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Abstract

We present here the study of the properties of two different populations of our
Galaxy: the very low-mass stellar and substellar regime of ultracool dwarfs and the
halo stellar population. For the ultracool dwarfs, we follow the same approach as
in our previous investigations presented in |Carnero Rosell et al. (2019), |dal Ponte
et al.| (2020) using the first data release of the Dark Energy Survey. Our past work
resulted in two important catalogs: 11,745 ultracool dwarf candidates and 264 wide
binary and multiple system candidates involving at least one ultracool dwarf. Here
we present the revision and an update of the method to search for and characterize
ultracool dwarfs. We obtain a sample of 19,583 ultracool dwarf candidates brighter
than z < 23 selected from the Dark Energy Survey second data release matched
to VHS DR6, VIKING DR5 and AIWISE covering ~ 4,800 deg? in the Southern
Hemisphere. The ultracool candidates were first pre-selected based on their (i-z),
(z-Y), and (Y-J) colors. They were further classified using a method that compares
their optical, near-infrared and mid-infrared colours against templates of M, L and T
dwarfs. 14,099 objects are presented as new L and T candidates and the remaining
objects are from the literature, including 5,342 candidates from our previous work.
We also show spectra of twelve new ultracool dwarfs discovered by our group. These
spectroscopically confirmed objects are a sanity check of our selection of ultracool
dwarfs and photometric classification method. Using this new and deeper sample of
ultracool dwarf candidates we found: 20 new candidate members to nearby young
moving groups and associations, variable candidate sources and four new wide binary
systems composed of two ultracool dwarfs. We also show a method to estimate the
thin disk scale height for the L dwarf population and discuss its current limitations.
For the investigation of the Milky Way halo, we use a catalog with StarHorse stellar
parameters, distances and extinctions catalog derived from Gaia EDR3 combined
with photometric catalogs for stars brighter than G = 18.5. This catalog is used to
select halo stars based on their tangential velocity. We also apply a geometric and
an extinction cut to eliminate disk contaminants. We calculate pseudo cartesian
velocities and check the consistency of our selection. We then present an initial
study of the metallicity distribution for the local halo. With our sample of more
than 2 million halo stars, we confirm previous measurements of metallicity presented
in the literature, including an estimate for the Gaia-Enceladus component. We also

show a clear metallicity gradient present in our sample.



Resumo

Apresentamos aqui o estudo das propriedades de duas populacoes diferentes da
nossa Galaxia: o regime de estrelas de baixa massa e o regime sub-estelar de anas
ultrafrias e a populagao estelar do halo. Para as anas ultrafrias, seguimos a mesma
abordagem de nossos trabalhos anteriores em Carnero Rosell et al.|(2019),|dal Ponte
et al.| (2020) usando o primeiro data release do Dark Energy Survey. Nosso trabalho
resultou em dois catalogos importantes: 11.745 candidatas a anas ultrafrias e 264
candidatas a sistemas binérios e multiplos envolvendo pelo menos uma ana ultra-
fria. Aqui apresentamos a revisao e atualizagao do método de busca e caracterizagao
de anas ultrafrias. Obtivemos uma amostra de 19.583 candidatas mais brilhantes
que z < 23 selecionadas a partir do segundo data release do Dark Energy Sur-
vey combinado com VHS DR6, VIKING DR5 e AIIWISE cobrindo ~ 4.800 deg? no
Hemisfério Sul. As candidatas a anas ultrafrias foram primeiro pré-selecionadas com
base em suas cores (i-z), (z-Y) e (Y-J). Também, foram posteriormente classificadas
usando um método que compara suas cores no 6ptico, infravermelho préximo e in-
fravermelho médio com modelos de anas M, L e T. 14.099 objetos sao apresentados
aqui como novos candidatos a anas L e T e os objetos restantes sao da literatura,
incluindo 5.342 candidatas do nosso trabalho anterior. Além disso, mostramos es-
pectros de doze novas anas ultrafrias descobertas por nosso grupo. Esses objetos
espectroscopicamente confirmados servem como uma verificagao de nossa selecao
e do método de classificacao fotométrico. Usando a nova amostra de candidatas,
encontramos: 20 novos candidatos a membros de grupos e associacoes jovens proxi-
mas, candidatos a fontes variaveis e quatro novos sistemas binarios de alta separacao
compostos por duas anas ultrafrias. Também mostramos um método para estimar
a escala de altura do disco fino para a populacao de anas L e discutimos as suas
limitagoes. Para a investigacao do halo da Via Lactea, utilizamos um catalogo de
parametros estelares, distancias e extin¢oes do StarHorse derivado do Gaia EDR3
combinado com outros catalogos fotométricos para estrelas com brilho superior a
G = 18,5. Este catalogo é usado para selecionar estrelas do halo com base em sua
velocidade tangencial. Aplicamos um corte geométrico e de extin¢ao para eliminar
os contaminantes do disco. Calculamos pseudo velocidades cartesianas para checar
a consisténcia da nossa selecao. Apresentamos um estudo inicial da distribuicao
de metalicidade para o halo local. Com a nossa amostra de mais de 2 milhoes
de estrelas, confirmamos medigoes anteriores de metalicidade apresentadas na liter-
atura, incluindo uma estimativa para a componente do Gaia-Enceladus. Também

mostramos um claro gradiente em metalicidade presente na nossa amostra.
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Chapter 1

Introduction

1.1 The Milky Way galaxy

The Milky Way (MW) is a barred spiral galaxy of intermediate size. The stellar
mass of our Galaxy is around 8.5 x10' M, and virial mass of ~ 1.5 x10' M
(Bland-Hawthorn & Gerhard, 2016, [Watkins et al., 2019). It belongs to the Local
Group, being the second more massive galaxy (the most massive is Andromeda).
Currently, the MW is going through interactions with: the Small Magellanic Cloud
(SMC), the Large Magellanic Cloud (LMC) and the Sagittarius (Sgr) dwarf galaxy.
These systems, as many others in the past, are falling into the gravitational potential
of the MW. They will be slowly disrupted through tidal and ram pressure stripping.

The MW has several visible components: a thin disk, thick disk, bulge/bar
and a stellar halo as illustrated in Figure [I.I} Each component has its individual
characteristics such as spatial distribution, kinematics, chemical composition and
age. The thin disk contains the young metal-rich and low-aff] stars and it is the
component with ongoing star formation. It is more radially extended and have a
smaller scale height than the thick disk and most stars have nearly circular orbits
(Jurié¢ et al., 2008, Bovy et al., 2016, Mackereth et al |2019). The thick disk is more
diffuse and contains older and more metal-poor stars when compared to the thin
disk. It is kinematically hotter (larger vertical velocity dispersion) and has a slower
rotation than the thin disk (Nidever et al., 2014} |Hayden et al. [2015). Furthermore,
several studies (e.g. Bensby et al., 2005, Bovy et al., 2016, [Hayden et al.., 2015
Vincenzo et al., 2021) suggests the existence of two separate sequences [a/Fe| vs
[M/HP| (or [Fe/H]) diagram, where the high-a is often associated to the thick disk

le.g. Ca, Mg, Ti, O, S, and Si which are produced via Type II supernovae (SNII).
2The total metallicity is defined as [M/H| = log|Nys/Ng| - log| Ny /Ny where Ny is the
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Figure 1.1: The Milky Way and its components. This image was obtained using
data from the Gaia second data release. The MW components are highlighted: thin
and thick disk, bulge/bar, stellar and dark halo. The Large and Small Magellanic
Clouds are visible in the right lower corner. Image credit: |Helmil (2020).

and the low-a with the thin disk. This chemical difference can be attributed to
different star formation histories (Chiappini et al., 1997, Haywood et al., |2015)).
The origin of this structural, kinematical, and chemical differences between the thin
and thick disk is still debated in the literature.

The bar/bulge is the central and most concentrated component. It was long
thought to be a classical spheroidal bulge. However, more recently, it has been
suggested to be a pseudobulge that likely formed through disk instabilities (Barbuy
et al., 2018, and references therein). The central region has a spheroidal and barred
metal-poor ([Fe/H] ~ -0.5) population and a boxy bar metal-rich (|[Fe/H| ~ 0.3)
population (Rojas-Arriagada et al., 2014] [Zoccali et al. 2017). Lastly, the stellar
halo is the most extended component and contains old and the most metal-poor
stars. There is a dark matter halo embedding our Galaxy, and it is where most of

the mass is located. The constituent stars from these distinct components tell us

number of hydrogen atoms and Nj; the number of all atoms heavier than Hydrogen and Helium.
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about the several processes that occurred over time and shaped the Galaxy as we

know.

1.2 Sub/stellar populations as Milky Way tracers

Deep surveys are responsible for the enormous increase in photometric, astrometric
and spectroscopic data for different types of Milky Way sub/stellar populations.
These large datasets allow a clearer picture of the Galaxy, its structure and stellar
content, and provide more restrictive comparisons to models of Milky Way (and
galactic in general) formation and evolution.

Our motivation is to investigate the population properties of Galactic objects
which have so far eluded detection in large numbers and/or at large distances.
Specifically, we are interested in the substellar regime and the halo of our Galaxy.
In the next sections, we will discuss the basic properties of two distinct populations,

starting with the substellar population, followed by the halo.

1.3 Ultracool and brown dwarfs

Ultracool dwarfs (UCDs) are very cool (T.;r < 2700) K, low-mass (M < 0.1 M)
objects, ranging from spectral type M7 and later. They include both very low-mass
stars and brown dwarfs.

Brown dwarfs (BDs) were first theorised by Kumar (1963) and named by Tarter
(1975). The first detection of a brown dwarf was made only in the 1990s with the
discoveries of Gliese 229B by Oppenheimer et al. (1995) and Teide 1 by |Stauffer
et al.| (1994), Rebolo et al.| (1995)). They are not massive enough to burn hydrogen
in their core and their typical upper mass limit is 0.072 My and the lower end is
~ 0.012 M, approaching the planetary mass regime. Although BDs do not burn
hydrogen, they have short periods of primordial deuterium burning during their
early evolution. Brown dwarfs never reach thermal equilibrium, being supported by
electron degeneracy pressure. Therefore, they continue to cool and dim over time
across spectral types M, L, T, and Y (Kirkpatrick et al., (1999, Burgasser et al., 2002aj,
Cushing et al., [2011). Without sustained hydrogen fusion, there is a degeneracy
between mass, age, and luminosity (and their proxies, effective temperature, absolute
magnitude, and spectral type). In other words, as brown dwarfs cool continuously
over time, their luminosities and temperatures depend on both age and mass. The

result is that a younger, less massive brown dwarf can have the same luminosity and
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temperature (and thus spectral type) as an older, more massive brown dwarf. This
observational degeneracy makes evolutionary trends in brown dwarf populations
difficult to identify.

Despite UCDs being a very common type of object in the Galaxy, almost over
1/6 of the local population, they are very difficult to detect at large distances. For
instance, Gaia can only acquire accurate astrometry for L5 dwarfs to a distance
of ~24 pc, TO dwarfs to ~12 pc, TH dwarfs to ~10 pc, and T9 dwarfs to ~2
pc (Smart et al) 2017). The small amount of radiation emitted by UCDs peaks
typically at near-infrared /infrared (NIR/IR) wavelengths, making them extremely
faint at optical wavelengths. Only with the advent of deep and wide field surveys,
such as Deep Near Infrared Survey of the Southern Sky (DENIS; |Epchtein et al.|
1997)), Sloan Digital Sky Survey (SDSS; [York et al. 2000), the Two-Micron All-
Sky Survey (2MASS; Skrutskie et al., 2006), the UKIRT Infrared Deep Sky Survey
(UKIDSS; |[Lawrence et al., [2007)), the VISTA Hemisphere Survey (VHS; McMahon
et al., [2013), the Wide-field Infrared Survey Explorer (WISE; |Wright et al., 2010),
larger samples of L, T and Y dwarfs were discovered. This increase in the census
allows the possibility to constrain current models for the structure, formation and
evolution, especially for brown dwarfs. Also, as UCDs have a wide range of ages
because of their long lifetimes (even longer than the current age of the universe), an
homogeneous sample is ideal for studies of the structure, dynamics, and evolution
of the stellar disk itself.

1.3.1 L and T dwarfs

The increasing discovery of cool dwarfs, lead to two new spectral types proposed by
Kirkpatrick et al.| (1999): L and T dwarfs. Figure|l.2|shows the Hertzsprung—Russell
(HR) diagram at the H band that contains a selection from the literature of main-
sequence stars and brown dwarfs with spectral types spanning from O through Y.
L dwarfs have temperatures between ~2,300-1,400 K, with absolute magnitudes
ranging from Jopr a5 ~11.8-14.5 (Dupuy & Liu, [2012). Even though the majority of
L types are brown dwarfs, low-mass stars can be also included in the L dwarf popu-
lation. Also, L dwarfs have a cool enough atmospheric temperature to favor the for-
mation of condensate grain and droplet cloudsﬁ near or just below the photosphere.
These condensates include liquid iron, solid VO, aluminum, calcium, magnesium,

and titanium-bearing minerals such as enstatite (MgSiO3), grossite (CaAl,O7), and

3The condensates refer to grains and drops of the condensed phase. Cloud is the region on the
atmosphere within the condensed species are placed.
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Figure 1.2: The panel shows the HR diagram from [Kirkpatrick et al.| (2012) showing
a compilation of main-sequence stars and brown dwarfs. The box highlights the
ultracool dwarfs region.

perovskite (CaTiOgz). The opacity of the condensates yields to red near-infrared

colors (Burgasser et al. |2002b)). Their spectra in the red optical region tend to

exhibit strong HoO absorption, weakening of metal-oxide (TiO and VO) which is a
dominant feature in M dwarfs, strengthening of metal-hydrides (CrH and FeH) and
alkali band (Na, K, Cs, Rb) features. The near-infrared spectra are dominated by
H,0 and CO bands, similarly to the M dwarfs. Figure [I.3] shows example spectra
of late M through L dwarfs at optical wavelengths. Some features are highlighted,
including water vapour and alkali metal lines, as described above.

T dwarfs are cooler than L types, with a typical range in temperature of ~1,400-
600K or cooler. For the mid- and late T dwarfs the condensates appear to lie deep
below the photosphere, providing bluer NIR colors when compared to L types. Their
spectra is characterized by strong absorption features of HoO, CHy, and collision-
induced (also called pressure induced) H, (Burgasser et all,[2002a)). Figure[L.4]shows

the infrared spectra of T dwarfs and the spectra of two L dwarfs for comparison. The

strongest absorption bands of H,O, CHy, CO, FeH and collision-induced absorption
H-O are highlighted.
The L/T transition changes have been generally interpreted as variation in the

clouds. As explained above, from the L to the T regime the cloud layers recede below

the photosphere with the decreasing temperature (Burrows et al., 2006, [Saumon &
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Marley, [2008). The L/T transition has been also interpreted as being caused by
chemical instability (Tremblin et al., [2015). However, this interpretation has been
questioned (Leconte, 2018)). With this complex debate regarding the atmosphere
through L and T types, the L/T transition is still very difficult to be reproduced by
evolutionary and atmospheric models.

Figure [1.5] shows that T dwarfs appear quite different from M and L dwarfs
photometrically. They are significantly redder in optical colors, but they become
bluer in the NIR through later types. This blueward trend followed by the T dwarfs
is due to the lack of cloud opacity and also to the appearance of CH, bands that
absorb light mostly close to the K band. However, for late T types the blueward
trend diminishes as very little flux remains to be absorbed by CHy. Also, for types
later than T5 there is a large scatter in colors due to the variations in metallicity
and gravity, as shown in Figure [I.5 At these temperatures, pressure induced Hj
opacity becomes important, which impacts the K band, which is very sensitive to

metallicity and also gravity.

1.3.2 Evolutionary models

The atmospheres of brown dwarfs are complex, as discussed above. The cool atmo-
sphere of a brown dwarf favors the formation of molecules which often have opacities
that vary strongly with wavelength, which is another complication, ruling out the
usual assumption of a gray atmosphere. Therefore, the construction of evolution
model grids is a challenging task, since the atmosphere will regulate the cooling
of the interior over time by connecting the convective interior with the thermal
radiation emanating from the object.

Several model grids for ultracool dwarfs were developed in past years, including
Burrows et al.|(1997), Baraffe et al.| (2003), Allard et al.| (2014), Baraffe et al. (2015]).
In general, models rely upon the use of 1D radiative-convective equilibrium and as-
sumptions such as thermochemical equilibrium, molecular/atomic abundances and
assumed atmospheric chemistry paradigms. Moreover, these models have evolved
in complexity over the years to include: clouds prescription (Ackerman & Marley,
2001), rainout (Lodders & Fegley, 2002, Marley et al., 2021) and disequilibrium
chemistry (Phillips et al., 2020, Mukherjee et all 2022)). The improvement of the
models also benefits as the knowledge of molecular opacities, such as water and
methane, which are important absorbers in substellar atmospheres, has progressed.
The improvement in molecular opacities and the increase of the complexity of the

models have promoted a better description of the observed spectra by models. How-
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Figure 1.5: Color J-K for M, L and T dwarfs selected by [Best et al. (2018]) using
the PanSTARRSI1 catalog. The spectral types are indicated by different symbols
and colors. As we move from M to L dwarfs, they become redder. For the T types
there is a change towards more blue colors.

ever, discrepancies remains, as models still fail to reproduce some key spectra fea-
tures (Leggett et al., 2021)).

As an example, Figure shows the J vs. J-K color-magnitude diagram (CMD)
from field ultracool dwarfs and subdwarfs from Best & et al.| (2020) along with the
SONORA models, developed by Marley et al. (2021). It is possible to notice that
the models well reproduce the photometry for late-M and early-L dwarfs. Compared
with older evolutionary models (e.g [Saumon & Marley| (2008)) this is an improve-
ment due to the new sets of HyO opacities. In J ~ 12 the models turn to the blue
instead of continuing to the red as observed in the L regime. In the L /T transition,
even more bluer colors are predicted by the models compared to the data. This
trend is due to the clearing of clouds from the L to the T regime. For the mid-T
dwarfs, there is a good agreement between models and photometry. In general, it is
known that T dwarfs matched with cloudless models (e.g Saumon & Marley| (2008),
Allard et al.| (2014))).

To overcome the discrepancies still present in the model grids, as illustrated
in Figure [1.6] the determination of atmospheric properties can be achieved by at-
mospheric retrievals. Atmospheric retrievals is a spectral inversion technique. It

is complementary to model grids as it consists of minimal physical assumptions
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Figure 1.6: Color-magnitude diagram for nearby M, L. and T dwarfs from
(2021). The curves represent the cloudless SONORA models for different
constant values of gravity and metallicity. The solid, dashed and dotted curves
stand for log g (cms™2) = 5, 4 and 3, respectively. The colors red, black and green
are [M/H]= -0.5, 0.0 and +0.5. The colors of the dots represent the near-infrared
spectral types and the half-filled circles are subdwarfs.
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Figure 1.7: Best-fit atmospheric retrieval from (Calamari et al.| (2022). The black
curve shows the Gl 229B spectrum. The purple curve shows the best retrieved
spectrum. The blue and green curves are SONORA grid models of solar metallicity
and different temperatures.

to determine atmospheric parameters when compared to those inferred by fitting
synthetic to observed spectra. In order to retrieve atmospheric temperature and
molecular abundances, several synthetic spectra are generated based on a set of at-
mospheric parameters. These will latter be compared with the observed spectra,
generating a range of models that fit the actual spectra along with a statistical as-
sessment of the goodness of the fit. The advantage of this technique is the ability to

constrain abundances without relying on assumptions as made in atmospheric mod-

els. This technique has been explored for the cloudy L dwarfs by Burningham et al.|
(2017), cloud-free late-T regime by [Line et al| (2014} 2015), Zalesky et al] (2022)
and the L/T transition by [Lueber et al.| (2022). Figure shows the comparison
between a Gl 229B (T7 dwarf) spectra, a retrieval method presented in
and comparison with SONORA models that bracket the retrieved T, ;.
Comparing with SONORA models, the retrieved spectra better fit the observed one.

1.3.3 Formation scenarios

The UCDs formation is still debated, but it is more likely that they form through
a core collapse and accretion in molecular clouds. The shape of the IMF, binary

fraction and multiplicity function are important discriminants to scenarios of low

mass and brown dwarf formation. According to [Luhman| (2012), there are five basic

such scenarios:

1. formation in a proto stellar cluster, where tidal shears and high internal veloc-

ities negatively affect the mass accretion by small mass cores (Bonnell et al.
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2008)

2. low mass and brown dwarfs are the least massive cores inside a proto cluster
and are therefore ejected due to dynamical interaction with more massive ones,
hence halting their mass growth (Boss, 2001, [Bate & Bonnell, |2005)

3. massive OB stars form first and their ionizing fluxes remove the gas around
least massive cores, again with a negative feedback to low mass and brown
dwarf progenitors (Whitworth & Zinnecker|, 2004])

4. low mass and brown dwarfs form in circumstellar disks around more mas-
sive proto stars and then are ejected into the field by interaction with other
(proto)stars (Bate et al., [2002 Bate & Bonnell, 2005, Stamatellos et al., |2011))

5. a proto cluster fragments into smaller cores spanning a wide range of masses,
the smallest of which turn into low mass and brown dwarfs (Padoan & Nord-
lund}, 2002, Elmegreen, 2011])

Ruling out or even constraining these models, however, requires larger samples
and more accurate estimates of the shape of the IMF, space densities, binary frac-

tions and multiplicity functions than currently available.

1.3.4 Luminosity and Mass Function

The luminosity function (LF) measures the number density of objects as a function
of luminosity (or absolute magnitude), which in turn correlates with temperature or
spectral type. The luminosity function in the general field is a crucial measurement
that can enable a better understanding of low-mass and brown dwarf formation,
since the formation history of such objects is still lacking details and relies on many
possible scenarios. The more recent and updated field luminosity function was
measured by Bardalez Gagliufhi et al.| (2019)) using a volume-limited compilation
of M7-L5 UCDs out to 25 pc from the literature. Figure [1.8] shows the comparison
between several field LFs presented in the literature. The LF from [Bardalez Gagliuffi
et al. (2019) follows the faint end of Reid et al.| (2003)), pairing well within the
uncertainties and had an 40% increase in the densities when compared to (Cruz
et al.| (2007) in the 10.75-13.75 mag range. It is important to mention that the
determination of the field luminosity (and also of the mass function) presented in
the literature so far is based on a limited number of objects, and limited to the solar

neighbourhood.
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Figure 1.8: Luminosity functions for UCDs with respect to absolute magnitude in
J. Figure taken from Bardalez Gagliufhi et al| (2019)). The distinct colors refer to
different LF measurements. The blue line is from Bardalez Gagliuffi et al,| (2019),
orange is from Reid et al| (2003), pink from Bochanski et al.| (2010)), green from
Cruz et al| (2007) and yellow from Reylé et al.| (2010).

