a dotted line (upper limit) and a dashed line (lower limit).
The properties of the association are summarized in Table 3.6.

Table 3.6: This table shows the properties of the objects in the disintegrating association.

Name of RA DEC D PMra PMdec SpT RV
object
eta CrB 1523 12.305 +3017 18.62 +0.43 125.77 + -176.48 G2 -7.26
16.17 0.62 +0.81 0.05
etaCrB C 152322.63 +30 14 56.2 17.86 £ 0.25 142.99 + -169.03 L8 -
4.42 4.89

Note: Distance is measured in pc, PM in mas/yr, and radial velocity is in km/s. Note that eta CrB is a spectroscopic binary.

| have identified similar systems from the other X-matches. There are 44 associations of this type
from the HMC-HMC X-match, 56 from the GJC-GJC X-match, and 12 from the HMC-GJC X-match. As

for the systems above, these require further investigation.
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Chapter 4

4. Conclusions and future work

4.1 Conclusions

This project was carried out with the motivation of expanding our knowledge of the orbital
population of very low-mass stars, BDs and giant planets. This task is challenging due to the very
faint nature of low-mass objects compared to the much brighter primary stars in the systems
(especially at visible wavelengths). Moreover, the proximity to the primary star makes these low-
mass objects even harder to study, since the glare of the parent star “washes out” the companions.
To observe them, one needs to block the light from the primary stellar object (hence reducing its
glare), but this is a technical challenge. Such problem can be avoided identifying systems where the
low-mass members are being ejected dynamically.

The contribution in searching for possible disintegrating multiple systems in this project is
fundamental in providing further constrains to the formation models.

Knowing the mass of a stellar object is fundamental for astrophysicists to determine the properties
and nature of the observed body. This important parameter in general can be derived via the mass-
luminosity relation. However UCDs do not have substantial initial mass to ignite and sustain nuclear
fusion. Measuring the luminosity of these low-mass objects is proven to be a challenge. Although
only a few of them have been discovered so far, benchmark systems (systems consisting of at least
one main-sequence star and at least one BD, preferably with a good age estimate) play a key role in
this case. It is known that the components of most binary systems form around the same time from
the same cloud. Under this logic, the components should share similar metallicity and age. To
determine the mass of a dim object, it is crucial to know its age and T, s (see Chapter 1, Figure 1.1).
It is possible to deduce the age of the primary star in the system and assume the same age for the
secondary dimmer object. However to obtain T,s, a precise measurement of the distance of the
primary object is necessary. This requirement is fulfilled by the use of the Hipparcos catalog in this
study. Note that the binary systems were born from the same molecular cloud hence both
components are within the same distance. Though, Hipparcos solely provide information for the
primary. The information for the secondary object comes from NIR sensitive surveys, e.g. SDSS,
2MASS and UKIDSS. To obtain Tesf, from known distance and apparent magnitude, with the aid of
the distance modulus, the absolute magnitude can be determined. Then by using a bolometric
correction (a constant depending on the spectral type of the secondary object), the bolometric
luminosity can be determined. T, is then calculated using the Stefan-Boltzmann equation. Note
that benchmark systems can also be used to test out models and theories (i.e. evolutionary models,
e.g. Mohanty et al. 2004a,b; Dupuy et al. 2009, and atmospheric models, e.g. Burningham et al.
2009; Pinfield et al. 2012).

Given the extremely dim nature of UCDs, detecting them can be challenging. More advanced near-
infrared telescopes, more effective in picking up these very low-mass objects, have been built over
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the years. Astronomers came up with new methods to try to spot these very dim UCDs, exploiting
the very deep modern near-infrared surveys. Yet there are still a lot of these UCDs not being
detected, hence the need for more fresh ideas are always on demand. An example of this will be the
recent discovery of Luhman 16, a faint UCD binary located in the solar neighbourhood (Luhman
2014). Another problem is to study UCDs while they are part of a multiple system, because especially
for close systems, the glare of the parent star could make it extremely difficult. To overcome this
issue, being able to search for and study multiple systems that are disintegrating can become
essential. While the multiple systems are disintegrating, the less massive component can be ejected
and become suitable to study once it gets out of the glare of the parent star. Furthermore, while the
multiple systems are disintegrating, the orbit/s of the ejected object/s is/are likely to be unstable.
And if there are even less massive objects bound to the ejected UCDs, the chances are that these will
get ejected too.