The initial mass function (IMF) is defined as the number density per unit
mass. For brown dwarfs there is no unique mass-luminosity (or yet mass-luminosity-
metallicity) relationship that one can use to convert the luminosity function into the
IMF as in the case of main-sequence stars. However, one advantage is that for very
low-mass stars and brown dwarfs, that cool as they age, the observed present-day
mass function (PDMF) in the field should trace the initial mass function. There
are two basic factors contributing to it: i) since low-mass stars and brown dwarfs
are long lived objects, with evolutionary ages similar to or larger than the age of
the Galaxy itself, every field ultracool dwarf created is still present in the Galaxy;
ii) dynamical effects resulting from two-body interactions, that reshape the mass
function inside star clusters, are not relevant in the field because of the much lower
density.

Substellar IMFs can also be determined. For field stars, assumptions about the
formation history (formation rates and metal enrichment) are required to convert
luminosities into masses. As mentioned in the next section, binary systems play an
important role to constrain ages and metallicities, this latter parameter also being
important to determine masses from luminosities.

An alternative is to investigate the census of low mass and ultracool dwarfs in
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clusters and associations, where it is then possible to break the metallicity-age-mass-
luminosity degeneracies (since age and metallicities are known) and, therefore, to
remove the dependency of the luminosity function with the formation history that
affects the field. A mass function is often described in the form of a power law ¢(m) =
dN(m)/dm x m~“. For young clusters and associations, several measurements of
« are available. For Upper Sco, a = 0.6 £ 0.1 (Lodieu et al., 2007)), for Pleaides
a=0.6+0.1 (Moraux et al., 2003), for o Orionis & = 0.5+ 0.2 (Lodieu et al., 2009)
and for RCW 38 the slope is a = 0.8 £ 0.8 (Muzi¢ et al., |2017). More recently,
Muzic¢ et al.| (2019) showed that the NGC 2244 IMF is well represented by a broken
power law with a break at ~ 0.45. For the low mass and brown dwarfs, the slope
is a = 1.03 £ 0.02, which is at the high end of the typical values obtained in nearby
star-forming regions but still in agreement within the uncertainties. For the field,
Kirkpatrick et al. (2021a) demonstrate that a 20 pc volume-limited sample of brown

dwarfs can be best described as a power law with an exponent of @ = 0.6 + 0.1.

1.3.5 Benchmark ultracool dwarfs

Benchmark ultracool and/or brown dwarfs are very useful because we can use them
to break degeneracies in age, mass and metallicity, thus being very helpful for the
characterisation of cool substellar objects. A common type of benchmark system are
wide binaries, composed of resolved companions, where the primary is commonly a
main sequence star and the secondary is a L or T dwarf. The metallicity and age
constraints may be taken from the primary star since it is very difficult to measure
these properties for the L and T dwarfs. For that purpose, one naturally has to rely
on the assumption that the pair formed at the same time, from the same material,
and evolved in the same environment. This is also the case of UCDs in clusters,
where previously determined cluster metallicity and age are useful as benchmarks.

One issue in finding benchmark systems in wide binaries involving L or T dwarfs
is that the binary fraction seems to decrease from early to late primary’s spectral
types (Kraus & Hillenbrand, [2012). For solar type stars, the binary fraction ranges
within 50-60% (Raghavan et al.,; 2010) and for M stars it is in the 30-40% range
(Janson et al., 2012). For brown dwarfs in the field, the resolved binary frequency
ranges around 10-20% (Burgasser et al., 2006, Gelino et al., 2011}, [Huélamo et al.,
2015)).

In the case of wide binary systems, for solar type stars [Tokovinin & Lépine
(2012) estimates 4.4 % are wider than 2,000 AU. More recently Dhital et al.| (2011))
and [Dhital et al.| (2015)) presented the Sloan Low-mass Wide Pairs of Kinematically
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Equivalent Stars (SLoWPoKES), which is a catalog containing common proper mo-
tion and common distance of wide (~ 500-60,000 AU) candidate pairs. For the mid
K and mid M type dwarfs presented in both catalogs, the wide binary frequency was
~ 1.1%. For L and T dwarfs in wide systems this frequency still remains uncertain.
Also, brown dwarfs in wide binary systems could impact the formation theories,
especially the ejection model, since this type of system is not expected to survive

ejection from their birth environments.

1.3.6 Spatial distribution

As discussed previously, ultracool dwarfs are a common type of object in our Galaxy.
Therefore, they are expected to trace the same structural components as the stars,
i.e., brown dwarfs will have a thin and thick disk and halo populations. However,
measuring their spatial distribution is not an easy task, due to the faintness of the
ultracool dwarf population.

There are few attempts to measure the thin disk scale height in the literature.
Using 18 M and later dwarfs (spectral type M4 and later) from the Hubble Ultra
Deep Field, |Pirzkal et al.| (2005) derived a Galactic disk scale height of 4004100 pc
for M and L dwarf population. They compared the observations with Galaxy models
using a luminosity function derived from Monte Carlo mass function simulations
from [Burgasser (2004). Ryan et al.| (2005]) estimated the scale height of 350+50 pc
of 28 candidate L and T dwarfs identified in 15 deep parallel fields from the Hubble
Space Telescope. They treated L and T dwarfs as a single population and used a local
number density derived by |Chabrier| (2002)). |Juri¢ et al.| (2008) estimate the thin disk
scale height of 300 pc and the local thick-to-thin disk density normalisation of SDSS
M dwarfs up to a distance of 2 kpc. More recently, Sorahana et al.| (2019)) have used
data from the first data release from the Hyper Suprime Camera (HSC, Miyazaki
et al., 2018] |Aihara et al., 2018) to estimate the vertical thin disk scale height of 3,665
early L types with an estimate between 320 pc and 520 pc at 90% confidence. They
assumed an exponential disk model and used the luminosity function from Cruz et al.
(2007) allowing the number densities for individual magnitude bins to vary along
with the scale height. Also,|Carnero Rosell et al.| (2019) compared the number counts
from nearly 12,000 L types candidate sample along with ultracool dwarfs simulation
and found a thin disk scale height of ~ 450 pc. One important application is that we
can convert the estimate of the scale height into a vertical velocity dispersion. The
velocity dispersion could be used as an indicator of kinematics age of the population

sampled.
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1.4 Stellar Halo

According to the A-cold dark matter (ACDM) model, the structural formation of
galaxies proceeds hierarchically, with large structures forming via mergers (Springel
et al.l 2005, Frenk & White, 2012, |[Naab & Ostriker, 2017). Therefore, a relatively
large spiral galaxy such as the MW likely formed with the contribution of several
accretion events involving galactic objects of various sizes and masses. In fact, the
Galactic halo is a repository of most of the mass built up from accretion events. This
process is observed today, through the discovery of many overdensities and streams
with the aid of wide-field photometric surveys (more details in Section . The
stellar halo is not only interesting from the mergers point of view but also because
it contains the oldest (along with the bulge) and the most metal-poor stars, giving
us a glimpse to the early phases of the Milky Way.

Although the Galactic halo comprises around 1% of the total stellar mass, their
old metal-poor stars play an important role in the study of formation and evolution
of the Galaxy. Some stars may have formed in situ and others are accreted material
from merger events with satellite galaxies. The formation channel in situ refers to
halo stars that were born within the Galaxy and the accreted ones being the material
from tidal disruption of smaller dwarf galaxies.

The stellar halo is commonly portrayed in the literature as divided into two main
components: the inner and outer halo. Several authors have identified an steepening
in the stellar density profile around Rg, > 30 kpe (Bland-Hawthorn & Gerhard,
2016, and references therein). Consistently with the apparent profile steepening,
Carollo et al. (2007)) have suggested that the inner halo is relatively more metal-
rich, with a significant flattening and with prograde orbits and the outer halo is more
metal-poor, nearly spherical in shape and with retrograde orbits. The kinematical
evidence, however, was disputed as a possible bias in the stellar distances (Schonrich
et al.; 2011). In the last years, the inner halo (specially regions in the solar vicinity,
within few kpc from the Sun) has been largely studied. However, considering that
the virial radius of our Galaxy is of ~ 250-300 kpc (Gomez et al., |2015), the Milky

Way halo covers a vast volume that is still relatively unexplored.

1.4.1 Density profile and shape

The spatial distribution of the stellar content, specifically the density profile and
the flattening of the stellar population, is crucial for understanding the formation

history and dark matter distribution.
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Early studies suggested that the density profile of the Milky Way halo could be
described as a single power-law (SPL) p o< r~ with a flattening either constant or
varying with radius. For instance, De Propris et al. (2010), using a sample of blue
horizontal branch (BHB) stars up to 100 kpc, found a profile described by a SPL
with index -2.5 with no evidence of a profile break. However, |Sesar et al.| (2011)) and
Deason et al.| (2011)) found evidence that the outer parts of the halo (>30 kpc) have
a steeper stellar density profile than the inner regions. These authors also did not
find strong evidence for variations in flattening with radius.

Xue et al.| (2015)) used a sample of giant stars and found that a broken power-law
(BPL) with ay, = -2.1 and @, = -3.8 and break radius of ~ 18 kpc and constant
flattening well reproduced the data. However, they also argued that if the flattening
of the stellar halo varied with distance, a single power-law model with o = 4.2
described the data. Also, using a sample of giants, |Slater et al. (2016) found a «
= -3.5 with no signs of profile break in a 30-80 kpc range studied. More recently,
Thomas et al.| (2018)) analyses using BHB stars favours a broken power-law profile,
with an inner slope that is steeper than in the outskirt of the halo and constant
flattening. The difference between the slope in the outer and inner region is ~ 1,
with a break around 40 kpc. Their measurement is also similar to the one found by
Hernitschek et al.| (2018)) using RR Lyrae. These latter also found a break radius
around 40 kpc, but their analyses favours a single power-low profile with constant
flattening. Hernitschek et al. (2018)) also allow a radius-dependent flattening, and
found evidence for a distinct flattening of q ~ 0.8 of the inner halo at ~ 25 kpc, a
similar finding to Xue et al. (2015)). Xu et al.| (2018) found no evidence of power-law
break between 15-35 kpc. The profile for the selected giants was described by a SPL
with = -5.5 and a flattening that varies with radius (q = 0.64, 0.8 and 0.96 at r
= 15, 20 and 30 kpc).

Table summarizes the results found in the literature and discussed in this
section. In the context of BPL models, the break radius between the inner and
outer components is located in a range of 20-40 kpc. Regarding use of SPL/BPL
models, it is difficult to determine if the difference between these measurements
is due to the different tracers or methodology used. In the case of tracers, the
consequence could be the differences in the spatial distribution of different stellar
populations leading to different steepness in the profile.

One possible explanation for the apparent break radius is the build-up of stars at
their apocenter. This build up could be caused by the accretion of a small group of

dwarf satellites at a similar epoch, or by a single massive one. |Deason et al. (2018)
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Table 1.1: List (incomplete) of stellar halo density parameters.

Reference Tracer  Sample size 1 (kpc) Qin Qout q ry, (kpc)
De Propris et al.[(2010) BHB 666 10-100 -2.5 - - -
Sesar et al.|(2011) MSTO 27,544 5-35 -2.62 £0.04 -38 +0.1 0.70 +0.01 27.8 £ 0.8
Deason et al.|(2011) BS/BHB ~ 20,000 10-45 -2.34+0.1 -4.6 £0.15 059 +£0.03 27.1 +1
Xue et al.|(2015) Giants 1,757 10-80 -2.1+£0.3 -3.8 +£ 0.1 0.70 £ 0.02 18 +1
Slater et al.|(2016) Giants ~ 4,000 30-80 - -3.5+ 0.2 0.6 -
Thomas et al.|(2018) BHB ~ 4,800 15-220 -4.24 +0.08 -3.21 +0.07 0.86 = 0.02 41.2 + 2.5
Hernitschek et al.|(2018) RRab 11,025 20-131  -4.40 £ 0.05 - 0.92 +0.02 -
Xu et al.|(2018) Giants 5,351 15-35  -5.03 + 0.64 - -

integrated the orbits of the stars that likely belong to the Gaia-Enceladus substruc-
ture and showed that for the population with high eccentricity their apocenters lie at
about ~ 20 kpc, coincident with the break radius. More details of Gaia-Enceladus

will be discussed below.

1.4.2 Metallicity distribution

The metallicity distribution function of the MW stellar halo is essential to under-
stand the processes that were involved in its formation. For instance, the very
low-metallicity component give us clues on star formation and chemical evolution
at earliest epochs.

It has been shown in the literature that the halo has a metallicity that decreases
with an increase in radial distance (Carollo et al., [2007)). |de Jong et al. (2010)
measured a peak in the metallicity distribution function for the inner halo (< 15
kpc) around [Fe/H] ~ -1.6 and for the outer halo at [Fe/H| ~ -2.2 using SEGUE
data. Fernandez-Alvar et al.|(2017) found similar results, with peaks around [M/H]
~ -1.5 and [M/H| ~ -2.1 based on APOGEE DR12. |Conroy et al.| (2019) mea-
sured a median metallicity of [Fe/H| = -1.2 using stars at high latitudes (|b| >
40°) from the H3 Survey and no discernible metallicity gradient over the range of
~ 6-100 kpc. However, the authors admit possible evidence for a decreasing mean
metallicity beyond ~ 50 kpc. [Youakim et al| (2020) used a sample of ~ 80,000
main-sequence turnoff stars with heliocentric distances ranging from 6 to 20 kpc
and found a peak at [Fe/H| = -1.6. These authors found a gradient of decreasing
metallicity with increasing distance, but no clear bimodality in the halo metallicity
distribution function in the range of distances probed.

Nissen & Schuster (2010) suggested that the local halo metal-poor stars have
low-a and high-a abundance components. Later studies suggested that the low-
a population was likely accreted through mergers whereas the high-a stars were
either formed in situ or have been kicked out from the disk. With APOGEE DR13,
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both Hayes et al| (2018)) and Matsuno et al| (2019)) showed that for the low-a
halo population, the [Fe/H| peaks around -1.2 and -1.3. Considering a sample of
chemically selected accreted stars from APOGEE DRI14 data, Das et al.| (2020)
found a peak at [M/H]| ~ -1.3 and that they constitute over 30% of the metal-poor
regime (|[Fe/H] < -0.8) halo stars.

Recently, studies regarding the metallicity in the stellar halo have become more
focused in the Gaia-Enceladus substructure. [Feuillet et al.| (2020} 2021)) selected
the Gaia-Enceladus population using kinematics and action space, and found a
peak around |Fe/H| ~ -1.17 with a dispersion of 0.34 dex. Also, using dynamically
selected stars from H3 survey, Naidu et al. (2020) found a similar distribution of

[Fe/H| ~ -1.20. These measurements are in agreement with the low-a population.

1.4.3 Substructures

In the last years, many wide-field surveys have revealed several overdensities and
streams. Specially the Gaia mission, that was responsible for a true revolution
and transformation in Galactic astrophysics. The access to the full phase-space
information revealed a large accreted object in the local inner halo named Gaia-
Enceladus-Sausage (Helmi et al., 2018| Belokurov et al., 2018)). The ’Sausage-like’
structure was identified by Belokurov et al.| (2018) in a V,, vs Vg velocity space,
centered around V, ~ 0 and extended in Vi. On the other hand, [Helmi et al.
(2018)) selected stars from the inner halo using their angular momentum L, and
orbital energy E,, and noticed that their kinematics ranged from highly eccentric
to highly retrograde. With APOGEE, [Helmi et al.| (2018) also showed that Gaia-
Enceladus define a distinct chemical sequence from the thin and thick disk stars,
being more metal-poor than the thin disk and having lower « abundances than
the thick disk. The mean metallicity was obtained as [Fe/H| ~ -1.6 and the age
was constrained in roughly 10 Gyr. Also, they estimated a stellar mass of ~ 6 x
108 Mg, for Gaia-Enceladus. There is still some debate in the literature about the
exact nature and definition of this merger event. It is common to use the notation
Gaia-Enceladus-Sausage to acknowledge the difficulty to disentangle and reconcile
the substructures found in the halo by different authors.

Another structure found is the 'hot’ thick disk, also known as the Splash (Be-
lokurov et al., 2020) (more details below), which also dominates amongst stars in
the solar vicinity with halo-like kinematics. For stars in the solar vicinity (within
2.5 kpc from the Sun) and with |V-Vgg| > 200 km/s, where the velocity of the
local standard of rest Vygr ~ 220 km/s, it is estimated that roughly 44% of the
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stars belong to the 'hot’ thick disk. A large fraction of the remaining stars are part
of the Gaia-Enceladus-Sausage structure.

The Gaia DR2 was also responsible for revealing a 'dual halo’ (also known as the
blue and red sequence) in a color-magnitude diagram constructed of kinematically
selected Galactic components (Gaia Collaboration, Babusiaux et al.,[2018]). The halo
selection was made using tangential velocity v, = 4.74/w\/m > 200 km/s. In
the CMD, the halo main sequence and main sequence turn-off are clearly divided
into two, with ~ 0.1 mag difference in color between them. The two sequences
have metallicity distributions with peaks in |[Fe/H| = -1.3 and |[Fe/H] = - 0.5. Also,
these two sequences could be associated with the two halo components noted by
Nissen & Schuster| (2010) as discussed in the previous section. The more metal-poor
sequence is connected to Gaia-Enceladus while the other sequence is the ’hot’ thick
disk, populated by stars which kinematically can be part of the thick disk, in situ
halo or a mix. |Gallart et al. (2019) have showed that the sequences are identical
in age, where the blue and the red population formed stars at the same time, but
also stopped forming at similar times. According to the mass-metallicity relation,
the stars of the red sequence being more metal-rich ([Fe/H| = - 0.5) imply that they
must be formed in a galaxy more massive than the ones from the blue sequence.
Furthermore, the Gaia-Enceladus merger could be the responsible for the heating
of a fraction of stars that were been forming in a disk-like structure. This led to
extreme kinematics which lead them to be classified as halo stars.

There are other substructures identified based on kinematic, orbital properties,
age, and metallicity. For instance, Myeong et al.| (2019)) argued that the debris
presented in [Helmi et al.| (2018) included both mildly prograde stars and highly ret-
rograde stars, suggesting different progenitors. Instead of one single merger event,
the Gaia-Enceladus-Sausage, another merger took place roughly at the same time,
named the Sequoia. The most massive globular cluster in the Galaxy, w-Centauri,
may be the remnant core of Sequoia. Also the globular cluster FRS 1758 could be as-
sociated with this substructure. [Koppelman et al.| (2019)) used a clustering algorithm
to identify substructures based on their energy, angular momentum, eccentricity and
metallicity, as these quantities can retain dynamical and chemical memory of their
origin. These authors found, besides Gaia-Enceladus-Sausage, Sequoia and Helmi
streams, two new structures with low-energy, retrograde orbits named Thamnos 1
and 2. Figure|l.9[shows the results from |[Koppelman et al.| (2019) based on the search
for substructures using energy and angular momentum space. Recently, other small

groups were reported in the literature using new releases from Gaia (see (Lovdal
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Figure 1.9: Substructures identified by [Koppelman et al.| (2019)) using angular mo-
mentum and energy. Highlighted in the figure are: Gaia-Enceladus (GE), the Helmi
streams (HStr), Sequoia (Seq) and Thamnos (Th). The green stars represents the
globular clusters w-Centauri and FRS 1758.

et al., 2022, Dodd et al.| [2023, [Tenachi et al., [2022)).

At larger distances from the Sun, many overdensities and streams have been also

discovered. Some examples are the Sagittarius streams (Ivezi¢ et al., 2000, Yanny|
2000)), Hercules Aquila Cloud (Belokurov et all 2007), the Virgo overdensity
(Vivas et al., 2004} Juri¢ et al., 2008) and Monoceros ring (Newberg et al., [2002).
Many thin streams also have been discovered, such as GD-1 (Koposov et al., 2010)),
Atlas (Koposov et al.,[2014), Orphan (Belokurov et al.,[2007)) and Pal 5
et all 2001). The Dark Energy Survey alone was responsible for the discovery of
over 14 stellar streams (Drlica-Wagner et al., 2015, Balbinot et al. 2016| [Shipp|
et al [2018). Some of these stellar streams have been found with no clear progenitor

object, probably indicating a more advanced stage of disruption. Besides the stellar

streams, other dynamically hotter structures, such as galactic bridges, tidal arms and
stellar clouds have been observed. Their structure and geometry (shapes, distances,
widths) coupled with their kinematics, allow stringent limits on the Milky Way
gravitational potential, as well as on Galactic parameters. Figure shows the
known streams and overdensities and their distribution on the sky not only for the

outer but also for the inner halo.
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1.5 Goals

Now that we discussed the substellar and very low-mass stellar regime and the halo
stellar population in detail we can specify our aimed contributions towards these
two topics.

For the ultracool dwarf population we plan to extend our previous analysis that
was initially done with the first three years of the Dark Energy Survey (DES) science
operation and presented in |Carnero Rosell et al.| (2019). Now, using the six years
of DES data, we expand the search for ultracool dwarfs candidates. This new and
updated census also allows several applications such as the search for: i) new can-
didate members to young moving groups and associations; ii) photometric variable
objects; iii) new wide binary candidate systems composed by two ultracool dwarfs.
The subsamples can help constrain formation scenarios for UCDs, as in the case
of substellar members of associations and wide binary systems, and to understand
atmospheric inhomogeneities in ultracool dwarfs, as in the case of variable objects.
Another important use of this sample is towards the contribution of a most robust
estimation of the spatial distribution of ultracool dwarfs. More details in Chapters
2 and 3.

For the halo population, it is crucial to estimate distances to individual stars, so
as to map its structure. Metallicities and age estimates also help the identification
of different halo populations and their variation as a function of Galactocentric
distance. We are interested in using available samples of field stars with reasonably
accurate distance to construct a tomography of the Milky Way outer components.
We aim to explore not only their geometry and density profile, but also age and
metallicity gradients and their associated spread, motivated by the ongoing debate

in the literature regarding these topics. More details in Chapter 4.



Chapter 2

Ultracool dwarfs candidates
discovered in the six years of the

Dark Energy Survey data

In this chapter, we will present the work concerning the search and characterization
of ultracool dwarfs (UCDs). This project began some years ago, and our group has
already two published papers regarding a sample of UCDs selected using the first
three years of Dark Energy Survey (DES) operation data that will be used as the
main basis for our search.

The accurate identification and classification of UCDs in large deep ground-based
surveys using only photometry enables the creation of homogeneous samples without
relying on extensive spectroscopic campaigns. Such samples are essential to allow
the characterization of the UCDs in the Galaxy, to enable the measurement of the
luminosity and mass functions (Cruz et al., [2007, Bochanski et al., 2010), the disk
scale height (Juri¢ et al., 2008| [Sorahana et all 2019), the frequency of close and
wide binaries (Luhman, |2012, Dhital et al., [2015] [Fontanive et al., [2018) and their
kinematics (Faherty et al., 2010, Faherty et al., 2012, Smith et al., 2014). Taking
advantage of the Dark Energy Survey (DES) depth in the optical bands ¢, z and Y,
and combining them with infrared data from other surveys, it is possible to select a
large homogeneous sample of UCD candidates to large distances.

In (Carnero Rosell et al.| (2019)), we presented a sample of 11,745 UCDs selected
using DES DR1 combined with VHS DR3 and AIIWISE. This candidate sample
was selected based on colors and a spectral classification using only photometry. We
kept on the sample only L and T candidates. Besides the sample, we also presented

a initial study of the thin disk scale height for the L. dwarf population, which is by

25



Ultracool dwarfs candidates discovered in the Dark Energy Survey 26

far the most numerous in our compilation (11,545 L dwarfs). Recently, the new and
latest DES data release became available. Compared to our previous work, the DES
DR2 data are photometrically deeper and with more reliable/precise photometry.
These deeper data have the capacity to allow us to probe fainter candidates, thus
increasing the previous samples of L and T dwarfs. Furthermore, we have now
available a sky coverage of almost the entire DES footprint, whereas in |Carnero
Rosell et al.| (2019) we only had ~ 2,400 deg®. This is due to the new data releases
of VHS and VIKING surveys that are also used in the analyses. This scenario
implies that the UCD search and characterization can be updated.

In the next sections, we will discuss all the steps that led us to the new sample of
UCDs. In Section we present the photometric data used in this work. In Section
2.2| we introduce the updated color templates for M dwarfs and UCDs and the color
cuts used to pre-select our candidates. In section we discuss the photometric
classification methodology, where we estimate a spectral type for each target using
only its photometry. Once the photometric classification (Section is carried out,
we end up with what we call the UCD target sample. For this sample, in Section
we compare our photo-type to those of known candidates from the literature
and discuss the contamination by extragalactic sources, to finally present the final
ultracool dwarf candidate sample. In Section , we show Gemini/GMOS spectra
of several UCD candidates, all of them confirmed spectroscopically as UCDs, to
further corroborate our sample selection and photo-types.

All the topics discussed in this Chapter are part of an published paper (available
at Appendix B) at MNRAS journal.

2.1 Data

2.1.1 DES, VHS, VIKING and AIIWISE

DES is a ~5,000 deg? optical survey in the grizY bands that used the Dark Energy
Camera (DECam; Flaugher et al., [2015). DECam is a wide-field (3 deg?®) imager at
the prime focus of the Blanco 4m telescope at Cerro Tololo Inter-American Obser-
vatory (CTIO). DES observations started in September 2013 and were completed in
January 2019, spanning nearly six years.

DES DR2 is the assembled dataset from 6 years of DES science operations,
with data collected over 681 nights and which includes 691 million astronomical

objects detected in 10,169 coadded image tiles of size 0.534 deg® produced from
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76,217 single-epoch images. The estimated area loss to image defects, saturated
stars, satellite trails, etc is of ~ 200 deg?. After a basic quality selection, galaxy
and stellar samples contain 543 million and 145 million objects, respectively. The
typical depths (in AB system) as estimated from the magnitude at S/N = 10 in the
coadd images are g = 24.0, r = 23.8, ¢ = 23.1, z = 22.13, and Y = 20.7 (Abbott
et al., 2021]).

For the purpose of our work, we matched the DES DR2 catalog to the VHS
DR6, VIKING DR5 (Edge et al., [2013) and AIIWISE catalogs using a positional
matching radius of 2 arcsec, keeping only the best match, i.e, the nearest object
found. The DES+VHS coverage area is around 4,500 deg?. The VHS survey is
imaged with exposure time per coadded image of 120-240 seconds in J and 120
seconds in K. There is also partial coverage in the H band with an exposure time
of 120 seconds. The median 50 point source depths is Jag ~ 21.4, H g ~ 20.7 and
K, ap ~ 20.3. Since, by design, the VIKING and VHS footprints are complementary,
we decided to use also the VIKING DR5 data in regions not covered by VHS. The
DES+VIKING coverage is about 500 deg?, providing along with VHS, almost the
entire DES footprint. VIKING has a median depths at 5o of Jup ~ 22.1, Hyp ~
21.5 and K, 4p ~ 21.2 across all imaged regions (~ 1350 deg?®). Lastly, for the
ANIWISE survey we will use only W1 and W2 bands, which is >95% complete for
sources with W1 < 17.1 and W2 < 15.7 (in the Vega system).

Quality cuts were applied to the matched catalog, such as IMAGFLAGS_IS0_i,z,Y
= 0 from DES DR2 and J,H,K_{s}ppErrBits < 255, to ensure that the object has
not been affected by spurious events in the images in ¢, z, Y, J, H and K, bands.
We also imposed a magnitude limit cut of z < 23 (DES) and a simultaneous 5o
level detection in the i, z, Y (DES) and J (VHS+VIKING). We did not apply
any standard star/galaxy separation because they are not as efficient for relatively
nearby sources with significant signature of proper motions on their coadded DES
images. In this work, we adopted the PSF_MAG_i,z,Y magnitude type from DES
and apermag3_J,H,Ks from VHS and VIKING catalogs. Also, all DES magnitudes
and colours are in the AB system and the VHS+VIKING and AIIWISE magnitudes
and colours are in the Vega system.

It is important to mention that for sources with significant proper motions, a
matching radius of 2 arcsec may be too small. This matching radius will work except
for the very nearby (< 6pc) or high-velocity (> 50 km/s) cases. Therefore, a small
percentage of ultracool dwarfs will be missing from our catalogue due to this effect.

The matching between DES data and other surveys provides a broad photometric



Ultracool dwarfs candidates discovered in the Dark Energy Survey 28

baseline, spanning from the optical to the infrared. All these bands will be later used
to construct empirical templates, perform the colour selection and photometrically

estimate the spectral type of our UCDs candidates.

2.1.2 Known ultracool dwarfs

The sample from Best & et al.| (2020) (hereafter B2020 sample) contains the most
up-to-date compilation of ultracool dwarfs with spectroscopic confirmation. The
complete sample has 2,940 sources, with spectral types ranging from M3 to Y2. This
compilation includes spectral types from the optical and NIR. When both are avail-
able for a source, the authors recommend using optical types for M and L. dwarfs and
NIR types for T dwarfs, given that these are the spectral domains of the dominant
features required for spectral classification in each case. From this catalogue there
are 388 sources located in the DES footprint, and 292 of them are classified as L or
T dwarfs. For the construction of the templates, we excluded objects flagged in the
B2020 sample as unresolved binaries and sub-dwarfs. We first matched the B2020
sample of L and T dwarfs with the DES DR2 catalog and found 227 objects in com-
mon. Since we have a small number of objects between the B2020 sample and DES,
we decided to adopt only in this step a positional match of 3 arcsec. Every matched
source was inspected visually using the DES image portal tool. The remaining 65
objects were eliminated in our selection due to quality cuts or for having a posi-
tional match beyond the limit. Then we matched B2020+DES DR2 with VHS DR6
and VIKING DR5 resulting in 185 objects in common. The 42 lost objects in the
match between DES and VHS-+VIKING are due to lack of data or positional match
beyond 2 arcsec or the VHS+VIKING quality flag applied. Finally, we matched
all the B2020 sample with a combination of VHS+VIKING+AIIWISE, regardless of
DES data, and we end up with 658 objects. We take these three steps in order to
obtain as many objects as possible to construct our colour templates. In comparison
with the sample of known ultracool dwarfs in (Carnero Rosell et al.| (2019), there are
more 19 objects with DES magnitudes, 81 more in DES+VHS+VIKING and 530
more in VHS+VIKING+AIIWISE. Here, the difference between the samples with
and without DES data is due to the limited area of the south where the DES foot-
print is located. The combination of VHS+VIKING-+AIIWISE covers almost the

entire southern hemisphere.
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2.1.3 Known contaminants

There are two main types of sources that we consider as contaminants at this stage:
M dwarfs and quasars at high redshift. In Carnero Rosell et al.| (2019)) we used a
sample of 70,841 visually inspected M dwarfs from West et al.| (2011]). Here we use
the |[Kiman et al. (2019) compilation of spectroscopic confirmed 73,473 M and 743 L
or later dwarfs from SDSS constructed from [West et al.| (2011)), Schmidt et al.| (2015))
and Schmidt et al. (2019). The match between Kiman et al.| (2019) and DES DR2,
VHS DR6 and AIIWISE data resulted in 19,355 objects in common. This updated
M dwarfs sample, with new DES photometry, is fundamental for the update of our
colour templates, used in the classification scheme. Regarding the quasars, we are
now using the quasar catalogue from SDSS DR16 presented by |Lyke et al.| (2020).
For this latter, we only kept objects with redshift z > 4. The reason is that the
low-z quasars have much bluer colors than the UCDs and therefore are not relevant

to our contamination analysis.

2.2 Templates and color selection

We updated our empirical colour templates using the samples of known M, L. and
T dwarfs described previously. The construction of the templates followed the same
methodology described in |Carnero Rosell et al.| (2019)). For the M dwarfs (MO to
M9), we used the median color for each spectral type as the template value. We
demanded SNR > 5¢ in all bands and excluded objects that were > 2 ¢ from the
median. The median was then recalculated after these outliers were removed in an
interative process until convergence. For the L and T dwarfs, because of the smaller
number of objects, we fit a n order polynomial to each colour vs. spectral type
relation, using the least squares method. For (i-z), (J-Kj), (H-Ks) and (K-W1)
an order 4 polynomial was used; (Y-J) and (W1-W2) an order 3 and (2-Y') an order
2 polynomial were used.

We re-estimated the intrinsic scatter for each colour index, assuming it to be
the same for all spectral types. This intrinsic scatter is the spread in colour due
to variations in metallicity, surface gravity, cloud cover, and also the uncertainty in
the spectral classification. The procedure to estimate this intrinsic scatter followed
the Skrzypek et al. (2015) prescription. We initially adopted a first guess of intrin-
sic scatter as 0.5 mag and added it in quadrature to the photometric errors to all
templates. This new uncertainty was used to weight the points in the polynomial re-

gression to the colour vs. spectral type relation. Then, we re-estimated the intrinsic
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Table 2.1: Updated template colors of M0-T9 dwarfs.

SpT iz =zY Y-J J-H H-Ks Ks-W1 WI-W2
MO 0.28 0.08 1.12 0.59 0.17 0.09 0.01
M1 035 0.10 1.14 0.57 0.20 0.12 0.05
M2 042 0.12 1.17 055 0.22 0.13 0.09
M3 050 0.14 1.20 0.53 0.23 0.15 0.13
M4 058 0.16 1.23 0.52 0.25 0.17 0.15
M5 067 0.19 127 051 0.27 0.18 0.18
M6 081 024 134 051 0.30 0.20 0.19
M7 098 0.30 1.42 052 0.34 0.22 0.20
M8 1.18 037 1.53 054 0.37 0.23 0.19
M9 137 044 1.63 057 042 0.26 0.23
LO 153 055 192 0.63 0.49 0.40 0.32
L1 1.53 054 2.05 0.63 0.52 0.41 0.31
L2 154 054 215 0.68 0.56 0.47 0.31
L3 156 0.55 223 0.76 0.60 0.56 0.32
L4 1.61 0.56 227 084 0.64 0.66 0.33
L5 168 0.58 230 092 0.66 0.74 0.35
L6 178 0.60 232 097 0.67 0.81 0.38
L7 192 0.63 232 099 0.65 0.85 0.43
L8 208 0.66 231 097 0.62 0.86 0.49
L9 226 0.69 230 091 0.57 0.83 0.57
TO 246 0.74 2.29 0.80 0.50 0.78 0.68
T1T 268 0.78 229 0.66 0.42 0.70 0.81
T2 289 084 230 049 0.33 0.60 0.96
T3 3.09 090 232 030 0.24 0.51 1.15
T4 326 096 236 0.09 0.15 0.42 1.36
5 339 1.03 242 -0.09 0.07 0.38 1.61
T6 346 1.10 2,51 -0.25 0.02 0.40 1.90
T7 345 1.18 2.62 -0.36 0.01 0.50 2.22
T8 333 1.26 2.78 -0.39 0.04 0.72 2.59
T9 3.08 1.35 297 -0.30 0.15 1.10 3.00
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Figure 2.1: Colors as a function of the spectral type for the enlarged sample of
known UCDs as described in the text. The dashed line indicates the new templates,
as discussed previously in Section [2.2] and the solid line refers to the templates
presented in (Carnero Rosell et al.| (2019). The light-shaded area corresponds to the
intrinsic scatter of each color. The last panel shows all the new updated templates
for each color indices used in this work.
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scatter as the variance of the best-fit residuals with the rms value of the photometric
errors subtracted in quadrature from it. This new value was taken as our intrinsic
scatter for that colour index, irrespective of spectral type. Finally, we re-fitted the
polynomial for L and T dwarfs, using the new intrinsic scatter. The intrinsic scatter
values found with this method are the following: o;,_, = 0.34,0,_y = 0.30,0y_; =
037,05y = 0.32,05_ks = 0.30,0gs_w1 = 0.33, o1_wo = 0.34. These values are
slightly smaller than those presented by Dupuy & Liu| (2012) but more aligned with
those presented recently in |[Kirkpatrick et al. (2021b). Even though there might be
a systematic increase with spectral type, we will adopt a single value of 0.2 mag for
each magnitude, corresponding to 0.3 mag for each colour index. These will later
be used to perform the spectral classification of our target sample.

The templates for the several colour indices as a function of the spectral type are
shown in Figure[2.1] Also shown are the templates presented in|Carnero Rosell et al.
(2019). In comparison to our previous templates, there are no significant changes
for the M and L dwarfs. For the T dwarfs, specially for late types, color indices
have changed typically by 0.1-0.2 mag, up to ~ 0.5 mag in a couple of cases for T7
or later. This may be due to the clear increase in the number of objects that now
contribute to the updated fit. The redder J — H and H — Ks colours around L4
and TO types are a known trend caused by the effect of condensate clouds and the
variability in the clouds properties. Also, there is a blueward trend from T2 to T7
typesin J — H, H — Ks and Ks — W1 due to the loss of the cloud decks and the
onset of CHy absorption. However, this trend diminishes for the latest types as very
little flux remains to be absorbed by CHy (Leggett et al., 2010). The scatter for the
later T types in H — Ks and Ks — W1 is due to the variations in metallicity and
gravity. The template colours are shown in Table 2.1]

For the color selection of the UCDs, we follow the same methodology presented
in (Carnero Rosell et al.| (2019). We analyze several color-color diagrams considering
the UCDs and the contaminants samples presented earlier. The colour selection is
meant to yield a sample of UCDs sources as complete as possible, at the expense
of allowing some contamination by late-M dwarfs and extragalactic sources. The
purity of our sample will be later improved using the photo-type classification (see
section [2.3). We applied an optical band cut (i — z) > 1.20, in order to remove
the quasars, and also (z —Y) > 0.15 and (Y — J) > 1.55 to remove M dwarfs and
other contamination sources. Figure shows the colour-colour diagrams where the
colour selection was applied for known contaminants, M dwarfs and UCDs sources.

Applying the color selection discussed above, the initial sample has 164,406 sources
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in DES+VHS+VIKING data. Among these, 76,184 objects have AIIWISE W1 and
W2 bands. The next step is to infer a photo-type for each object in the target

sample.

2.3 Photo-type classification

To infer a spectral type for objects in the target sample, we also closely follow the
procedure described by (Carnero Rosell et al.| (2019)), originally from [Skrzypek et al.
(2015)). The spectral type will be assigned by the minimization of the x? relative
to our new empirical templates presented in Table Only objects that have
measurements in a minimum of Npgngs= 6 bands (thus yielding 5 color indices) are
considered as having a reliable photo-type. We applied this minimum of six bands
because we have observed a substantial improvement in photo-type determination
with the number of filters available. The x? for the k-th source and the j-th spectral
type is

Nbands ~ 2
R m —m i — Cp. 4
X2<{mb}7 {Ub}; M kg {Cb}) — < b,k gz,k,] b,j > (2'1)
b—1 bk

where my,;, are the measured magnitudes for the source in all available filters, and
cp,; are the template colors for the j-th spectral type and for the same bands. These
latter are measured for all templates with respect to a reference band (in our case,
the z band). The o, are the k-th source’s photometric errors added in quadrature
to the intrinsic scatter (from Section . As for ™, ; in equation 2.1, it is the
inverse variance weighted estimate of the reference magnitude, computed using all
the source’s magnitudes, their associated uncertainties and the given template colors

for the j-th type, as follows

ZNbands Mk —Cb.j
— 2

A - b,k
;= ’ 2.2
mz7k7] Nyands 1 ( )
b=1 Th,k

2.3.1 Comparison with the literature

Figure [2.3] shows the comparison between the spectral type from the literature and
the photo-type method applied to the B2020 sample. As mentioned earlier, only
objects with six or more valid magnitudes are shown. Only one object has a mis-
classification bigger than four spectral types: ULAS J223347+002214. However, this
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Figure 2.3: Spectral classification from the B2020 compilation versus our photo-
type classification. The dashed lines represent misclassification by four spectral
types. The size of the circles scales as the cube of the number of repeated points.
The histogram on the right shows the differences between the spectral types from
the literature and our photo-types (AType).

object is known as a strong binary candidate (Day-Jones et al.,2013). The accuracy[]
for the B2020 sample is o, = 1.7 and op = 1.1 for L and T dwarfs, respectively.
These values can be considered as an upper limit to the uncertainty in the assigned
type. These values are compatible with those obtained by |Carnero Rosell et al.
(2019) and Skrzypek et al.| (2015)). After testing the classification code, we obtain a
photo-type for each object in our target sample. We used both DES+VHS+VIKING
and DES+VHS+VIKING+AIIWISE catalogs to estimate a photo-type. Our target
sample now has 53,565 objects with photo-type > L0 and six or more bands.

Besides B2020, we also expect to recover in our target sample other UCDs candi-
dates from the literature that are located in the DES footprint. As explained before,
the colour selection was made considering objects that have spectroscopic confirma-
tion, but these are currently limited in number. We thus benefit from assessing
our sample selection by cross-matching our candidates to other sizeable samples of
candidate sources, not only because of the increased numbers but also because this
allows a direct comparison of different photo-types.

From the 1,361 objects presented by Skrzypek et al. (2016)), 154 are located in

1. Zé\;l |ASp.T| V2
0= N 2
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the DES footprint and 78 of them are present in our target sample. The missing 76
sources are due to three main reasons: i) a few objects are eliminated due to the
colour selection and quality cuts applied to the DES data; ii) some are eliminated
due to separation beyond 2 arcsec match radius; iii) the main reason, however, is that
most of them are eliminated because of our demand on availability of VHS+VIKING
data.

Reylé (2018) presented a sample of 14,915 >M7 and L candidates from the Gaia
DR2 data, of which 2,224 are located in the DES footprint. However, only 40 of
them are L. dwarfs candidates and the remaining objects are M dwarfs. We end up
with 248 of their objects in our target sample, 20 of which are L candidates and
the remaining are M dwarfs (78 M7/M7.5, 102 M8/M8.5 and 48 M9/M9.5). The
missing 20 L dwarfs were eliminated by either one of the reasons we mention above.
The reduced number of M dwarfs in our sample is due to the color cuts imposed, as
described in Section [2.2] Figure [2.4] shows the comparison between the photo-types
estimated from our classification code and those from these two other samples of
UCD candidates. The median photo-type difference is of 0.5 for both [Skrzypek et al.
(2016) and Reylé (2018)) for objects with z < 19. For fainter magnitudes we can
only compare to Skrzypek et al.| (2016)) sample as |[Reylé| (2018)) is limited in z < 19
in our DES sample. For 19 < z < 21 the median discrepancy is also 0.5.

2.4 'Towards the final sample: Target Validation

2.4.1 Extragalactic contamination

As in |Carnero Rosell et al.| (2019), we removed possible extragalactic contamination
by running the Lephare photo-z code (Arnouts et al., 1999, |I[Ibert et al. 2006) on
the target sample using both a galaxy and quasar templates. We considered as
extragalactic all sources that satisfied the following condition: X7 nare < XZassif>
where X7 onare 1A X244y are the best fit x* values from Lephare and from our
photo-type code, respectively.

From the 164,406 objects presented in our initial sample, only 53,565 have six or
more bands and have a photo-type L0 and later. From this catalog of 53,565 L. and
T candidates, 34,116 were flagged as an extragalatic sources by Lephare. Therefore,
our final L and T dwarf candidate sample is constituted by a total of 19,449 objects.
We also matched the 53,565 L and T dwarf candidates to SIMBAD (Wenger et al.,

2000) astronomical database in order to verify if the results provided by Lephare
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were in agreement with the literature. We found 327 objects in common, using a
matching radius of 2 arcsec. From this list, only 63 were extragalactic sources and
Lephare was able to discard 56. The 7 objects that remained in the sample were
discarded. As discussed in (Carnero Rosell et al.| (2019), a residual contamination by
extragalactic sources is estimated to be ~ 5%.

We also tested running Lephare in the B2020 sample to verify the effect of the
code on a pure UCD sample and only one object was flagged as an extragalactic:
ULAS J222711-004547. ULAS J222711-004547 is known in the literature as a pecu-
liar L dwarf. Since one ultracool dwarf was flagged as extragalatic by Lephare we
decided to further investigate the 34,116 sources that were flagged as extragalatic
sources using their proper motion information. In the next section we will discuss
the details.

2.4.2 Proper motion

In addition to Lephare, we used available proper motion catalogs in order to assess
the Galactic or extragalactic nature of our candidate L and T dwarfs. If the source
has a proper motion significantly different from zero, it is likely a Galactic one. We
decided to use the proper motions from Gaia DR3 (Gaia Collaboration, Vallenari
et al. [2022), the CatWISE2020 catalog (Marocco et al., 2021) and the NOIRLab
Source Catalog (NSC) DR2 (Nidever et al., [2021)). In particular, these last two
catalogues extend towards faint enough magnitudes to cover a significant fraction
(96%) of our target sample of 53,565. These catalogs are responsible for several
new discoveries, such as extreme T /Y subdwarfs (Kirkpatrick et al., 2021a, Meisner
et al.,2021), new ultracool dwarfs members of the Solar Neighbourhood (Kota et al.,
2022) and new wide binary systems (Softich et al. 2022, Kiwy et al. 2022). It is
important to mention that in our sample of 53,565 L. and T candidates, only 320
sources have Gaia DR3 proper motion measurements (this includes objects with
RUWE < 1.4 that ensures a good astrometric solution).