Understanding the dominant formation mechanism of ultra-cool objects have been for a long time
one of the main research interests among the low-mass community. Various formation models have
been suggested, but to improve these models, observational constrains are fundamental, especially
on the IMF and the binary fraction. This work might provide an answer to the origin of some of the
field object and even the initial requirements in capture.

A method has been defined to identify candidate disintegrating multiple systems using (i) distance
measurements and constraints from trigonometric parallax and spectrophotometric techniques, (ii)
relative proper motions and their associated measurement uncertainties, and (iii) relative
component positions that are tracked back and projected forward through time. This method has
been applied to three catalogue/database compilations, namely DA (for UCDs), HMC, and GJC. This
has resulted in four candidate disintegrating multiple systems with >2 components (all four being
guadruples showing some evidence of possible disintegration). The proper motions of the system
components are not strongly divergent within each system, but in all cases there is one component
whose proper motion is significantly different, always >3 sigma from the other constituents, and
ranging up to ~10 sigma difference in one case. One of these four systems contains a UCD (GJ 570
D), although this is not the component with a divergent proper motion. Another consists mainly of
known members of the open cluster IC 2602, and the other two systems consist of M-K dwarfs and K
dwarfs respectively.

In addition | have identified two candidate disintegrating double systems, each containing one UCD
component. The first one contains a T dwarf and a white dwarf, with the T dwarf having a proper
motion approximately twice the magnitude of the white dwarf's (~15 sigma difference), and in
essentially the same direction. The second one has been previously identified as a bound multiple
system, though the proper motions of its components differ by ~8 sigma. In both cases the relative
motions show that the components were closer together in the past, with the T-white dwarf system
predicted to be within ~1400 AU about 1300 year ago. My analysis method has thus been successful
in identifying possible disintegrating multiple systems that are inconsistent with gravitationally
bound wide multiples. Moreover, there are 44 associations of this type from the HMC-HMC X-match,
56 from the GJC-GJC X-match and 12 from the HMC-GJC X-match.

As a by-product of my search | have also identified several CPM multiple systems that were either
previously unreported or contain more components than have previously been recognised. The
spectral type of the components in these three multiple systems are; K1+K5 (spectroscopic binary),
MO+M2 and M1+M3.5+M4. It was expected that my analysis method would re-identify many CPM
multiples, but a potential for previously unreported wide separation components has also been
realised, due to the large separation range searched.
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Confirmation and further study of my candidate disintegrating multiple systems should be able to
place new constraints on the typically unseen constituents of multiple systems, by revealing the full
range of components during disintegration. The observed frequency of disintegrators will also
inform us about the rate at which such systems interact in the Galactic disk. And through further
work | should be able to extend the low-mass range over which | can identify disintegrating
components.

4.2 Future work

The candidate disintegrating systems identified in this work should be examined further using Gaia
(Cacciari, Pancino & Bellazzini 2015) data and ground-based follow-up observations. More accurate
proper motion and parallax measurements of the components would assess my own selection
criteria at higher accuracy. And it would be particularly interesting to examine early Gaia proper
motions to confirm if the GJ 570 system really does have a member with divergent proper motion.
Radial velocity measurements (from Gaia or ground based telescopes) would also give 3-D velocities
for the components of my candidate systems, which would allow dynamical studies to determine if
the systems are gravitationally unbound. If the T dwarf + WD disintegrating double system is
confirmed by Gaia, then a detailed study could constrain the white dwarf cooling age, and search for
any unusual features of the T dwarf spectrum that may have arisen during a period when the
components were in closer proximity.

| also plan to investigate the possibility that my disintegrating multiple systems could have additional
faint components that do not appear in DA. Deep near infrared imaging in the region of my
candidates might reveal cooler components that are also involved in the disintegration process. The
dynamical interaction that resulted in the disintegration could potentially have released additional
lower mass components, and these could now be widely separated from their original host and thus
detectable.

Beyond my current analysis of the DA, HMC and GJC database/catalogue resources, | can also
expand my method to additional surveys and facilities. Gaia will soon provide extremely accurate
proper motions and parallaxes for stars and UCDs down to V=20. And a much larger sample of UCDs
could be included by selecting photometric candidates from UKIDSS, UHS, VISTA, WISE and SDSS.
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