We apply o,/ < 0.5 for all catalogs as a criterion for them to be considered
Galactic sources. In the case of NSC, for some objects with large proper motion

1 we felt the need to apply a more stringent selection

errors, o, > 1,000 mas yr~
criterion, o, /p < 0.1. Considering objects with Gaia DR3 proper motion measure-
ments, for instance, only 12 out of the 320 sources are classified as an extragalactic
source by Lephare. However, 11 of them have proper motion from Gaia DR3 that
satisfy our criteria. For the remaining objects flagged as extragalactic, 25,039 have

proper motion measurements from CatWISE and NSC catalogs. In this case, 130
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Figure 2.5: Distribution of total proper motions for ultracool dwarf candidates in
our sample. We only show here objects with well-measured proper motion according
to our criteria presented in Section

satisfies the criteria presented above. In total, 141 objects return to the L and T
candidates sample. We conclude that proper motion data in conjunction with our
adopted criteria do serve as a means to recover Galactic sources mistakenly classi-
fied as extragalactic by other means. Therefore, we have now 19,583 L. and T dwarf
candidates in the final sample. Figure [2.5] shows the distribution of total proper
motion (o = \/m) for the objects that satisfy the condition o,/pu < 0.5
at least in one catalog (Gaia DR3, CatWISE2020 or NSC DR2). This sample has
9,278 objects.

2.4.3 Comparison with our previous work

From the objects presented in (Carnero Rosell et al.| (2019), 10,440 L and T dwarfs
are present in the initial 164,406 sample of this paper (see Table ??). The missing
objects are due to a combination of slight changes in the DES footprint, the quality
selection made in the target sample, changes in flags and photometric error criteria,
and of lack of data in VHS+VIKING catalogs.

Imposing that the target must have six or more bands, something that was not

applied in the past work, we end up with 8,512 in common. However, 5,342 objects
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Figure 2.6: Photo-type comparison between our new classification and the results
from |Carnero Rosell et al.| (2019) (AType). The histogram in the right shows that
the vast majority of the objects have a difference of one spectral type, most now
being classified as a slightly earlier type.

are now classified as L or later. The remaining 3,170 are now classified as M9.
This large migration across the M9 /L0 border is expected due to the larger intrinsic
scatter adopted here when compared to the previous work, as explained in Section
Besides, we used the GalmodBD simulation code (Carnero Rosell et al., [2019)
to estimate the reverse effect, namely the contamination of M dwarfs to this new
sample (more details about GalmodBD in Chapter . We expect that ~ 30% of
our sample is made up of late M dwarfs, the vast majority of them of M9 type.
This is again somewhat larger than the 15-20% estimated in our previous work. We
should emphasize, however, that that this contamination is from sources of a very
similar nature to our target L dwarfs. From the 5,342 L. and T dwarfs still present
on our sample, 24 were flagged as an extragalactic source either by Lephare or were
listed in SIMBAD database. However, two flagged by Lephare have a proper motion
measurement that satisfied our criteria. Therefore, in the end, 5,320 original L. and
T dwarfs from |Carnero Rosell et al.|(2019) remain in the new sample presented here,
while most of the missing ones are now classified as late M type. Figure [2.6| shows
the comparison between the photo-types from the previous work and those of the

new candidate sample for objects in common.
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Figure 2.7: Distances as a function of photo-type. Distances have been calculated
using the average value from the distance modulus obtained using all available bands.
The color scale represents the density. Most ultracool dwarf candidates are early L
at distances smaller than 650 parsecs.

2.4.4 New ultracool dwarf candidates

In total, 19,583 objects remain in our candidate sample, following all the criteria
presented earlier. However, from this sample, 142 are included in B2020, 5,257
additional ones were presented in |Carnero Rosell et al.| (2019), 26 from Reylé| (2018)),
5 from [Skrzypek et al.| (2016 and 54 from SIMBAD (mostly late-M dwarfs from
other references, hence surveys, than those used here). There are 14,099 new UCD
candidates [l

Figure shows the photo-type distribution vs photometric distance of the
candidate sample of UCDs from this work. The final sample has only objects with
six or more bands (used to estimate the photo-type), XZassis < XZephare (OF Otherwise
total proper motion significantly different from zero, if available) and a photo-type
>L0. Here we see that this new sample is probing larger distances than those
presented in (Carnero Rosell et al|(2019). We now reach over 600 pc, while in our
previous work we reached ~ 480 pc.

We estimate photometric distances for our candidates following the same pro-

2The table containing the ultracool dwarf candidates is available at: https://des.ncsa.
illinois.edu/releases/other/Y6-LTdwarfs
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cedure explained in (Carnero Rosell et al. (2019). We first calculate the absolute
magnitudes for the UCD templates discussed in the previous chapter for all photo-
metric bands and spectral types. We do that by using the template colours shown in
Table and anchoring the absolute magnitude scale to the My, values presented
by Dupuy & Liu (2012). The distance for each UCD candidate in our sample is
then determined from all its available apparent magnitudes and the template ab-
solute magnitudes corresponding to its assigned spectral type. The mean distance
over all available bands is assigned as the UCD distance. The distance uncertainty is
obtained considering the photometric errors added in quadrature with the intrinsic
scatter for each available band. We did not apply any correction for extinction, since
this is expected to be small for the passbands we used and towards the relatively
high Galactic latitudes covered by our sample.

We checked our photometric distances comparing with those presented in B2020,
which comprehends several parallax and photometric measurements from the liter-
ature, as shown in Figure 2.8 Our photometric distances tend to be slightly un-
derestimated relative to those from B2020. This effect results from a tendency of
assigning later types for the objects. Comparing our distance estimates and those
from B2020 that have trigonometric parallax distances, the typical error in our pho-
tometric distances is ~ 28%. Also, the systematic offset seen in the Figure, in the
sense of our distances being underestimated, is 18% when we considered all objects

from B2020, independent of the distance measurement method.

2.5 Spectroscopic confirmation of twelve ultracool

dwarfs

We undertook a spectroscopic project to further assess our UCDs search and classi-
fication methods. We got ~ 22 hours of Gemini/GMOS time to obtain spectra for
a small fraction of our UCD candidates, twelve objects in total. The target sample
for the spectrocopic follow up was taken from (Carnero Rosell et al.| (2019), limited
to zap = 22. The Carnero Rosell et al,| (2019)) sample was used to search for wide
binary systems composed of an UCD+UCD and UCD-+star. The search for binary
systems was performed based on sky position and projected distance. All details are
described in the next chapter. Therefore, the spectroscopic sample prioritized these
UCDs likely to be part of candidate wide binaries. The purpose is to confirm their
nature, i.e. confront spectral type with our photo-type method and also re-calculate

the distances. We also demanded the pair members to have a difference in distance
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Figure 2.8: Comparison between our photometric distances (d,) and distances from
the B2020 compilation (dy), which has a mixture of trigonometric parallaxes and
photometric distances. Our photometric distances tend to be slightly underesti-
mated compared to those presented in B2020.

modulus that was within 1.5 (1.0) from the typical expected difference given their
uncertainties. Finally, we avoided the largest physical separation pairs to reach the
final target sample. Our targets have magnitudes within the range 19 < zpgpg < 21.5
as shown in Table 2.3] The preference was given for binary systems composed of
two L dwarfs because this type of system is rare. More details about this discussion
will be found in Chapter [3

2.5.1 GMOS observation and data reduction

The selected UCDs were observed using the 8-m Gemini-South telescope with the
Gemini Multi-Object Spectrograph (GMOS, Hook et al., 2004). The observations
were carried out through the months of September to December 2019 as part of
the programs GS-2019B-Q-230 (band 2) and GS-2019B-Q-312 (band 3). We used
GMOS with the R150 grating and the OGb515 blocking filter to deliver a R~600
resolution, across the 7000-10000 A range. For all targets, three spectra, centered
at 7900, 8000, 8100 A at z’ filter were taken for each source, to cover the small
gaps between the three GMOS detectors, and a focal plane unit of 1 arcsec was

selected. We binned both in spatial and spectral direction to 4x4 pixels to increase
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Table 2.2: Observation log of the selected ultracool dwarfs. The central wavelength
is in A and the exposure time in minutes.

Name Obs. Date Airmass A Exp. Time Name Obs. Date Airmass A Exp. Time
GS-2019B-Q-230 GS-2019B-Q-230
2019/09/30 1.35 7900 30.0 2019/09/04 1.36 7900 60.0
UeD 10 2019/’10/07 1.37 7900 30.0 UCD 36 2019/09/:04 1.21 8000 60.0
2019/10/07 1.28 8000 45.0 2019/09/04 1.16 8100 45.0

2019/10/07  1.22 8100  42.0
2019/09/22  1.38 7900  30.0
2019/10/07  1.16 7900  30.0 UCD8  2019/09/28  1.33 8000  30.0
UCD1 2019/10/07 125 8000  68.8 2019/09/28  1.25 8100  30.0
2019/10/07  1.25 8100  42.0
2019/09/30 117 7900  60.0

2019/11/30 1.06 7900 30.0 UeD 6 2019/09/30 1.12 8000 22.16
UCD 3 2019/11/30 1.07 8000 45.0 2019/10/06 1.22 8000 30.0
2019/11/30 1.12 8100 42.0 2019/10/08 1.26 8100 45.0
2019/12/01 1.36 7900 26.6 2019/10/06 1.13 7900 60.0
UCD 11 2019/12/01 1.50 8000 30.0 UeD 12 2019/11/20 1.13 8000 15.0
2019/12/01 1.73 8100 40.0 2019/11/21 1.11 8000 45.0

2019/11/21 1.11 8100 45.0

our signal-to-noise ratio. For every change in central wavelength, a flat and a CuAr
frame was taken immediately following the science exposure. Table shows the
observation log for all the objects observed with GMOS. The individual spectra for
the same source were rebinned preserving flux and combined into a single coadded
spectrum using standard routines. The typical signal-to-noise (SNR) per pixel for
the coadded spectra is ~ 6.

The objects UCD 1, UCD 3, UCD 10 and UCD 8 are binary candidates presented
previously in|dal Ponte et al.|(2020) as composed by two L dwarfs. As an observation
strategy, we place both objects (L dwarfs) of each system on a single long-slit to
obtain two spectra at the same time. The data reduction was carried out using
the standard GMOS pipeline contained in the GEMINI IRAF/PyRAF package. We
followed the standard procedure: 1) the bias was subtracted and we applied the
flat-field correction in all data; 2) the wavelength calibration was constructed using
a 4th order polynomial wavelength solution for the CuAr arc lamp; 3) for the final
bi-dimensional combined spectra, we applied the wavelength calibration; 4) the uni-
dimensional spectra for each target were extracted using the APALL pipeline; 5) we
combined the uni-dimensional spectra for the individual targets. The final spectra

have not being flux calibrated and corrected for telluric absorption.
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Figure 2.9: UCD spectra (blue) and the best fitting template (orange), ordered
right ascension. The fluxes shown are relative F in arbitrary units. The flux of
the templates was multiplied by a normalization factor prior to the fit, as explained

previously. The individual members of the wide binary candidates are identified by
a,b labels.
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2.5.2 Ultracool dwarfs spectral types

To determine the spectral type for our UCDs we use a simple x? minimization rela-
tive to templates taken from Kirkpatrick et al.| (1999). The templates were smoothed
down and rebinned to match our resolution and wavelength range of 7200-9400 A.
We also visually inspected the five best-fitting templates to check the accuracy of
the fit. For the instrumental fluxes, we attributed a Poisson fluctuation in the detec-
tor counts for every A. We also multiplied the templates by a normalization factor

before comparing them to each UCD spectrum. This normalization factor is given
by

A
[;2 Flux
A spectra
N = (2.3)
f/\l Fluxtemplate

where the integrals in the numerator and denominator are over the instrumental

fluxes of GMOS and template spectra respectively, within the spectral range of our
analysis (A = 7200 — 9400 A).

Figure shows the spectra and the lowest yx? template, along with the best
match spectral type. Table shows the photo-type estimated in (Carnero Rosell
et al.| (2019) and the new photo type estimation as presented earlier. The photo-
type previously estimated has a typical uncertainty of one or two types due to
the method adopted. As discussed previously, to obtain photometric distances we
compared the photo-type with our empirical model grid to estimate the absolute
magnitude and then obtained the distance modulus for each object. Now, with the
use of the spectral type, new distances were estimated and are shown in the last
column of Table. The differences between the photometric distances presented in
Carnero Rosell et al. (2019) and those calculated here using the spectral type are due
to the updated template values. UCD 1, UCD 3, and UCD 10 remain wide binary
candidates based on the new distances measurements whereas UCD 8 is discarded as
a common distance pair. This latter, in fact, is an interesting pair of sources. Their
apparent magnitudes are quite similar in most filters and they are about 1 arcmin
apart from each other on the sky. Their proper motion information comes from the
CatWISE2020 or NSC DR2 catalog and is not precise enough to help assessing the
nature of the pair. On the other hand, their Gemini/GMOS spectra are best fit by
an M8 and L0 template, respectively for the a and b components.

Also, the comoving candidate systems still have large uncertainties in their proper
motion measurements, rendering current kinematical information not an efficient

diagnostic. The spectra presented in this section are a basic sanity check that we
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are in fact selecting ultracool dwarfs and our method to estimate spectral types

works as expected, with an accuracy of + 2 types.
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Chapter 3

Applications of the ultracool dwarfs

sample

In this chapter we will discuss some potential applications of the ultracool dwarfs
(UCDs) sample. As mentioned in the previous chapter, our group has already pub-
lished a catalog of UCDs candidates using the DES DR1 data (Carnero Rosell et al.,
2019). This earlier catalog is composed of 11,545 L. and 200 T dwarf candidates. As
also explained earlier, we now have a new and final sample of 19,583 UCDs based on
DES DR2. This new compilation makes use of improved selection criteria, including
better UCD templates and proper motions.

The (Carnero Rosell et al| (2019)) catalog was used to measure the thin disk
scale height for the L. dwarf population and to search for wide binary and multiple
systems containing UCDs. With the new and updated sample of ultracool dwarf
candidates in hand, we considered additional and/or improved early uses for this
type of data. Among them we quote: i) searching for candidate members of young
moving groups and associations; ii) searching for photometrically variable objects;
iii) finding additional candidate binary systems constituted by two ultracool dwarfs;
iv) improving the modelling of the spatial distribution of UCDs in the Galactic disk.

In the next sections, all these applications will be discussed in more detail. In
Section we introduce the methodology regarding the search for wide binary
and multiple systems and the first compilation of such systems. In Section we
present the new search for wide binary systems composed by two UCDs, using the
final catalog based on DES DR2. In Sections [3.2] and we present new candidate
members to young moving groups and nearby associations and candidate variable
sources, respectively. Lastly, in Section [3.4] we discuss the methods and tests that we

have implemented to obtain an improved estimate of the thin disc scale parameters
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as traced by UCDs. The method is based on statistical inference tested and validated
using realistic simulated samples. We show our results and discuss the limitations
of applying it to the current sample of ultracool dwarf candidates from DES DR2
data.

3.1 Wide binary and multiple system candidates

3.1.1 DES DRI1 results

During the first Ph.D. year, we published a paper focused on the study of wide
binaries and multiple system candidates composed by UCD companions to stars,
plus double UCD systems (L+L, L+T, T+T). These binary and multiple system
candidates involving very low-mass and substellar sources are possible crucial bench-
marks to evolutionary models close to or below the hydrogen burning limit, since
properties such as metallicity and age, as well as masses, may be obtained for the
primaries.

Using the 11,745 L and T dwarfs presented in (Carnero Rosell et al. (2019), we
searched for possible stellar companions in the Gaia DR2 and DES DRI1 stellar data.
The pairing of UCD candidates to potential primary stars was performed using a
search radius that corresponds to 10,000 AU as the projected separation between the
candidate pair members. Since the photometric distances of our UCD candidates
are in the 20-500 pc range, these search radii cover the angular range from 20 to 500
arcsec.

To refine our search for wide binary and multiple systems, we checked if the
members that have common distance also share a common proper motion, when
available. The common distance criterion demanded that |dy—d;|/ (02, +02,)Y? < 2,
where d; o are the distances of the primary and secondary, and o4 42 are their
associated uncertainties. The proper motions also were subjected to be within 20 of
each other. A robust binary or multiple system should satisfy A, < 20, where A,
is the total proper motion difference A, = \/m and A, ., and A, are
the differences in proper motion between the pair members in the direction parallel
and perpendicular to the Celestial Equator, respectively. In the above criterion,
o, = \/m is the composite uncertainty in the measured proper motions,
where 1,2 again represent the primary and secondary. The individual uncertainties
in proper motion also combine in quadrature the uncertainties along each on-sky

direction.
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Figure 3.1: Distribution of projected separations using four different samples, as
indicated in the upper right corner, from |dal Ponte et al. (2020). The CD and
CPM labels mean common distance and common proper motion, respectively. Our
wide binary sample is the most numerous and reaches larger projected separations
than the previous known samples. Table A2 lists unbound systems with very large
projected separations. In order to better understand the distribution of separations,
this figure only contains objects with a limiting of 26,000 AU in separation.

We found 174 common distance candidate pairs with a primary from the Gaia
DR2 catalogue limited to G < 18, for which distances are estimated from the
StarHorse code by [Anders et al] (2019) (more details in Chapter [4]). We also found

81 common distance candidate pairs with a primary from the DES DR1 sample.

These latter tend to be fainter and their StarHorse distances are based mostly on
photometry, although they have Gaia DR2 parallax information as well. In addi-
tion, we found nine systems containing two UCDs. Hence, we found in total 264
new wide binary candidates. The projected separations for the wide binary systems
are spread within the ~ 1,000-24,000 AU range. A sample of six candidate multiple
systems were also identified and the projected separations between the UCD dwarfs
and the stellar members of these higher order systems range from ~ 3,000-11,000
AU.

For all these systems selected based on common distance criteria, 90% of the

total sample have proper motions available and 73% of the systems also satisfy the
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common proper motion criterion described above. The proper motions for the pri-
maries were taken from Gaia DR2 and those for the UCDs were taken from the
CatWISE2020 Catalog. Most of these later have large uncertainties, often compara-
ble to the proper motion itself. Most of the systems with proper motions available,
however, have proper motions within 2¢ of each other.

For each possible pair, we estimate the chance alignment probability in order
to assess the physical nature of each pair. This is the probability that we find a
physically unrelated object with the same common distance within our uncertainties
and within the search radius.

To assess the chance alignment probability, we simulate stars within a 2 deg?
area from the UCD candidate from each pair. We randomly selected 1,000 stars
within this area and calculated the fraction of common distance stars. Then we
obtain the probability over all stars within the search radius by multiplying the
fraction of common distance stars by the total simulated objects and making an
area normalization considering the search radius area and the simulated area. In the
case of the systems composed by UCD+UCD, the chance alignment probability was
obtained using the GalmodBD simulation code, which computes expected Galactic
counts of UCDs as a function of magnitude, color and direction on the sky. We
computed the expected number of UCDs in a given direction and within the volume
bracketed by the common range of distances and by the area within the angular
separation of each possible pair. In both cases, we flagged every pair with a chance
alignment probability P, > 5% as contamination.

Figure [3.1] shows the distributions of projected separations from our wide binary
candidates sample, from the 141 SLoWPoKES-II sample of wide very low mass
binaries, and from other samples taken from the literature. In this context, Table
A1 refers to known F/G/K/M+L or T wide systems that were spectroscopically
confirmed and have an UCD as a companion. Table A2 refers to common distance
and/or common proper motion known F/G/K/M+L or T wide systems identified
so far. These two tables are shown in a appendix of the published paper shown in
Appendix A of this text.

We also found six possible multiple systems, of which five are triples and one is a
quadruple. The only potential quadruple system found is composed of an L0 dwarf
associated to a star and to an M1+M1 double found previously by |Dhital et al.
(2015)), but the L0’s distance is only marginally consistent with that of the M1+M1
double, while the third star has a proper motion that is inconsistent with that of the

brighter pair. One of the five triples is composed by two L dwarfs associated with a
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Table 3.1: Summary of the common distance systems found. The systems with
chance alignment probability >5% are not included here. CD and CPM stand
for common distance and common proper motion, respectively. The PM column
indicates how many CD systems have proper motion measurements.

Type of system Total
Ch PM CD+CPM
Gaia+UCD 174 153 125

Binary DES+UCD 81 74 61

UuCb+UCD 9 9 7
Triple 5) ) 4
Quadruple 1 1 -

DES star companion. The configuration of both the quadruple and of this triple is
also very atypical of multiple systems, again making their physical reality unlikely.
On the other hand, the other four triple systems show a similar configuration, with
a tight pair and a detached third object. This is also commonly seen in other
triple systems reported in the literature, and is a favoured configuration according
to models of three-body encounters (Delgado-Donate et al., 2004, Bate, [2012)).

Table summarizes all the systems found, regarding its type and the total
number of systems, with and without proper motion data available. About 64% of
our UCDs found in candidate binary and multiple systems are of the L0 spectral
type. Still they make up only ~ 2% of the total sample of L0 by |Carnero Rosell et al.
(2019). The typical wide binary fraction for the binary candidates over all spectral
types ranges from 2 — 4% in the projected separation range covered by this work.
We have also added Poisson uncertainties to the binary fractions for each spectral
type as shown in Figure 3.2l The candidate wide binary systems with UCDs as
members presented here comprehend the largest catalogue to date.

The large number of wide binaries found is inconsistent with the formation of
very low mass stars and brown dwarfs from strong dynamical interactions leading
to their ejection of star forming cores, since the binding energy involved is very low
and would lead in most cases to the pair dissolution.

Given the measurements of the chance alignment probabilities above, we expect
some physically unrelated systems to remain in our sample. The systems identified,
therefore, must all be considered as binary or multiple system candidates, pending
on kinematical and spectroscopic confirmation. Still, this catalogue constitutes a
significant leap in the number of candidate wide separation systems containing UCDs

and in the estimates of the wide binary fraction for UCDs. Evolutionary models
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Figure 3.2: The left panel shows the frequency distribution of UCDs in wide binary
systems, considering our sample and the currently known systems. The right panel
shows the observed fraction of wide binaries as a function of spectral type. The
error bars are Poissonian.

predict that our sample dominated by early L sources should include young or
intermediate age brown dwarfs, whose benchmarking may also be very useful to
constrain models.

This compilation of wide binary and multiple system candidates was done during
my masters. However, the proper motion analysis using CatWISE2020 data was only
made after the first referee report. Also, the paper has grown and evolved during
the review, as we followed the referee suggestions. The final accepted and published

paper can be found in Appendix A.

3.1.2 DES DR2 partial results

Using the new and updated compilation of 19,583 ultracool dwarfs presented Chapter
2, we decided to expand the search for wide binary systems constituted by two
ultracool dwarfs. As already mentioned in the section above, this type of system
is very interesting, since widely separated ultracool dwarf binaries are quite rare,
especially considering field ages. A large number of wide binary systems in the
Galactic field could in fact rule out formation scenarios where very low-mass and

substellar objects are ejected from the protocluster due to dynamical interactions
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(Reipurth et al., 2001}, |Bate & Bonnell, 2005). Due to their low binding energy, they
are unlikely to survive this dynamical process.

Here we used the same methodology as explained in the previous section and
presented new wide binary candidates composed by two UCDs. The list has four
new candidates, both with common proper motion and distance. For this new
search, we allowed common distance of 3. The criterion adopted in|dal Ponte et al.
(2020) was 20. However, only one system has a common distance beyond 20, but
the proper motions are in clear agreement with each other. The chance alignment
probability was also obtained for this new four systems using GalmodBD simulation
code. For all the new binary candidates, the probability of chance alignment is <
0.004%. The table containing the new systems and their properties can be found in
Appendix B.

It is important to mention that not all systems presented in Section were
recovered here. The main reason is that some objects are now classified as M8 or

M9 and therefore are not in the sample used for this new search, as explained in

Section 2.4.4].

3.2 Young moving groups and nearby association

candidates

Young moving groups and associations contain young stars (~ 10-100 Myr) and
substellar objects whose similar kinematics imply that they originated in the same
star-forming region. The members of a young association are a coeval population,
where stars can serve as benchmarks to constrain metallicities and ages for substellar
objects and to study models of star formation, for instance. Using the compilation
of 19,583 ultracool dwarfs presented in the previous chapter, we used the BANYAN
Y code (Gagné et all [2018) to estimate if any object in the sample is likely a
moving group candidate member. The BANYAN 3 algorithm uses a compiled list
of bonafide members of 29 young moving groups and associations within 150 pc of
the Sun and field stars within 300 pc to compute membership probability given the
sky position, proper motion, distance, and radial velocity of targets using Bayesian
inference. In our analyses, we divided the sample into: i) targets with Gaia DR3
information; ii) targets with CatWISE or NSC proper motion. For these latter,
we also demanded that o,/p < 0.5. Also, we added in the samples radial velocity
measurements from the literature when available.

It is important to mention that we ran BANYAN ¥ twice if the object has
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CatWISE2020 and NSC DR2 proper motion. In this case, we only kept candidates
whose BANYAN results were the same. We found that 60 objects among our list
were already reported in the literature as moving groups candidate members. The
young moving groups candidates (new and recovered) that we found are: 20 in AB
Doradus (AB Dor, 110-150 Myr; [Luhman et al., 2005| |Barenfeld et al., 2013), six
in 3 Pictoris (8 Pic, 22 & 6 Myr; Shkolnik et al., [2017), 11 in Columba (Col, 42 *§
Myr; Bell et al., 2015)), one in Carina (Car, 45 *1* Myr; Bell et al., 2015), three in
Carina-Near (CarN, 200 4+ 50 Myr; [Zuckerman et al., 2006), one in Octans (OCT,
35 + 5 Myr; Murphy & Lawson|, 2015) and 25 in Tucana-Horologium (THA, 45 +
4 Myr; Bell et al.l 2015). We did not include any candidate member from Argus
association considering its high level of contamination (Bell et al., [2015]).

We found 20 new candidate members to young associations with Bayesian mem-
bership probability above 90%, at least in one catalog. For objects in common with
the literature, we analysed each case individually considering not only the differ-
ence in kinematics between this work and previous ones (our work probably making
use of more recent and robust proper motion measurements), but also the use of
BANYAN ¥ (more recent and updated code) results in substitution to those pre-
sented by BANYAN IT or BANYAN I, for instance. 12 objects are now classified as
field members according to our results and are not presented in the following tables.
The ambiguous objects were placed in the group indicated by our BANYAN X run.

Despite the recovered and new candidate members to younger populations, still
the vast majority of 99.1% of our sample that has significant proper motion is com-
posed of field objects. Also, it is important to mention that the comparison between
our photo-type estimate and spectral type from candidate members of young asso-
ciations from the literature shows a systematic discrepancy of up to +4 types in
some cases. This may be the effect of deviant colors attributed to enhanced dust or
thick photospheric clouds, that shift the flux to longer wavelengths in young objects
(Faherty et al., 2016).

The tables containing the properties of the new and recovered objects from the

literature can be found in Appendix B.

3.3 Variable ultracool dwarfs

Photometric variability can help to understand atmospheric inhomogeneities in ul-
tracool dwarfs, as it is sensitive to the spatial distribution of condensates as the

object rotates. It has been studied in the more massive field L. and T dwarfs, but
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still the variability of the younger and low-gravity objects is less understood. For
instance, only a small sample of variability in low-gravity objects (Metchev et al.)
2015|, Vos et al., [2019)) has been detected so far.

Here, we first used DES Y6 variability catalog described in [Stringer et al.| (2021))
to search for variable sources among our 19,583 ultracool candidates sample and we
found 291 of those. There are several available statistics to select variable sources
in this particular catalog. The reduced y? (RED_CHISQ_PSF_grizy > 3.3) seems the
most efficient to separate variable objects, for instance RR Lyrae, from standard
stars. From these 291 variable candidate sources, 130 are also in the Transiting
Exoplanet Survey Satellite (TESS) Input Catalog, 28 are young objects already
identified in the literature and that were discussed in the previous section. It is out
of the purpose of this work to further analyze in detail these variable candidates.
However, this type of sample may be a starting point for studies regarding the
cloud formation and dissipation on brown dwarf atmospheres and to assess if low-
gravity objects are more likely variable than their field ultracool dwarfs counterparts
(Metchev et al., 2015).

Figure |3.3 shows colour-magnitude diagrams for the entire sample of ultracool
dwarf candidates presented in Chapter [2] (left panel), for ultracool dwarf candidates
that have significant proper motion (satisfy the criteria from Section m, middle
panel) and for the photometrically variable candidates identified in the DES vari-
ability catalog (right panel). From these latter, the 28 young candidate objects
mentioned above are highlighted. Absolute magnitudes were calculated using our
photometric distance estimates. The variable sources seem to roughly follow the
same colour-magnitude properties as our full sample of ultracool dwarfs. We may
not see subtle redder colours for the highlighted young L types because according to
our methodology we tend to attribute later spectral types for young objects, as men-
tioned in the previous section. Here, 10% of the young (LO-L7) candidate members
to moving groups show photometric variability, a lower fraction when compared to
Vos et al.| (2019) that found 3073°% for the frequency of variable young objects in
LO-L8.5 spectral type range. The remaining variable objects span the LO-T3 range
of photo-types. We find that they correspond to 1.3% of the total populations in the
range LO-L8, and 7% in the range L9-T3. These numbers are qualitatively similar
to |[Radigan| (2014)), who found a higher variability of 2473'% for the L9-T3.5 range

as compared to 3.2728% outside the L /T transition.
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3.4 Ultracool dwarfs spatial distribution and profile

In |Carnero Rosell et al. (2019), we compare the number of observed L and T dwarfs
with different realizations of GalmodBD simulations to shed light on the thin disk
scale parameters of the L and T population. Since T dwarfs were less than 2% of
the sample and only up to 100 pc, the estimated scale height was based on the early
L types (LO-L3). GalmodBD is a code, also presented in |Carnero Rosell et al.| (2019)),
that predicts differential number counts of L and T dwarfs as a function of apparent
magnitudes and colors using the fundamental equation of stellar statistics. The code
also generates a synthetic sample of such objects in a given footprint, with positions
and apparent magnitudes, both true and observed ones, given a prescription for the
photometric errors. To compute number counts or to generate samples, GalmodBD
uses a model for the spatial distribution of UCDs, empirically determined space
densities of these objects, plus absolute magnitudes and colours as a function of
spectral type and requires several choices of structural parameters for the Galaxy,
such as the density law and local normalization of each Galactic component. We
generated a grid of such simulations containing the total number counts of early
L types, with varying values of the main thin disk parameters. Based on their
comparison to the observed numbers, we found a scale height of h, i, ~ 450 pc.
The idea here is to use the final and larger sample of ultracool dwarfs from DES
DR2 as well as a Markov chain Monte Carlo analysis, which is a more robust method
than what we have previously used. Our interest is not only for the measurement
of the disk scale length and height themselves, which has so far been made in a
very simplistic way. We may attempt to convert our estimated spatial height into a
vertical velocity dispersion, which in turn relates to a kinematical age for the L disk

population.

3.4.1 Distance and spatial distribution

Distances to our UCD candidates are needed to fit the data to a spatial density
model. The description of our method to estimate photometric distances is given in
Section As mentioned earlier, our photometric distances tend to be slightly
underestimated with respect to trigonometric distances with a typical error of ~
28%.

Figure shows the density distribution of the ultracool dwarf candidates in
the Galaxy using our distance estimates. The cartesian coordinate system used has

origin at the Solar location. The XY plane is the plane of the MW disk, with negative
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Figure 3.4: Density distribution of ultracool dwarf candidates. The projections are
in Galactic Cartesian coordinates with the Sun at the origin.

(positive) X pointing towards the centre (anti-centre) of the Galaxy. Positive Z
corresponds to the North Galactic Hemisphere. One clearly sees that the DES
volume is entirely restricted to the Southern Galactic Hemisphere and avoids low
Galactic latitudes. The sparsening of the sample for locations far from the Solar
origin is partly due to selection effects in a flux-limited sample. The sparsening
of the sample with increasingly negative Z, however, is also caused by the spatial
density profile of the disk.

3.4.2 Analysis of the spatial profile

In order to fit the spatial number density profile we use a double exponential model

for the Galactic thin disk to our sample of field sources:

n(7) = n(0,0)e /s gl2l/= (3.1)
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n(7) = n(Rg, 0)e” E-Ho)/Hs o =lzl/z (3.2)

where R and z are Galactocentric cylindrical coordinates, Ry and z, are the scale
length and height, respectively, R = 8 kpc is the cylindrical radial coordinate of
the Sun, also assumed to be at z; = 0, and n(0,0) (or alternatively n(Ry,0)) is
the profile normalization. The fits were carried out using the Markov Chain Monte
Carlo (MCMC) method to sample parameter space and find the best model based
on the maximization of likelihood or —x2. The likelihood function evaluates the
model density profile at the position of each sample object and takes the product
over all sources. On the other hand, x? bins the data spatially and compares the
observed number of sources in each spatial bin to the predicted one given the model.
The method we adopted not only fits the scale parameters R, and z,, but is also
able to provide the density profile normalization.

The initial guess in R, is usually in the range 1.5 - 2.5 kpc and for z4 in the
range 200 - 400 pc. In some cases, as we will explain in the next sections, the
initial guesses of the z, parameter are determined using linear fits to the In[n(z)] =
In[n(z = 0)] — |z|/zs relation, where n(z) is the number density of sources as a
function of cylindrical z coordinate, integrated over the other coordinates.

As for the profile normalization, it is really not a free parameter. For any sample,
it may in principle be obtained from the total sample size and the volume integral
of the spatial profile. For example, in a hypothetical sample that covers the full

Galactic volume, we get

Niot = n(0,0)47 Rz, (3.3)

where Ny, is the total number of objects. However, in real samples, limited in
solid angle and distance, this volume integral becomes more complicated and has
to be numerically determined. Since the integral has to be performed within the
MCMC algorithm for every point in parameter space, we soon realized that it was
not possible to do it for any sample resembling our DES DR2 data, due to the high
computational burden. For these cases, we thus decided to treat n(0,0) as a free
parameter. In this case, the initial value for n(0,0) is either taken from the fits to
the 1D profile or from the total number of sources and the total volume integral of
the profile given above. However, we still tested the fitting method for both 2 or 3
free parameters using all sky simulated samples.

Before inferring these parameters for the real sample presented in the previous
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chapter, we tested the applicability of the fitting method just described to simulated
data, either in an ideal sample with full sky coveraged and free of extinction or
to synthetic samples subjected to similar angular censorship as DES. In all cases,
a crucial preparation step is to eliminate or correct for the strong selection effect
present in any flux-limited sample, where the number of sampled sources that satisfy
the flux limit drops systematically towards larger distances, independently of the
intrinsic spatial distribution. To account for this selection effect we adopted two
alternatives:

i) volume-limit the sample out to some dj;,, by eliminating all sources whose
distances exceed this value or which would not satisfy the flux limit if placed at
djim- This second criterion translates into the cut-off of sources for which dp,qz,; =
d; 10702(=—2um) < @, where d; and z; are, respectively, the estimated photometric
distance (see previous section) and the z-band apparent magnitude of the i-th source,
and 2y, is the sample’s magnitude limit, usually z;,, = 23;

ii) use empirical determinations of the UCD luminosity function to estimate the

selection function of the sample as a function of distance:

MP
iy M

m(d)
o) = (3.4)

where ¢(d) is the sample selection function, ®(M) is the luminosity function of
UCDs. This latter was computed from the number density vs. spectral type and the
M, vs. spectral type relations in the solar neighbourhood found in|Cruz et al.| (2007),
Marocco et al.| (2015)), Burningham et al. (2013]). These relations are the ones used
in the GalmodBD simulator. My, (d) = zim — blog|d(pc)] + 5 is the faintest absolute
magnitude of a source that is sampled at distance d, M., is the faintest absolute
magnitude of UCDs in the sample and Mg, is the typical absolute magnitude for
the spectral type which we define as the brightest UCDs in our sample (usually M7
or M9, see next sections). In practice, to avoid too small values of ¢(d), the sample is
also cut at some maximum distance dj;,,, and volume limited at some d.,; << djm,
such that M. = ziim — 5logldew (pe)] + 5. Therefore, we call these samples as semi

volume limited.

All Sky

The first tests include a full sky sample of M (> M9), L and T synthetic dwarfs
from GalmodBD simulation. The model used in GalmodBD has Ry, = 2.5 kpc and z, =
250, 350 and 450 pc. The samples used have a magnitude limit of z < 23 and were
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volume limited at 850 and 450 pc. The volume-limiting procedure, as described
earlier, leaves mostly M9 dwarfs, since L or T dwarfs are underluminous to be kept
in the sample, specially out to 850 pc. Here we tested for both likelihood and y?
statistics applied to the MCMC method.

As mentioned earlier, one issue with the modelling of the spatial distribution is
that the global normalization of the density profile is not as simple as equation 3.3,
since we do not have a sample over the entire Galactic volume. Since a spherical
volume is not the most adequate for an integral with cylindrical coordinates, in the
tests we ran by fitting 2 free parameters only (Rs and zg), we decided to restrict the
volume of our sample a bit further, by using the cylindrical volume fully inscribed
into the sphere of radius dj;;,,. This cylindrical volume has heliocentric cylindrical
coordinate ranges of ([0, + Ruaz|, 0,27, [-2Zmazs +2maz|) in (R, ¢, z) coordinates,
subject to the condition that

Roypar = £/ d? — 22 (3.5)

lim max

Hence, for a given sample limiting spherical radius dj;,, centered on the Solar
position, we may then choose z,,.,, and consequently, R,,... The integral of the

spatial density profile over this cylindrical volume is given by

Ntot = n(O, 0) [Zs<1 — exp(*zmaz/zs))]

Rmax 2m 5 SO (36)
/ / exp[_(\/(RCOS¢+R®) +R2sin?¢)/Rs] d¢ dR
0 0

where (R, ¢) are again heliocentric cylindrical coordinates. In the case of fitting
only the two exponential scales, this integral can be solved numerically and will
then result in the appropriate normalization n(Rs,0) = n(0,0)exp(—Rs/R;).

In Table we show the results of fitting the horizontal exponential scale R
and the vertical exponential scale z; of our disk model to full sky, extinction free,
GalmodBD simulations, while determining the profile normalization of each point in
parameter space by the volume integral above. We show results for both likelihood
and y? statistics. The binning for the y? counts was also based on cylindrical
coordinates.

The recovered R, parameter is close to the true value for both likelihood and
x? statistics. As for z,, it is recovered within 10-15% of the true value for both
statistics. In most cases, the best-fit z, is larger than the true value, which reflects
the contamination of the fit by simulated UCDs belonging to the thick disk and halo

components of the Galaxy.
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Table 3.2: Fit results for GalmodBD volume-limited true samples with a full sky
coverage. The spectral type range is > M9. Only the exponential scales were allowed
to vary, while the profile normalization was determined for each model through a
volume integral, as explained in the text. The —y? maximization requires binning
the data, in this case using cylindrical bins, as listed.

Stats r,z,¢ bins  Points  dj, (pc) Rs (pc) 25 (pe)
zs=250 pc
Likelihood - 263,274 850 2558732 28372
x> 14,12,14 263274 850  2619%2¢ 285*!
Likelihood - 175,311 450 2457792 283F2
Y 14,12,14 175,311 450 2537151 28672
2s=350 pc
Likelihood - 297,054 850 248672 38577
Y2 14,1214 297,054 850  2543*21 38673
Likelihood - 197,698 450  239377%  384*
x> 14,12,14 197,698 450  2467+%L  387%3
2s=450 pc
Likelihood - 318,380 850 255972 48977
22 14,12,14 318,380 850  2609%2) 493*1
Likelihood - 213,316 450 2562755 495*¢
x> 14,1214 213,316 450  2643%%  498%2

In Table [3.3] we show the results of including the profile normalization as a
free parameter to the fit. However, the likelihood function does not work with the
normalization added as a free parameter. The reason is that, since the likelihood
maximizes the joint probability of finding each UCD in its given spatial position,
this 3 parameter fit will always diverge towards a maximum model, where n(0,0),
R, and z, tend to large values. In the 2 parameter fit, this divergence is avoided by
the compromise set by the volume integral, whereby large exponential scales result
in small profile normalization values, as shown in egs. 3.3 or 3.6. Again, the results
for the x? are similar to those shown in Table [3.2) which shows that the 3 parameter
regression recovers the unbiased values using 2, despite the fact that parameters
have some dependence, most specially Ry and n(0, 0) showing a clear anticorrelation.

In fact, the anticorrelation between Ry and n(0,0) can be easily seen in Figure
where we show one of the corner plots output by the emcee package we used
for the MCMC. It is worth pointing out that the number of UCDs used in these
latter fits is larger than those shown in Table The reason is that now we do
not require a cylindrical volume to make the normalization integral tractable, so we

use all sources out to dj;,, and bin the data using spherical coordinates for the x?
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Table 3.3: Fit results for GalmodBD volume-limited true samples with a full sky
coverage. The spectral type range is > M9. The fits were carried out with 3 free
parameters, as explained in the text. Only the —y2 statistic was used, now using
spherical bins out to dy;,,.

r,0,0 bins Points  dj;, (pc) n (pe™®)  Rs (pe) 2 (pe)

zs=250 pc
14,1214 384270 850 0.01  25827%  3017]
14,12,14 303,230 450 0.03 2529773 284*3
z2s=350 pc
14,1214 463229 850 0.01 2526717 39571
14,12,14 344,341 450 0.03 246972  387'2
z2s=450 pc
14,12,14 522,046 850 0.01 2578721 49472
14,1214 372,975 450 0.04 243575, 486"}

computation.

As a final test using all sky samples, we added errors to the apparent magnitudes
and spectral types attributed to each simulated UCD. The photometric errors were
taken from a Gaussian distribution of mean equal to zero and standard deviation

(std) that increases with the true apparent magnitude m according to the expression

o(m) = A+ exp[(m — B)/C] (3.7)

where the parameters A, B and C were chosen to adequately describe typical photo-
metric errors in DES, VHS and WISE data. Therefore for any photometric filter we
now have observed magnitudes mq,s = m+ G(0,0(m)), where G(Z, o) is a Gaussian
with mean = and std o.

The errors in SpT were taken from a Gaussian of zero mean and std=1.5,
SpTops = SpT + G(0,1.5), where SpT and SpT,,s are the true and observed spectral
types. Given the observational versions of the magnitudes and spectral types, a
new photometric distance modulus was then computed using the average of ms —
M (SpT,s) over all filters available for each simulated UCD, just as is done for the
real data, where M (SpTs) are the absolute magnitudes for the templates, described
in the previous chapter.

Table and Table [3.5] show the results for the all sky GalmodBD samples cut
at Mmeps < 23 and volume limited at different dj;,, so that dops < djiy, and dpaz ops >
diim, where dops and dpeqebs are observational versions of the heliocentric UCD
distance and of the maximum distance out to which it is included in the sample,
respectively. Table shows the results for both likelihood and y? statistics and
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Figure 3.5: Corner plots for the true GalmodBD sample with z; = 250 pc and
dyim, = 850 pc. In this case, the profile normalization is treated as a free parameter,
along with R, and z,. These results are shown in the first line of Table @
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Table 3.4: Fit results for GalmodBD volume-limited observed samples with a full
sky coverage. The spectral type range is > M9. Only R, and z; were allowed to vary,
while the profile normalization was determined for each model through a cylindrical
volume integral.

Stats r,z,¢ bins  Points  dj, (pc) Rs (pc)  zs (pe)
zs=250 pc
Likelihood - 277,732 850 2212732 1997
X2 14,12,14 277,732 850  2299*1% 2011}
Likelihood - 264,927 450 158673, 1707
Y2 14,12,14 264,927 450  16267%  171F1
zs=350 pc
Likelihood - 320,760 850  2188%3% 2571
Y2 14,12,14 320,760 850  2277H1T 2611
Likelihood - 310,967 450 1585732 2147
Y2 14,12,14 310,967 450 161372 216!
2s=450 pc
Likelihood - 352,358 850  2197°% 30872
v 14,12,14 352,358 850 2274116 311t
Likelihood - 343,934 450  1563*21  258+]
2 14,12,14 343,934 450 1601+ 260*]

only R, and z, as free parameters. Table shows results for only x? (computed in
spherical bins) and the normalization added as free parameter. For these new fits
using observed versions of the quantities both R, and z, are underestimated.

The effect of underestimating R, and z, is related to our distance estimates for
the observed sample. Figure|3.6[shows the trends on the distances and spectral types
as we change from true to an observed sample. Here we can see the Malmquist bias:
intrinsically brighter sources will be selected in larger numbers than intrinsically
fainter sources considering a magnitude-limited sample such as ours. Therefore, as
shown by the lower right panel in Figure [3.6], more M dwarfs are assigned as L type
than the other way around. Thus, these observed L dwarfs will have a much lower
assigned distance than they would have as true M dwarfs. This pileup of objects
with lower distances is shown in the upper panel of the Figure [3.6] being directly
responsible for the biases in the profile scale parameters.

Another effect is the Eddington bias, which is caused by the photometric un-
certainties on the magnitudes near our z < 23 cut. Since the number counts as a
function of apparent magnitude increases for fainter magnitudes, more sources with
m > 23 and mys < 23 are scattered into the sample than sources with m < 23

and meps > 23 are scattered out. This could in principle partly compensate for the
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Figure 3.6: The upper panel shows the distances for a true and observed GalmodBD
sample, where there are more objects in lower distances in the observed sample than
the true sample. The lower left panel shows the spectral type distribution in both
samples. For the observed sample, there are more objects classified as L0 dwarfs.
The lower right panel, shows, only for the observed sample, the difference between
the true and the observed spectral type. More M dwarfs are classified as L. dwarfs
than the other way around and this effect reflects on our distance estimates.
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Table 3.5: Fit results for GalmodBD volume-limited observed samples with a full
sky coverage. The spectral type range is > M9. The fits were carried out with 3
free parameters. Only the y? statistics converges in these cases.

r,0,¢ bins Points  dy,, (pc) n (pc®) R (pc) 2z, (pc)

2,=250 pc
14,12,14 356,062 850 0.01 238275 212%;
14,12,14 419,156 450 026 1705713 17913
zs=350 pc
14,12,14 432,113 850 0.01 2333712 25971
14,12,14 493,486 450 029 168277 225™3
zs=450 pc
14,12,14 493838 850 0.01 2346717 30171
14,12,14 547,660 450 0.29 167911 272f!

parameter biases, since we expect larger contamination by thick disk and halo UCDs
(and hence an overestimated zg at least), which tend to be fainter than their thin

disk counterparts.

Angular censorship: DES footprint

The following tests were carried out using simulated GalmodBD samples, but now
applying angular censorship to the data. Since our real candidate sample is limited
to the DES footprint, we restricted also the GalmodBD samples to this footprint
as well. Furthermore, in these cases n(0,0) is considered as a free parameter and
will be fitted along with Ry and z;. As explained earlier, the normalizing volume
integral for each model over a very specific footprint as is the case DES becomes
computationally prohibitive. Also, since the likelihood diverges in the case when
the 3 profile parameters are free to vary, all the tests were performed using x2, with
a spherical binning out to dj;,,. The more complicated footprint limits now also
require that we compute the volume fraction of each spherical bin that is inside
the DES region and scale the model counts in each bin by this factor. We again
test simulations with true and observed versions of magnitudes, spectral types and
photometrically derived distances.

The results for volume-limited true and observed samples are shown in Table
and Table [3.7] respectively. A novelty in these fits is that we now take a first guess
of the z, (that we call zp) and normalization from fits in 1D

2]

Inn(z)=Inn(z=0)— — (3.8)

20
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Table 3.6: Fit results for GalmodBD volume limited true samples restricted to the
DES footprint. The spectral type range is > M9. The z; is the initial guess of z,,
estimated with the 1D method. These are 3 parameter fits and only y? statistics
was used here.

r,0,¢ bins Points  dj;, (pc) 20(pc) n (pe™®) Rs (pe) 25 (pe)

zs=250 pc
8,6,8 23,913 850 262  0.004 3212735 30573
8,6,8 25,781 450 316 0.04  2378%13 2747}
z2s=350 pc
8,6,8 34,066 850 370 0.01 25997135 3907
8,6,8 32,488 450 424 0.05  2179%5) 37210
2s=450 pc
8,6,8 42,456 850 393 0.10 27647555 48173
8,6,8 37,031 450 539 0.05  2304750° 4207

Table 3.7: Fit results for GalmodBD volume limited observed samples restricted to
the DES footprint. The spectral type range is > M9. The z; is the initial guess of
the z, parameter, estimated with the 1D method. These are 3 parameter fits and
only x? statistics was used here.

r,0,6 bins Points  dy, (pc) 20 (pc) n (pc®) R, (pc) 2 (pc)

zs=250 pc
8,6,8 20,665 850 221 0.02 2545773 19173
8,6,8 29,969 450 184 0.01  2207T75" 17173
2s=350 pc
8,6,8 29,451 850 234 0.02  2543%7 21173
8,6,8 40,267 450 225 0.10 216773 1962
2,—=450 pc
8,6,8 37,586 850 269 0.02 223575 24073

8,6,8 48,059 450 259 0.14 205415 25013
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Table 3.8: Fit results for GalmodBD semi volume-limited true samples restricted to
the DES footprint. The spectral type range is > M7 and > M9. Only x? statistics
were used here.

r,0,¢ bins Points  dj,, (pc) 20 (pc) n (pc™®) R (pc)  zs (pc)

2s=250 pc
8,6,8 163,103 1102 262 0.06 3204732 2957]
8,6,8 57,885 594 289 0.10 269113, 2507]
z2s=350 pc
8,6,8 233,330 1102 311 0.09 286672 3507]
8,6,8 74,019 594 349 0.18 230713 30473
zs=450 pc
8,6,8 294,864 1102 392 0.08 302272  4087T
8,6,8 37,031 594 427 0.09 2923731 35172

These 1D fits are carried out by simply adding up the number of UCDs and the
bin volumes over all bins at a fixed z value, and then computing the one-dimensional
versions of the number densities.

The more restricted volume used now leads to larger discrepancies in the recov-
ered Ry and z, values as compared to the truth table, even in the case of Table [3.6]
where the true quantities were used for each UCD. But the recovered parameters in
this case are usually still within 20% of the true value. And as in the case of the full
sky simulations, the trend towards overestimated z, is due to thick disk and halo
contamination.

As for the observed samples, as attested by comparing Table with Table [3.5]
the angular censorship has now aggravated the tendency of underestimating z;.

An alternative attempt to recover unbiased profile parameters from an UCD
sample was to consider semi volume-limited samples. Here we used the selection
function presented in Equation 3.4 to weight UCDs as a function of distance. Our
selection function is ¢4 = 1 for distances ~ 80 pc, i.e., it is complete at least down to
the faintest objects in the sample which correspond to an absolute magnitude M, .,
= 18.5 (TH) and 74, = 23. Less luminous UCDs than this limit were discarded.
Also, in order to avoid shot noise in the weighting of our sources by 1/¢, we cut the
semi volume limited samples at the distance where ¢(dy;,,) = 0.2. We also considered
two cases of maximum luminosity (minimum absolute magnitudes) for the selection
function integrals: spectral type range Mg,r > M7 and Mg,r > M9. For the > M7
sample, the typical dj;,, was 1102 pc and for the > M9 sample, dy;,, = 594 pc. All
this results in an increased volume combined with a denser sample, at the expense

of having unequal weights for the sampled objects.
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Table 3.9: Fit results for GalmodBD semi volume-limited observed samples re-
stricted to the DES footprint. The spectral type range is > M7 and > M9. Only
x? statistics were used here.

r,0,¢ bins Points  dj,, (pc) 20 (pc) n (pc™®) R (pc)  zs (pc)

2,=250 pc
8,6,8 109,029 1102 160 0.08 315577, 2007]
8,6,8 56,389 594 171 0.35 211273 1697}
z2s=350 pc
8,6,8 153,919 1102 184 0.12 2915735, 2227
8,6,8 74,695 594 212 0.34 21607352  190™3
zs=450 pc
8,6, 192,327 1102 229 0.14 283373}, 2407]
8,6,8 85,291 594 259 0.40 219373 2157

The fit results are shown in Table 3.8 and Table B.9] for the true and observed
GalmodBD sample, respectively. Table shows again reasonable results for the
profile parameters. In most cases, they are within 20% of the truth table, although
R, tends to be systematically overestimated. As for z, the trend to overestimate
(again largely due to contamination by non thin disk UCDs) gives place to an
underestimate for the thicker thin disk models, specially when z,/d};, > 0.5. The
situation is further agravated when the observed sample is used, as shown in Table
Now the bias in R, is more pronounced and more dependent on the sample
volume. Likewise for the strong underestimates of the z, parameter.

We may thus conclude that extracting thin disk profile scales from a DES-like
observed UCD sample is a challenging task, in which the measurement (photometric,
spectral types, etc) errors lead to very significant errors in the photometric distances,
with a strong tendency to underestimate them. Coupled with the limited volume
and irregular footprint, these limitations make a reliable regression still out of our
reach, at least with the models and methods discussed here. We have thus refrained
from revising the disk structural parameters discussed in|Carnero Rosell et al.| (2019)

in this work.



Chapter 4
Outer components of the Galaxy

In this chapter we will discuss the initial attempts to use the Gaia EDR3 data
to study the Milky Way stellar halo. As presented in Chapter [I there is still
some debate in the literature concerning the halo density profile and metallicity
distribution.

Using a catalog with 362 million sources run through the StarHorse code and
containing stellar parameters, distances, and extinctions derived from Gaia early
third data release (EDR3), we attempt to select a sample of halo stars and perform
a study of the metallicity distribution covering large Galactocentric distances.

In Section we will present the catalog used in this work and the selection
imposed to avoid low quality data and disk stars. In Section we test the con-
sistency of our sample and, finally, in Section we will discuss the first results

regarding the metallicity distribution for our sample.

4.1 Data

One of latest releases from the Gaia mission, the Gaia Early Data Release 3 |Gaia
Collaboration, Brown et al. (Gaia EDR3, [2021)) is based on data collected during
34 months of observations, with positions and the apparent brightness in G band for
~ 1.8 billion sources. For 1.5 billion of those sources, parallaxes and proper motions
are available. Compared to Gaia DR2, the parallax precision increased by 30% and
the proper motions are by a factor of 2 more precise.

Recently, |Anders et al| (2022) presented a catalog of over 362 million stellar
parameters, distances, and extinctions for stars brighter that G=18.5 derived from
Gaia EDR3 data cross-matched with the photometric catalogues of Pan-STARRSI,
ANIWISE, SkyMapper (Onken et al., 2019) and 2MASS (Cutri et al. [2003)). The

73
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StarHorse code was used to estimate photo-astrometric parameters using high pre-
cision astrometric data from Gaia combined with the broad wavelength coverage by
additional photometric surveys. The StarHorse code (Queiroz et al) 2018) uses
a Bayesian approach to determine masses, ages, distances and extinctions for field
stars through the comparison of their observed spectroscopic, photometric and as-
trometric parameters with those from stellar evolution models. The models used are
the PARSEC + COLIBRI set of isochrones (Bressan et al., [2012, [Marigo et al., |2017)).
The code assumes spatial priors for each structural component of the Galaxy (thin
and thick disks, bulge and halo). The priors also assume Gaussian metallicity and
age distribution functions for each structural component. For all components, the
Chabrier Initial Mass Function (IMF;|Chabrier, 2003) was assumed as a prior. The
normalisation of each Galactic component, and the solar position were taken from
Bland-Hawthorn & Gerhard| (2016). Thus, Gaussian likelihood functions were gen-
erated using the available observed parameter set and their associated uncertainties.
The code then computes the posterior distribution function over distance, marginal-
ized for all other parameters. We take the median of this marginalized posterior as
the best estimate, while the difference between the median 84th percentile and the
(16th percentile) is taken as the higher (lower) 1-o uncertainty.

In our initial selection from the |Anders et al.| (2022) catalog, we demanded that
every source must have a distance measurement relative uncertainty lower than 30%.
We also set the flag fidelity > 0.5 (Rybizki et al., 2022)) to exclude objects with
bad astrometric results and sh_outflag = 0000 to exclude objects with low number
of consistent models, negative extinction, very large or very small uncertainties.

The second step is to select halo stars, which is a very challenging task. In the
literature, it is possible to find several prescriptions of how to select halo stars. Prior
to Gaia, the most common way to separate disk from halo stars was to use a color-
magnitude diagram to select an specific tracer such as an old and metal-poor main
sequence turn-off, red giant or blue horizontal branches (Carollo et al., 2007, Sesar
et al., 2011, Xue et al., 2015). Soon after the Gaia release, some authors started
to advocate that the selection could be done by adopting high-velocity criteria. An
example of this selection is to use |V-Vpggr| > 200 km/s where V is the three-
dimensional velocity of the star. Another alternative is to use the tangential motion
Vian due to the limited availability of line-of-sight velocity information. Recently,
some authors have been using the phase-space quantities as the orbital energy E, the
angular momentum component parallel to the z-axis L, and action space quantities

Jr, Jg, J. to select mostly accreted halo stars. However, this also has a limitation
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0 log count 3.61172

Figure 4.1: Mollweide projection map of the tentative halo stars in Galactic coordi-
nates. The map is color-coded by the logarithm of the number of stars per HealPix.
The Large and Small Magellanic Clouds are also visible on this map.

as only a small fraction of stars have the full 6D information even in the most recent
releases of Gaia.
In this work, we decided to select halo stars according to the tangential velocity

criteria of

vy = 4.74057 ppd > 200 km/s (4.1)

where 1 = \/p2 + pZ is the total proper motion and d is the heliocentric distance.

This relation was used initially in |Gaia Collaboration, Babusiaux et al. (2018)) to

identify nearby halo stars. This type of selection is similar to a kinematical selection
performed using the Toomre diagram or |[V-Vsg| > 200 km/s. However, unlike the
latter, which demands a full 6D sample, a tangential velocity criterion only requires
a 5D sample. We also imposed a geometrical selection of |Zgqy| > 1.5 kpc and Ay
< 2.0 to remove possible disk contaminants, removing stars with high extinction at
lower latitudes. Here the Ay values are also from StarHorse catalog. The sample
of tentative halo stars has initially 2,042,813 stars.

As discussed in Chapter [I], this selection of stars with high tangential velocity

led to the appearance of two distinct sequences in the HRD. These sequences are
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generally known in the literature as blue and red. The blue sequence is composed
of more metal-poor stars on retrograde orbits, likely attributed to Gaia-Enceladus-
Sausage, and the red sequence is composed of kinematically heated MW stars, either
from the old thick disc, in situ halo or a mix of both these populations (Koppelman
et al.| 2018, Haywood et al., 2018, |Di Matteo et al., 2019). The chemical abundances
of the blue sequence overlap with the low-a sequence discovered by Nissen & Schuster
(2010) and further studied by Hayes et al.| (2018)). |Gallart et al.| (2019)) also showed
that these two sequences share identical age distributions, being older than the
majority of thick disc stars, with a cutoff at 10 Gyr. This cutoff could be associated
with the accretion of Gaia-Enceladus.

Figure show the on-sky density distribution of our selection of stars from
StarHorse catalog in Galactic coordinates. The map was created using healpix
level of 6, resulting in 49,152 equal area pixels. Besides the large zone of avoidance
in the disk plane resulting from our geometrical and extinction cut, a few other
features are clearly seen on the map: i) the clear increase in stellar density towards
the Galactic centre; ii) the Large and Small Magellanic Clouds stand out clearly
at intermediate southern Galactic latitudes; iii) the presence of high latitude high

extinction regions in the form of plumes stretching out of the disk plane.

4.2 Velocity distribution

Even without radial velocity measurements it is possible to explore the velocity
content of a sample. Here we follow the method presented in |Koppelman & Helmi
(2021)) to calculate pseudo-3D velocities. First, we can obtain tangential velocity
components in Galactic coordinates v; and v; corrected by the solar reflex motion

using

Uy = Vb + Vb (4.2)

where v;;, are the heliocentric tangential velocity (as presented in Equation [4.1]) for

the [ and b components and v; e are

ve = —Ugsin(l) + (Vg + Visr)cos(l) (4.3)

Upo = Wecos(b) — sin(b)[Uscos(l)(V e + Visr)sin(l)] (4.4)

where the velocities above are components in the heliocentric Galactic coordinate
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Figure 4.2: Velocity distribution of halo stars in the solar vicinity (distance < 2.5
kpc). The left panels show the velocities calculated using the full 6D phase-space
information, while on the right the velocities were computed by setting the line-of-
sight velocities to zero. In the bottom panels, the stars inside the dashed red line
are generally labelled as disk stars.
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system but in the Galactocentric reference frame. The components of the solar
peculiar velocity with respect to the local standard of rest (LSR) are (Ug, Vi, W)
= (11.1, 12.24, 7.25) km/s (Schonrich et al., 2010) and the local standard of rest
motion Vg = 232.8 km/s (McMillan, [2017). As mentioned, the resulting tangential
velocities are in the Galactic rest frame, but as observed from the solar position. The
vy and v; tangential velocities can now be used to calculate pseudo-3D velocities.
These are not true velocities as we are assuming that the line-of-sight velocities are
equal to zero. Quoting the authors Koppelman & Helmi (2021) themselves: "This
assumption is valid if the velocity distribution is centred on zero in the galactocentric
rest frame. However, they will not be zero on average for local regions on the sky
because of the imprint of the motion of the Local Standard of Rest around the
Galactic Centre, following a sin(l) cos (b) pattern." To calculate the pseudo-3D

velocities we can use

Ve = —v/sin(l) — vjcos(b)sin(b) (4.5)
V, = —vjcos(l) — vy sin(b)sin(b) (4.6)
V., = vjcos(b) (4.7)

As in [Koppelman & Helmi (2021)) we use the notation V., ‘7y, V. to clarify that these
are not real Cartesian velocities. In order to check the consistency of our sample
selection, we can compare true and pseudo velocity distributions for the local halo.

Figure shows the comparison between the true and pseudo velocity distribu-
tions for a sub-sample of stars with full 6D information with heliocentric distances
smaller than 2.5 kpc (4,602 stars in total). Belokurov et al.| (2018)) found in the
V,, vs Vi space a 'Sausage’ structure centered around V,, ~ 0 and extended in V.
Similarly, one can notice the same elongated structure in the V, vs Vj, space (top
panels). The banana shaped structure is due to the stars with halo-like kinematics
that are part of thick disk tail. These hot thick disk stars have likely been dynami-
cally heated during the merger with Gaia-Enceladus (Helmi et al., 2018| |IDi Matteo
et al. |2019). The Toomre diagram is shown in the bottom panels. The selection
of presumably halo stars demands that |V-Vggr| > 200 km/s, i.e, stars outside the
dashed red line. The black dashed line divides the stars with retrograde and pro-
grade motion. The large density of stars around V,, = 0 is due to the Gaia-Enceladus

component. One important consideration between the two distributions is that the
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Figure 4.3: Velocity distribution color coded by the |[M/H]|. The Gaia-Enceladus
substructure appears prominently. It seems to be the dominant component of the
metal-poor population in our sample.

structures seem more diluted in the 5D case.

Figure shows the distribution of pseudo V, and f/y velocities colored by pho-
tometric metallicity [M/H]| from StarHorse for stars in the solar vicinity (112,312
stars in total). It is possible to notice a clear metallicity gradient, in which stars
from the hot thick disk region appearing to be more metal-rich than those from the
halo. Again, the most prominent feature is the elongated shape around f/y ~ 0,

which is the Gaia-Enceladus-Sausage component.

4.3 Metallicity distribution

For the distances probed in this study, we are mostly covering the local inner stellar
halo. Also, despite the selection procedure, we still must expect some disk con-
tamination. As discussed in Chapter [T} the outer components of the Galaxy have
a complex superposition of different populations. Each population has its specific
chemistry and kinematics. Here we will only explore the median metallicity [M/H]
as derived by StarHorse. Therefore, the overall metallicity distribution will be a

combination of these multiple overlapping populations.
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Maps of the plane Xgu vs Ygo as a function of [M/H| are shown in Figure .
The median value of the metallicity is calculated for spatial bins of 1 kpc and shown
as the color on the figure. The maps are also divided by height above the Galactic
plane, from closest (top left panel with 2 < |Z| < 3 kpc) to furthest (bottom right
panel with 9 < |Z| < 10 kpc). It is possible to notice a metallicity gradient as we
move further away from the disk plane. Locations near the Galactic center also show
a slightly higher median metallicity than those at larger radii.

We calculate the radial and vertical metallicity gradients for our sample restrict-
ing the sample to Rgy and |Zgw| < 10 kpe to maintain a significant number of
objects as we are dealing with photometric metallicities. We measure the median
metallicity profile for the sample by separating stars into bins of Zg, and Rgy 1
kpc wide. The resulting radial and vertical median metallicity profiles are shown in
Figure [4.5] The radial profiles show a constant metallicity for Z ~ 3 kpc and R
~ T kpc. At Z ~ 4 kpc, on the other hand, a continuous but mild negative radial
metallicity gradient develops. The sample then shows a steeper gradient at heights
of ~ 4-6 kpc, which flattens out at small radii. At larger heights, the slope of the
radial gradient is again generally flat. For the vertical profile, near to the Galactic
plane and close to the center of the Galaxy the gradient is less steeper than at large
radii. At Z ~ 7 the profile flattens with no significant change with radius.

As demonstrated in the literature, the local inner halo (Rgq < 15 kpe) is pre-
dominantly composed by the hot thick disk stars, Gaia-Enceladus-Sausage debris
and other small substructures (Naidu et al., 2020, [Horta et al.,|2022). In particular,
the hot thick disk is prominent at small radii and close to the plane. In Figure 4.5
at |Zga| < 4 kpc, one may notice that the mean metallicity in the radial profile
is about [M/H] ~ -0.6, in agreement with literature measurements, as discussed in
Chapter 1. At |Zgau| > 4 kpc, the median metallicity drops to around [M/H| ~
-1.5, again in agreement with the literature. Here, the likely main components that
contribute for this lower metallicity are the superposition of accreted substructures,

such as Gaia-Enceladus-Sausage, Thammos, Sequoia and Aleph.
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Figure 4.5: The top panel shows the radial median metallicity profile as a function
of height above the plane. The bottom panel shows the vertical median metallicity
profile as a function of galactocentric radius.



Chapter 5
Discussion and Conclusions

In this work we have presented the basic properties of two extreme populations in
our Galaxy: the very low-mass stellar and substellar regime and the halo stellar
population.

For the very low-mass stars and substellar regime, we revised ultracool dwarfs
properties and the current models that try to describe their internal structure and
evolution. We have also argued about the importance of larger samples of ultracool
and brown dwarfs and of benchmark systems than those currently available as an
important step towards improving their understanding. A large sample of L and
T dwarfs will also provide a more detailed description of the spatial distribution of
these sources and reliable values of the main parameters of Galactic structure as
traced by this population. For the halo stellar population, we described the ongoing
debate about the shape and density profile and the metallicity distribution. We also
discussed about the several recent discoveries and how they revealed such a complex
scenario, as a result of the mergers experienced by our Galaxy.

We have shown here the improvements towards a final and larger sample of
ultracool dwarfs. In our first work, described in |Carnero Rosell et al.| (2019)), we de-
veloped a method to select and classify ultracool dwarfs based on their photometry.
Here we revised the method and updated it.

Using the recent Dark Energy Survey data release (DR2) combined with VHS
DR6, VIKING DR5 and AIIWISE data, we were able to identify new ultracool
dwarfs candidates, probing faint and more distant objects than those presented in
the literature so far. Thanks to the new VHS data release, we are currently covering
4,800 deg? in the southern sky. We first select these candidates based on their colors
(i-z), (2-Y), and (Y-J) up to z < 23. At this stage, we allowed contamination by

M dwarfs and extragalactic sources, addressed at later stages.
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With more recent compilations of ultracool dwarfs and M dwarfs from the liter-
ature, we updated our color templates. These templates contain a median color for
each spectral type ranging from MO to T9 and are essential to assign a photo-type to
the sources. We dubbed as photo-type the inference of a spectral type based only on
photometry. We used a classification method originally proposed by [Skrzypek et al.
(2015). A photo-type is assigned by the minimization of the y? relative to empirical
templates of M, L and T dwarfs. Only objects with 5 color indices are considered
as having a reliable photo-type, according to our tests, and only those are kept in
the target sample. The samples from the literature, both with spectroscopic con-
firmation and candidates were used here to validate our method. The comparison
between our estimated photo-type with those from the literature has shown us that
our photo-type is accurate in +2 spectral types.

We also used the Lephare code with templates from galaxies and quasars to
exclude objects that are likely extragalactic. In this case, we demanded that X7,
should be smaller that the x7,pe.- We also matched our target sample with the
SIMBAD database to exclude further contaminants and also to check Lephare re-
sults. Objects flagged as extragalactic were also analyzed using their proper motion
measurements. Using CatWISE2020 and NSC DR2, we verified if any of these ob-
jects have a significant proper motion. This step enabled to recover likely stellar or
substellar objects wrongly flagged as extragalactic.

In total, our new sample has 19,583 ultracool dwarf candidates, where 14,099
are new. The complete sample includes 142 spectroscopically confirmed objects,
plus 5,342 ultracool dwarf candidates from the literature, where the vast majority
(5,257 candidates) are from our previous work (Carnero Rosell et al., 2019). The
final catalog of ultracool dwarf candidates presented here is the largest up to this
date.

We also presented here the spectra from Gemini/GMOS of a small fraction of
ultracool dwarfs compilation from |Carnero Rosell et al.| (2019)). We obtained spectra
from 12 objects and all of them were confirmed as ultracool dwarfs. This is a basic
sanity check of our selection and classification method.

We have also used both samples of ultracool dwarfs, from (Carnero Rosell et al.
(2019) DES DRI and the new compilation from DES DR2 presented here, into
some applications. The first was the use of |(Carnero Rosell et al.| (2019) DES DR1
sample to search for wide binary systems composed of a star + UCD and UCD
+ UCD. We only select systems with wide separation, with distance and proper

motion (when available) in common. The final catalog contains 255 binary and six
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multiple system candidates, plus nine double ultracool dwarf systems. Applying the
same methodology but using the new and uptaded compilation of ultracool dwarf
candidates, we search again for systems composed by UCD + UCD. Our interest in
this type of system is due to their scarcity.

Using new compilation of ultracool dwarfs we also search for candidates members
to nearby young groups and associations. Here we used the BANYAN ¥ algorithm
to investigate the likelihood of each object in our sample being a member of a young
moving group. We found 20 new candidate members with membership probability
> 90%. We also identify 291 variable candidate sources in our sample, of which
10% are likely young objects. Also, a higher percentage of the variable sample is
concentrated in the L9-T3 range.

Another application presented here was the discussion of a new method to es-
timate the thin disk scale height for the L and T dwarfs and its limitations. We
developed a method to fit the disk spatial density profile using MCMC. The method
was extensively tested on simulated samples of L and T dwarfs, validating the al-
gorithm we developed. At the same time, these simulation tests have shown that
the errors in magnitudes, photometrically determined spectral types and distances
are large enough to significantly bias the inferred density profile parameters when
compared to the true simulated values. Furthermore, the current sample of UCDs
we have at hand suffers from spatial sampling inhomogeneities that will have to
be either eliminated or incorporated into the modelling, something left for a future
endeavour.

Concerning the outer components of the Galaxy, we presented here a sample
of more than 2 million tentative halo stars. To select our sample, we used the
StarHorse catalog constructed by a combination of Gaia EDR3 and photometric
surveys. In order to select halo stars, we demanded that the stars should have a
high tangential velocity (> 200 km/s). We also applied a geometrical cut (|Zgai| >
1.5 kpc) and avoided stars with high extinction (Ay < 2.0) to further exclude disk
contaminants.

For the tentative halo stars sample, we calculated pseudo-3D velocities to check
the consistency of our selection. We were able to retrieve known structures that are
reported in the literature, including the gradient in metallicity seen in the V, vs V,
space due to the Gaia-Enceladus component.

We also presented here an initial study of the metallicity distribution of the halo
sample. We show here results that are in agreement with the literature and we also

show a clear visible gradient in the metallicity.
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The upcoming generation of new surveys, such as the LSST, will allow further
identification and characterization for both substellar and halo population. For the
low-mass and brown dwarf population, the LSST not only will enable the discovery
of new objects but also will be able to measure parallaxes and proper motions for
thousands of nearby ultracool dwarfs, improving the measurements of the brown
dwarf luminosity function and spatial density profile. For the halo, spectroscopoic
surveys such as WEAVE, 4AMOST and MOONS on the VLT will obtain not only the
missing radial velocity but also high-resolution spectra to enable better disentangling

of the several overlapping accretion events in our Galaxy.
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ABSTRACT

We present the discovery of 255 binary and 6 multiple system candidates with wide (> 5arcsec) separation composed by
ultracool dwarfs (UCDs) companions to stars, plus nine double ultracool dwarf systems. These systems were selected based on
common distance criteria. About 90 per cent of the total sample has proper motions available and 73 per cent of the systems also
satisfy a common proper motion criterion. The sample of ultracool candidates was taken from the Dark Energy Survey (DES)
and the candidate stellar primaries are from Gaia DR2 and DES data. We compute chance alignment probabilities in order to
assess the physical nature of each pair. We find that 174 candidate pairs with Gaia DR2 primaries and 81 pairs with a DES
star as a primary have chance alignment probabilities < 5 per cent. Only nine candidate systems composed of two UCDs were
identified. The sample of candidate multiple systems is made up of five triple systems and one quadruple system. The majority
of the UCDs found in binaries and multiples are of early L type and the typical wide binary fraction over the L spectral types is
2-4 per cent. Our sample of candidate wide binaries with UCDs as secondaries constitutes a substantial increase over the known
number of such systems, which are very useful to constrain the formation and evolution of UCDs.

Key words: binaries: general —brown dwarfs —stars: low-mass.

of L and T dwarfs has greatly improved since the appearance of

1 INTRODUCTION infrared surveys, such as the Two-Micron All-Sky Survey (2MASS;

Ultracool dwarfs (UCDs) are presumed to be common objects in
the Milky Way. But due to their very low masses, temperatures
(Tefr < 2300 K) and hence luminosities, they are difficult sources to
detect. Interest on them has increased in recent years. Very low-mass
stars have been found to harbour planetary systems, some of them
similar to Earth (Gillon etal. 2017). Dust discs that could harbour pro-
toplanetary systems have also been reported around young substellar
sources (brown dwarfs) (Sanchis et al. 2020). And the incomplete
census of such ultracool objects in the Galactic field, even close to
the Sun, makes their initial mass function (IMF), spatial distribution,
and binary fraction relatively unconstrained and hard to place into
the general context of Galactic star formation and evolution.

Large samples of M dwarfs, close to the H-burning limit already
exist (Lépine & Gaidos 2011; West et al. 2011). Also, the census

* E-mail: mari.dalponte @ gmail.com

Skrutskie et al. 2006), the Deep Near Infrared Survey of the
Southern Sky (DENIS; Epchtein et al. 1997), the UKIRT Infrared
Deep Sky Survey (UKIDSS; Lawrence et al. 2007), the Wide-field
Infrared Survey Explorer (WISE; Wright et al. 2010) and the VISTA
Hemisphere Survey (VHS; McMahon et al. 2013). Among the
optical surveys that unveiled substantial numbers of such ultracool
sources are the Sloan Digital Sky Survey (SDSS; York et al. 2000),
and, more recently, the Dark Energy Survey (DES; Abbott et al.
2018) and Gaia DR2 (Reylé 2018).

On the theoretical side, uncertainties about the interiors, and, most
especially, the atmospheres and evolution of L and T dwarfs still
remain (Pinfield et al. 2012; Leggett et al. 2013; Baraffe et al. 2015).
As in the case of higher mass stars, L and T dwarf formation and
evolution models should benefit from the knowledge of chemical
composition, masses and ages of a sizeable sample of such objects.
Binary systems are ideal for this purpose since the physical properties
of the primary star can be applied to the UCD companion, assuming
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that the pair formed at the same time, of the same material and evolved
in the same environment (Faherty et al. 2010). Also, large statistical
samples could constrain intrinsic variations of the formation process
of the L and T dwarf population relative to more massive stars.

In terms of binary statistics, there is evidence that the binary
frequency decreases as a function of spectral type and separation.
For solar-type stars, Raghavan et al. (2010) found that ~ 25 per cent
have a companion with separation wider than 100 au, ~11 per cent
wider than 1000 au and Tokovinin & Lépine (2012) estimate 4.4
per cent wider than 2000 au. However, searches for M, L, or T dwarfs
in wide binary systems remain incomplete. Recently Dhital et al.
(2011) and Dhital et al. (2015) presented the Sloan Low-mass Wide
Pairs of Kinematically Equivalent Stars (SLoWPoKES), a catalogue
containing common proper motion and common distance wide
candidate pairs. For the mid-K and mid-M type dwarfs presented
in both catalogues, the wide binary frequency was ~1.1 percent.
The binary fraction for L and T dwarfs in wide systems is still
uncertain. The fraction of L and T dwarfs found in binary and multiple
systems, the distributions of mass ratios, primary spectral types,
and separations may constrain different scenarios proposed for the
formation of very low-mass stars and brown dwarfs in general, and
of binary and multiple systems involving these sources in particular
(Reipurth, Clarke & Delgado-Donate 2001; Whitworth & Zinnecker
2004; Bate & Bonnell 2005; Bonnell, Clark & Bate 2008; EImegreen
2011; Jumper & Fisher 2013).

In this paper, we present the search for wide binary and multiple
systems which contain UCD companions, using the sample of 11745
UCD candidates from Carnero Rosell et al. (2019). We analyse the
properties of this sample, including the distribution of projected sepa-
rations and the binary fraction, and compare them to previous works.

In Section 2, we describe the catalogues used and the criteria
used to select the samples. In Section 3, we discuss the photometric
distance measurement for the candidates and the spectrophotometric
distance for the primary stars selected in the Gaia DR2 and DES data.
In Section 4, we present the properties of candidate binaries and
multiples and also we address the estimation of chance alignment
probability. In Section 5, we show our analysis and comparisons
to samples of wide binaries. Finally, we present our summary and
concluding remarks in Section 6.

2 CANDIDATE SELECTION OF UCDS AND
PRIMARY STARS

2.1 DES, VHS, and WISE data

DES is a (~5000 deg?) optical survey in the grizY bands used the
Dark Energy Camera (DECam; Flaugher et al. 2015). DECam is
a wide-field (3 deg?) imager at the prime focus of the Blanco 4m
telescope in Cerro Tololo Inter-American Observatory (CTIO).

The DES footprint was selected to obtain an overlap with the
South Pole Telescope survey (Carlstrom et al. 2011) and Stripe 82
from SDSS (Abazajian et al. 2009). The Galactic plane was avoided
to minimize stellar foregrounds and extinction from interstellar dust
in order to maintain the DES cosmological goals. Even though the
main driver for DES is cosmological, the stellar data have been
extensively used by the collaboration to identify new star clusters,
streams and satellite galaxies in the MW Halo and beyond (Bechtol
et al. 2015; Drlica-Wagner et al. 2015; Luque et al. 2017).

The first public data release of the Dark Energy Survey, DES DR1
(DR1; Abbott et al. 2018) is composed of 345 distinct nights spread
over the first three years of DES operations, from 2013 August 15
to 2016 February 12. The DES DRI catalogue contains object flags
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including several that indicate corrupted values due to image artefacts
or reduction problems.

For the searches of UCDs, as discussed and presented in
Carnero Rosell et al. (2019), we demanded that FLAGS z,Y
= 0 (ensures no reduction problems in the z and Y bands) and
{\it ISO} MAGFLAGS.i,z,Y = 0 (ensures the object has not
been affected by spurious events in the images in the 7, z, and ¥ bands).
We also imposed a magnitude limit cut of z < 22 with a detection
of 5o at least in the z and Y to ensure a high completeness in the
i band, and therefore allow construction of colour-colour diagrams
useful for the selection of UCDs.

For the primary stars, we repeated this same approach, however,
we imposed a magnitude limit cut of i < 24 and the quality cuts were
performed in the g, r, and i bands. The DES DR1 is a public release,’
but in this work, we used SOF_PSF_MAG photometry, which has
not been published yet. The SOF photometry is based on a different
reduction using the ngmix code,” which has better point spread
function and shape modelling. Even though we used nonpublic pho-
tometry, the COADD_ID are the same as those in the public release.

In order to extend photometry into the infrared, we matched
the DES DRI to the VHS and ANIWISE data using a positional
matching radius of 2arcsec. As discussed in Carnero Rosell et al.
(2019), for typical proper motions and a 2arcsec match between
DES and VHS, considering a three-year baseline, our matching
should yield a complete combined sample for distances >50 pc,
with slowly decreasing completeness for more nearby and higher
proper motion sources. After the match, we removed every source
that did not pass the DES quality cuts as explained before. The
resulting catalogues have 27249 118 and 27 918 863 sources within
a 2374 deg” overlap region. These two catalogues were used for
the UCD search (Section 2.2) and now to search for primary star
candidates (Section 4.2), respectively.

2.2 Sample of ultracool dwarf candidates

As presented in Carnero Rosell et al. (2019), our search of UCD
candidates in the combination of DES, VHS and AIWISE data was
performed using a colour—colour cut criteria. The adopted cuts to
select our candidates was (iap — zap) > 1.2, (zap — Yag) > 0.15
and (Yap — Jvega) > 1.6. We used this initial sample, mainly made
up of M, L, and T dwarfs, to run our spectral classification code,
classif, which uses only photometry, to estimate the spectral type
of each object of the sample. The classif code was implemented
using the same method presented in Skrzypek et al. (2015) and
Skrzypek, Warren & Faherty (2016), based on a minimization of the
x? relative to M, L, and T empirical templates. After running classif,
we obtain 11 545 sources classified as L dwarfs and 200 as T dwarfs.
More details about the selection method, colour cuts and the spectral
classification can be found in Carnero Rosell et al. (2019).

2.3 Gaia DR2

The Gaia astrometric mission was launched in December 2013. It is
measuring positions, parallaxes, proper motions and photometry for
over one billion sources to G 2~ 20.7. Its Data Release 2 (Gaia DR2;
Gaia Collaboration et al. 2018), has covered the initial 22 months
of data taking (from a predicted total of 5yr), with positions and

Thttps://des.ncsa.illinois.edu/releases/dr1
2https:/github.com/esheldon/ngmix
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photometry for 1.7 x 10° sources and full astrometric solution for
1.3 x 10°.

For our purpose, we used Gaia DR2 data to select primary star
candidates. Particularly important for this work are the parallaxes,
whose precision varies from <0.1 mas for G < 17 to >~ 0.7 mas
for G = 20. They allow us to better discern dwarf stars (whose
distances will overlap those of the UCDs from DES, VHS, and
AINIWISE) from much more distant giants of similar colours, Tegr
and chemistry. For the stars brighter than G = 18, the Gaia DR2
sample was cross-matched to the Pan-STARRS1 (Kaiser et al. 2010),
2MASS, and ANIWISE catalogues, so as to increase the amount of
photometric information available for each star as we did for DES.
The photoastrometric distances, derived from precise parallaxes and
photometry, are presented in Anders et al. (2019). We refer to this
sample as GaiaDR2-18.

3 DISTANCE AND PROPER MOTION
MEASUREMENTS

3.1 Distance

3.1.1 Ultracool dwarf candidates

Using our UCD sample described in Section 2.2, we used the spectral
type from each candidate and our empirical model grid described in
Carnero Rosell et al. (2019) to estimate the absolute magnitude and
then obtain the distance modulus for each UCD.

The empirical model grid lists absolute magnitudes in
izYJHKW1W?2 for dwarfs ranging from M1 to T9. We computed one
distance modulus for each filter with available apparent magnitude.
The resulting distance to each UCD was then taken to be the mean
value among the available filters and we used the dispersion around
the mean as the distance uncertainty. We did not apply any correction
for extinction, since this is expected to be small for the passbands
we used and towards the relatively high Galactic latitudes covered
by our samples.

3.1.2 Primary stars

As mentioned before, we use the Gaia DR2 (Gaia Collaboration et al.
2018) and the combination of DES, VHS, and AIIWISE to search for
stars located close to our UCD candidates. Anders et al. (2019) ran
the StarHorse code (Queiroz et al. 2018) on all stars in the Gaia
DR2 sample brighter than G = 18, in an attempt to better constrain
their distances and extinction, yielding what we call the GaiaDR2-
18 sample. For DES stars, StarHorse was applied by us, but only
to the stars that were close enough to the UCD candidates to be
considered as a potential companion, as will be discussed in the next
section. In this latter case, we use optical and infrared photometry,
in addition to parallaxes from Gaia DR2 when available.

The StarHorse code uses a Bayesian approach to determine
masses, ages, distances, and extinctions for field stars through
the comparison of their observed spectroscopic, photometric, and
astrometric parameters with those from stellar evolution models.
The models used are the PARSEC set of isochrones (Bressan et al.
2012). The code assumes spatial priors for each structural component
of the Galaxy (thin and thick discs, bulge, and halo). The priors
also assume Gaussian metallicity and age distribution functions
for each structural component. For all components, the Chabrier
IMF (Chabrier 2003) was assumed as a prior. Gaussian likelihood
functions were generated using the available observed parameter
set and their associated uncertainties. The code then computes the
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posterior distribution function over distance, marginalized for all
other parameters. We take the median of this marginalized posterior
as the best distance estimate, while the difference between the median
84th percentile and the (16th percentile) distances is taken as the
higher (lower) 1o uncertainty. For more details, we refer to Queiroz
et al. (2018) and Anders et al. (2019).

3.2 Proper motion

The proper motion measurements for the primaries are mostly
from Gaia DR2 catalogue. However, for the UCDs, the proper
motion measurements are from CatWISE Catalogue (Eisenhardt
et al. 2019). CatWISE is a catalogue of selected sources from WISE
and NEOWISE data collected from 2010 to 2016 in the W1 and W2
bands.

However, the majority of the UCDs distances are large and
the motions are thus small compared to other samples. Also, the
objects are faint and the time baselines relatively short, and so
most of the proper motion uncertainties are comparable to the
measurements themselves, making them consistent with zero. In
this situation, proper motions may turn out to be an inefficient
diagnostic of association. None the less, we take into consideration
these measurements in our binary and multiple systems search to
assess their impact.

4 THE SEARCH FOR BINARY AND MULTIPLE
SYSTEM CANDIDATES

Detection of faint sources close to brighter stars is difficult, with
detections pushed to larger separations as the difference in brightness
increases. We paired UCD candidates to potential primary stars
using a search radius that corresponds to 10000 au as the projected
separation between the pair members. Since the distances of our
UCD candidates are in the 20-500 pc range, these search radii
cover the angular range from 20 to 500 arcsec. Details on how this
projected separation is computed vary with the sample of primaries,
as discussed in the next subsections. As discussed in Marocco et al.
(2017) and Deacon et al. (2014), searches beyond 10 000 au introduce
a significant difficulty of disentangling widest binaries from chance
alignments from field stars.

To refine our wide binary and multiple systems, we checked if the
members that have common distance also share a common proper
motion, when available. The common distance criteria were made at
the 20 level. Also, the proper motions had to be within 20 of each
other.

A robust binary or multiple system should satisfy A, <20, where
A, is the total proper motion difference

— /A2 2
Au= Aumma + Aua’

and A,,..; and A, are the differences in proper motion between
the pair members in the two directions. In the above criterion,

o, = /8t + 813

is the composite uncertainty in the measured proper motions, where
1,2 represent the primary and secondary. The individual uncertainties
in proper motion also combine in quadrature the uncertainties along
each direction.

In the following sections, we describe how the pairing was done
for each set, including the common distance and common proper
motion requirements, and also discuss the way chance alignment
probabilities were computed in each case.
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Figure 1. The 174 common distance pair candidates identified using the
UCD sample and Gaia DR2 primary candidate stars, taken from the sample
by Anders et al. (2019). The horizontal axis represents the primary distance
given by StarHorse and the vertical axis shows the secondary’s photometric
distance. The error bars correspond to an uncertainty of 2o The uncertainties
in the photometric distances of the UCD sample are usually much larger than
those of the stars, which are based on measured parallaxes.

4.1 Ultracool dwarf companions to Gaia DR2 stars

For the GaiaDR2-18 primary candidate stars, we considered their
StarHorse distances from Anders et al. (2019), and used photo-
metric distances to the UCD candidates. We defined a search radius
equal to a projected separation of 10000 au evaluated at the lower
limit in distance of the star, given its smaller distance uncertainty as
compared to the UCD. For each star, we then searched for possible
UCD companions within this projected radius. By additionally
applying the common distance criterion, we found 174 candidate
pairs.

For each possible pair, we estimate the chance alignment prob-
ability following a similar procedure used by Smart et al. (2017)
and Dhital et al. (2015). The chance alignment probability is the
probability that we find a physically unrelated object with the same
common distance within our uncertainties and within the search
radius. To assess the chance alignment probability, we simulate stars
within a 2 deg? area from the UCD candidate from each pair using
Trilegal (Girardi et al. 2005). The Trilegal simulated stars
have a distance modulus without any uncertainty. In order to mimic
an uncertainty in their distances, we use the uncertainty computed
by StarHorse for the GaiaDR2-18 star whose distance is closest
to that of the simulated Trilegal star. We thus assume that the
uncertainty in distance for the simulated stars follows the same
distribution as computed by StarHorse forreal stars. We randomly
selected 1000 stars within the 2 deg? area and calculated the fraction
N/M of common distance stars, where N is the number of simulated
stars which have the common distance with the UCD candidate
and M is the total number of randomly selected simulated stars.
Therefore, N/M gives the probability of a randomly picked simulated
star to have a common distance with the UCD. Then we obtain the
probability over all stars within the search radius by multiplying N/M
by the number of simulated stars and making an area normalization
considering the search radius area and the simulated area. We flag
every pair with a chance alignment probability P, > 5 percent as
contamination.

In the current sample based on GaiaDR2-18 primaries, all of the
174 common distance pairs survived the P, < 5 per cent cut. These
candidate wide binaries are shown in Fig. 1. A simple estimate of the
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number of chance alignments that still made into the sample may be
obtained by adding up the P, values, yielding a total of 1.078. Among
the 174 candidate pairs, 153 UCDs had proper motion in CatWISE
catalogue. Applying the common proper motion criteria, a sample
of 125 pairs remains. This shows that 82 percent of the common
distance systems survive the proper motion refinement criterion, at
the expense of losing a fraction of the objects due to lack of proper
motion data. The properties for a subset of these candidate pairs are
presented in Table 1. The entire table is available in machine-readable
format in https://des.ncsa.illinois.edu/releases/other/y3-1t-widebinar
ies.

4.2 Ultracool companions to DES DR1 stars

In this case, the search radius corresponds to 10000 au projected
separation evaluated at the lower distance limit for the UCD. We
adopt this threshold because we do not have the StarHorse
distances for the entire DES stars catalogue. Due to computational
restrictions, we only obtain the StarHorse distance for stars that
were inside the UCD search radius. Considering that these UCDs
have a large uncertainty in their purely photometric distances, this
conservative approach should result in a larger search radius, and the
inclusion of several stars within this radius.

As mentioned in the previous section, in this case, StarHorse
distances for the primary stars were based on photometric measure-
ments, with additional constraint from parallaxes for a small number
of DES primary which are common to Gaia DR2. We thus applied
the common distance criterion and were able to find 85 possible pairs
involving a DES DR1 primary and a UCD as a secondary, as shown
in Fig. 2.

As we explain in the previous section, for the chance alignment
probabilities, we rely on Trilegal simulations. The procedure is
the same as described in Section 4.1. We assign distance uncertainties
to the simulated stars using the closest DES DRI star. For each
secondary, we randomly selected 5000 stars in the simulated area and
require that the distances of the UCD candidate and the simulated
star lie within 20 of each other. Thus, we obtain the probability over
all simulated stars within the search radius. In the case of the 85
candidate wide binaries identified with DES DR1, 81 of them have
P, < 5 per cent. The sum of the P, values for this sample yields 1.468
as the expected number of remaining unphysical pairs.

From the 81 candidate pairs, 74 UCDs have proper motion
measurements from CatWISE. After applying the common proper
motion criteria, 61 pairs remained in the sample, again yielding a
fraction of 82 per cent pairs that pass the cut in proper motions. The
properties for a subset of these candidate pairs are also presented in
Table 1.

4.3 Wide binaries involving two UCDs

We also used the UCD sample to search for candidate binaries among
themselves. We computed a search radius for each UCD and checked
if another such dwarf appears inside this individual radius. We were
able to identify nine possible pairs, which are shown in Fig. 3. The
properties of these possible binary pairs are presented in Table 2.
The pairs are matched independently of the pair member that we
centred on, except for one system. In other words, if source B is
found within the search radius of 10000 au around source A, this
latter was also within the same projected separation at B’s distance.
The entire table is available in https://des.ncsa.illinois.edu/releases
/other/y3-1t-widebinaries.

MNRAS 499, 5302-5317 (2020)
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Notes. The letter A represents the primary star and B the UCD. The angular and the projected separation are indicated by A6 and dp, respectively. The P, refers to the chance alignment probability, as explained in

Sections 4.1 and 4.2. The entire table is available in https://des.ncsa.illinois.edu/releases/other/y3-1t-widebinaries. “The distance for Gaia DR2 stars was published by Anders et al. (2019). »Common proper motion
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Figure 2. The 85 common distance pair candidates identified using the UCD
sample and DES primary stars. The horizontal axis represents the primary
photometric distance given by StarHorse and the vertical axis shows the UCD
photometric distance. The error bars indicate an uncertainty of 2o°.
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Figure 3. The nine common distances for the pure UCD binary candidates
identified. The horizontal and vertical axis show the UCDs photometric
distances and the error bars correspond to an uncertainty of 2o

To obtain the chance alignment probability, we used the
GalmodBD simulation code, presented in Carnero Rosell et al.
(2019), which computes expected Galactic counts of UCDs, as a
function of magnitude, colour, and direction on the sky. GalmodBD
also creates synthetic samples of UCDs based on the expected
number counts for a given footprint, using empirically determined
space densities of objects, absolute magnitudes, and colours as a
function of spectral type. For the current purpose, we computed the
expected number of UCDs in a given direction and within the volume
bracketed by the common range of distances and by the area within
the angular separation of each possible pair. For all the nine candidate
pairs, the probability of chance alignment is P, < 0.2 percent, as
shown in Table 2.

We also used the CatWISE catalogue to obtain the proper motion
information for the wide binary involving two UCDs. One LO
member has proper motion from Gaia DR2. All nine pairs have proper
motion measurements and seven remain in the sample after applica-
tion of the proper motion filter. Fig. 4 shows the vector point diagram
for these seven pairs. For more details regarding these systems visit
https://des.ncsa.illinois.edu/releases/other/y3-1t-widebinaries.

€202 Rel 20 U0 159NB AQ 2620265/20€S/P/667/0/01B/SEIUW/WOoo"dno-0IWapesE;/:Sdy Woly papeojumod



Table 2. The nine common distance pair candidates identified among the UCD sample and the letters A and B represent a different UCD. The ID in Jhhmm + ddmm format is based on the primary coordinates.
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Notes. The angular and the projected separation are indicated by A6 and dp, respectively. The P, refers to the chance alignment probability. “Common proper motion systems.
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Figure 4. Vector point diagram for the seven UCD pairs that satisfy the
common distance and common proper motion criteria. Each pair is indicated
by a different colour. The error bars correspond to an uncertainty of 1o

4.4 Multiple systems

In addition to our wide binary candidates presented in Sections 4.1
and 4.2, we find several possible multiple systems: five triple and one
quadruple system. All members of the candidate triple systems satisfy
the common distance criterion when considered two by two. As for
the quadruple candidate, in Dhital et al. (2015) the system is presented
as an M1 + M1 binary, but we identified two more members. In this
case, the LO member does not satisfy the common distance criterion
with one of the M1 stars in the binary reported by Dhital et al. (2015)
and it marginally satisfies this criterion with the other M1.

As for proper motions, all six systems have proper motion
measurements for all members. We again use the CatWISE catalogue
to obtain the proper motion for the L dwarfs. Applying the common
proper motion criteria, we discard the quadruple as a physical system.
The M1 + M1 binary does not have a common proper motion with the
other stellar member. The proper motion of the L0 is consistent with
the brighter three sources, but has an uncertainty comparable to its
value and therefore is not very informative. As for the triple systems,
the four pairs within them all satisfy the common proper motion cri-
teria presented in the beginning of Section 4, except for J2024-5801,
where the binary star has a difference in measured proper motions
beyond 20. However, the expected motion caused by a physical pair
orbiting at their separation is comparable to this observed difference.
One of the triple systems, J2342-6135, is composed of two UCDs and
astellar member. Again, the very large uncertainty of the UCD proper
motion prevent stronger conclusions about this system. The candidate
multiple systems are shown in Fig. 5 and their main characteristics
are described in Table 3. For more details regarding the table content
visit https://des.ncsa.illinois.edu/releases/other/y3-1t-widebinaries.

For the multiple systems, the chance alignment probability re-
quires estimating and combining the probabilities of random align-
ment of each of the three (in case of triples) or six (in case of
quadruples) pairs involved in the system, as well as the chance
alignments of higher orders up to that of the entire system altogether.
As this would involve much larger simulations sets, we refrain from
computing the chance alignment probabilities for these systems.
However, the configurations of the quadruple system, with no clear
hierarchy, and of the triple system with two UCDs, are both very
uncommon. Combined with the previous discussion based on proper
motions, this is a clear indication that these systems are not physical
and that the algorithm based on common distances is leading to the
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Figure 5. 60 x 60arcsec? z-band images of the multiple systems found. The black arrow indicates the stars, while the UCDs are identified by a red arrow
followed by their spectral type. The upper right-hand image corresponds to a quadruple candidate system. The double M1 + M1 were previously identified
by Dhital et al. (2015). This quadruple system also contains a common distance between the LO and a star, indicated by the arrows. The remaining images
correspond to candidates of triple systems. The lower right-hand panel corresponds to two UCD companions to a star.

identification of physically unrelated systems of higher order, as in
the case of the wide binaries.

5 DISCUSSION

For our 264 common distance pair candidates, we visually inspected
the DES images. Fig. 6 shows a sample of some selected binary
candidates. The rows show pairs constituted by a UCD companion
to a GaiaDR2-18 star, to a DES DR1 star and also systems made up
by two UCDs, in this order. All of the images were taken from the
DES Science Portal related to the DR1 public release images.’

In Table Al, we present the known F/G/K/M + L or T wide
systems already published in the literature that were spectroscop-
ically confirmed and have an UCD as a companion. In Table A2,
we present the common distance and/or common proper motion
known F/G/K/M + L or T wide systems identified so far. Using this
information, we searched for matches between our pairs and multiple
system candidates presented in this work and the previously known
pairs, but none of the 264 pairs and six multiples was identified
among them. The main reason is that the majority of the known
wide binaries with spectroscopic confirmation are in the Northern
hemisphere and/or have a projected separation < 600 au and we are
not able to resolve them.

We also perform a search using the catalogue SLoWPoKES I
and II presented in Dhital et al. (2011, 2015), respectively, which
contains low-mass stars wide binaries identified using common
distance and/or common proper motion. In this case, we were able to
identify one M1 + M1 common system as discussed in Section 4.4.

Fig. 7 shows the distributions of projected separations from our
wide binary candidates sample, the 141 SLoWPoKES-II wide very
low-mass binaries, and from Tables Al and A2. Our sample was
divided into binary systems that satisfy the common distance criterion
alone and those that satisfy the common distance plus common
proper motion criteria. The projected separations in our sample are
those listed in Tables 1 and 2 and were computed using the angular
separation and the primary’s distance. For this reason, they may
exceed the 10000 au limit originally set for the search radius, which

3https://des.ncsa.illinois.edu/releases/dr1/dr1-access
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was based on the lowest boundary in distance given the uncertainties.
The distributions are all different from each other, reflecting selection
biases. Spectroscopically confirmed systems containing UCDs are
largely restricted to small separations compared to common distance
and common proper motions pairs. Our samples, with and without the
common proper motion criterion, also span larger separations than
those from Dhital et al. (2015). In fact, adding the proper motion
constraint barely changes the shape of the distribution of projected
separations, but clearly reduces the number of objects due to lack
of proper motion data. Furthermore, as discussed in Section 4, the
very large uncertainties in the proper motions of most UCDs from
CatWISE, indicate that the currently available proper motions are
not an efficient diagnostic in this case. Therefore, in the subsequent
analyses, we will adopt the common distance objects as our final
sample. The abrupt drop in the number of systems with separations
> 10000 au is due to our search radius limit.

Our sample is also the largest of those shown, given the larger
photometric and astrometric samples it is derived from. As discussed
previously by Dhital et al. (2015), a large number of wide binary
low-mass systems in the Galactic field could rule out the proposed
formation scenario where very low-mass objects are ejected from
the protocluster due to dynamical interactions (Reipurth et al. 2001;
Bate & Bonnell 2005). Due to their low binding energy, they are
unlikely to survive this dynamical process.

Fig. 8 shows the spectral type of the UCDs versus the projected
separation of the common distance pairs. Our sample of wide binary
candidates contains 271 L dwarfs companions to stars with projected
separations ranging from >1000-24000au. We have nine wide
systems made up by two UCDs that satisfy the common distance
criterion and seven of them also satisfy the common proper motion
criterion. If confirmed, these will be the widest systems (>6000 au)
involving two L/T dwarfs currently known. Only one candidate dou-
ble T dwarf system was found, with a projected separation ~ 6000 au.
Deacon et al. (2014) pointed out the paucity of T dwarfs companions
wider than 3000 au, which means that this system may be a rare find.

Fig. 9 shows the projected separations against distances for our
common distance candidate wide binary sample. It is limited to
~500 pc, making it the deepest sample of binaries involving UCDs.
In total, 82 per cent of our pair candidates concentrate at a distance <
400 pc and projected separation < 10000 au as shown in the figure.
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Table 3. The common distance multiple systems found in our search. The letters A and B represent a star from Gaia DR2 or DES DR1 and the letter C the UCD. In the last row, B, and C represent a different UCD.

The ID in Jhhmm £ ddmm format using the primary coordinates.

Spectral type

Distance

Photometry

Position

ID

ZDES. C da dg de

GGaia, B

Sa ap 3 ac dc

A

GGuia, A

L2

235+ 17
195+ 16
286 + 15
218 +7
214 +3
279 +29

231 +3
193+ 10
345+ 3

241 £3
200 £+ 10

23.0
21.7

16.8 17.0

—53:13:43
—03:31:53
—05:13:17
—58:01:15
—41:55:37
—61:35:17

00:09:03

—53:13:34
—03:31:30
—05:12:54
—58:01:15
—41:55:02
—61:35:42

00:09:06

—53:13:30
—03:31:29
—05:12:59
—58:01:15
—41:55:02
—61:35:44

00:09:06

J0009—5313¢>

LO

16.4

00:42:33 00:42:34 17.9

00:42:33

J0042—033 14>

Lo

20.6 20.9 356 £ 11

17.0

02:39:45
20:24:16

02:39:44
20:24:14

02:39:43
20:24:13

J0239—-0512*

L1

232+6 222+4

22.3

16.2
2

16.9

12024580140

L1

202+ 8

198 +7
267 + 28

0.9

22:00:25 17.3 17.3

22:00:25
23:42:08

22:00:25

12200—4155%0

LO

LO

20.2 20.7 286 +29

23:42:04

23:42:06

12342-6135

The distance for Gaia DR2 stars was published by Anders et al. (2019). ?“Common proper motion systems.
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This is in part due to the fact that the chance alignment probability
tends to grow with the projected separation and the heliocentric
distance of the primary.

Fig. 9 also shows a lower limit in projected separation, which is
related to the typical angular resolution of the DES DR1 and Gaia
DR2 images, especially the former, from which the binary sample
is drawn. Pairs whose angular separation is of the order or lower
than the DES seeing limit will be harder to resolve. At a distance of
480 pc, a 1.3-arcsec resolution limit will translate into a minimum
separation of 2~ 620 au, which is roughly what Fig. 9 shows as a
lower limit.

Using the wide binary systems presented in Table A1, Table A2
and our sample, we compared the frequency distribution of spectral
types, as presented in the left-hand panel of Fig. 10. The L dwarfs
dominate all samples. Our common distance sample is particularly
biased towards early L types, as expected for the optical data on
which our selection of UCDs and of primary stars is based. This
sample represents a very significant leap compared to the number of
such systems known. Even in a deep optical survey such as DES, we
are still bound to detect mainly L types at ~ 500 pc and this selection
bias against later types clearly appears in the distributions. The right-
hand panel shows the fraction of candidate wide binaries (within the
projected separation limits discussed earlier) as a function of spectral
type. We observe that the typical wide binary fraction is 2—4 per cent
over most of the spectral types, especially among L dwarfs, where
we have better statistics. We also have added Poisson uncertainties
to the binary fractions for each spectral type as shown in Fig. 10.

As for the candidate triple systems, it is interesting to notice that
four of them have a similar configuration, with a tight binary plus
a detached third member as a UCD. Systems with a very similar
configuration to our findings have been previously reported in the
literature, as in Kirkpatrick et al. (2001), Gomes et al. (2013), Dupuy
et al. (2018), and Gauza et al. (2019). Regarding the formation
scenarios, this type of system is consistent with results of dynamical
modelling of three-body interactions including UCDs (Delgado-
Donate, Clarke & Bate 2004; Bate 2012).

6 SUMMARY AND CONCLUSIONS

Using the Gaia DR2 and the combination of DES, VHS, and
AIIWISE data along with a sample of UCD candidates from Carnero
Rosell et al. (2019), we identified 264 new wide binary candidates.
The projected separations for the wide binary systems are spread
within the ~ 1000-24 000 au range. The upper limit in projected
distance results from our search strategy, in which we avoided larger
separations that are more likely to be affected by contaminants. The
lower limit in separation stems from the typical resolution of the DES
images on which the original UCD sample is based. A sample of six
candidate multiple systems were also identified and the projected
separations between the UCD dwarfs and the stellar members of
these higher order systems range from ~3000-11000 au.

Our candidates were selected based on common distance criteria
and with a chance alignment probability criterion of P, < 5 per cent.
We also used proper motions from Gaia DR2 and from the CatWISE
Catalogue as an attempt to refine the sample. We found proper motion
measurements for about 90 per cent of the sources in the pairs and
multiple systems, and 73 per cent of them also satisfy common proper
motion criteria as discussed in Section 4. But the proper motion data
still have large uncertainties regarding the UCDs. Most of the systems
with proper motions available, however, have proper motions within
20 of each other.

We found 174 common distance candidate pairs with a primary
from the Gaia DR2 catalogue limited to G < 18, for which distances
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Figure 6. 60 x 60 arcsec? z-band images of selected binary candidates systems. In the first row, we present L dwarfs as companions of GaiaDR2-18 stars from
Anders et al. (2019). In the second row, the L dwarfs as companions of DES stars. In the last row, we present binary pairs composed by two UCDs. In all images,
the primary star is identified by an black arrow and the secondary by a red arrow followed by their spectral type.
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Figure 7. Distribution of projected separations using four different samples,
as indicated in the upper right-hand corner. The CD and CPM labels mean
common distance and common proper motion, respectively. Our wide binary
sample is the most numerous and reaches larger projected separation than the
previous known samples. Table A2 has unbound systems with very large pro-
jected separations. In order to better understand the distribution of separations,
the figure only contains objects with a limiting of 26 000 au in separation.

are estimated from the StarHorse code by Anders et al. (2019).
We also found 81 common distance candidate pairs with a primary
from the DES DRI sample. These latter tend to be fainter and
their StarHorse distances are based mostly on photometry,
although some have Gaia DR2 parallax information as well. In
addition, we found nine systems containing two UCDs. Hence, we
found in total 264 new wide binary candidates. This is the largest
sample of candidate wide binary systems to date and is also the
one that reaches the largest distances. These binary and multiple
system candidates involving very low mass and substellar sources
are crucial as possible benchmarks to evolutionary models close
to or below the hydrogen-burning limit, since properties such as
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Figure 8. Spectral type of the UCDs plotted against the projected separation
of the common distance pairs. The green dots and the purple triangles
represent the companions of GaiaDR2-18 and DES stars, respectively. The
orange boxes indicate the systems composed by two UCDs.

metallicity and age, as well as masses, may be obtained for the
primaries. The large number of wide binaries found in this work is
inconsistent with the formation of very low-mass stars and brown
dwarfs from strong dynamical interactions leading to their ejection
of star-forming cores, since the binding energy involved is very low
and would lead in most cases to the pair dissolution.

We also found six possible multiple systems, of which five are
triples and one is a quadruple. The only potential quadruple system
found is composed of an LO dwarf associated to a star and to an
M1 + M1 double found previously by Dhital et al. (2015), but
the LO’s distance is only marginally consistent with that of the
M1 + M1 double, while the third star has a proper motion that
is inconsistent with that of the brighter pair. One of the five triples is
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Table 4. Summary of the common distance systems found. The systems with
chance alignment probability >5 per cent are not included here. CD and CPM
stand for common distance and common proper motion, respectively. The PM
column indicated how many CD systems have proper motion measurements.
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Figure 9. Projected pair separation in au plotted against distance for the 264
common distance binary candidates with P, < 5 percent. The colours and
different symbols represent the three different samples presented previously,
as indicated in the upper left-hand corner. The zone of avoidance at small
projected separations (<1 au) is caused by spatial resolution limits, while
the scarcity of pairs with separations larger than 10000 au, especially for
distances smaller than >~ 300 pc, is due to the search method.
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Figure 10. The left-hand panel shows the frequency distribution of UCDs
in wide binary systems, considering our sample and the currently known
systems. The right-hand panel shows the observed fraction of wide binaries
(in the separation range as shown in Fig. 9) as a function of spectral type. The
error bars are Poissonian.

composed of two L dwarfs associated with a DES star companion.
The configuration of both the quadruple and of this triple is also very
atypical of multiple systems, again making their physical reality
unlikely. On the other hand, the other four triple systems show a
similar configuration, with a tight pair and a detached third object.
This is also commonly seen in other triple systems reported in the
literature, and is a favoured configuration according to models of
three-body encounters (Delgado-Donate et al. 2004; Bate 2012).
Table 4 summarizes all the systems found in this work, regarding
its type and the total number of systems, with and without proper
motion data available. About 64 percent of our UCDs found in
candidate binary and multiple systems are of the LO spectral type.
Still they make up only =~ 2 per cent of the total sample of LO by

Type of system Total
CD PM CD + CPM
Binary Gaia + UCD 174 153 125
DES + UCD 81 74 61
UCD + UCD 9 9 7
Triple 5 5 4
Quadruple 1 1 -

Carnero Rosell et al. (2019). The typical wide binary fraction for the
binary candidates over all spectral types ranges from 2—4 per cent
in the projected separation range covered by this work. The wide
binary systems with UCDs as members presented here comprehend
the largest catalogue to date.

Given the measurements of the chance alignment probabilities
above, we expect some physically unrelated systems to remain in our
sample. The systems here identified, therefore, must all be considered
as binary or multiple system candidates, pending on kinematical and
spectroscopic confirmation. Still, this catalogue constitutes a signifi-
cant leap in the number of candidate wide separation systems contain-
ing UCDs and in the estimates of the wide binary fraction for UCDs.
Evolutionary models predict that our sample dominated by early L
sources should include young or intermediate age brown dwarfs,
whose benchmarking may also be very useful to constrain models.
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APPENDIX A: TABLES FROM THE
LITERATURE

Table Al. Known systems, which contain a L or T dwarf as a secondary, all are spectroscopically confirmed. All the systems presented
here have projected separation > 100 au. This table was based on table 12 from Deacon et al. (2014).

Object Name Separation Distance Spectral Type Mass References
(arcsec) (au) (pc) Companion Primary M)

HD65216BC 7.0 253 36.1 M7+ 12 G5 0.08 1
LP213-68Bab 14.0 230 16.4 M8 + L0 M6.5 0.068-0.090 14,15
BD + 131727B 10.5 380 36.1 M8 +L0.5 K5 - 13
HD221356BC 452.0 11900 263 M8 + 13 F8 0.072 27
HD221356D 12.13 2050 169.0 L1 F8+M8 + L3 0.073-0.085 32
DENISJ0551-4434B 22 220 100.0 LO M8.5 0.06 5
Denis-PJ1347-7610B 16.8 418 24.8 LO MO - 6
HD89744B 63.0 2460 39.0 LO F71 0.077-0.080 7
NLTT2274B 23.0 483 21.0 LO M4 0.081-0.083 8
LP312-49B 154 801 52.0 L0 M4 - 9
SDSSJ130432.93 4 090713.7B 7.6 374 49.2 LO M4.5 - 9
SDSSJ163814.32 + 321133.5B 46.0 2420 52.6 L0 M4 - 9
1RXSJ235133.3 + 312720B 2.4 120 49.9 LO M2 0.026-0.038 10
2MASS12593933 + 0651255 23.86 1110 46.5 L0 M8 0.21 11
2MASS09411195 + 3315060 7.44 244 327 L0 M5 0.23 11

MNRAS 499, 5302-5317 (2020)

€202 Rel 20 U0 159NB AQ 2620265/20€S/P/667/0/01B/SEIUW/WOoo"dno-0IWapesE;/:Sdy Woly papeojumod



5314

DES Collaboration

Table A1 - continued

Object Name Separation Distance Spectral Type Mass References
(arcsec) (au) (pc) Companion Primary Mp)
HIP2397B 117.1 3970 339 L0.5 K5 - 12
HD253662B 20.1 1252 622 L0.5 G8 - 12
2MO0858 + 2710 15.6 780 50.0 LO M4 0.074-0.081 28
2M1021 + 3704 222 3000 135. LO M4 0.071-0.076 28
2M1202 + 4204 73 310 424 LO M6 0.074-0.081 28
2MO0005 + 0626 6.1 400 65.5 L0 M4.5 0.079-0.085 28
2M1222 + 3643 20.7 1635 78.9 LO M3 0.074-0.081 28
GaiaJ0452-36A 115.3 15828 137.2 L0 Ml 0.084-0.086 29
2MASS0719-50 58.7 1609 274 LO M3.5 - 75
2MO0013-1816 118.1 7400 62.6 LI M3 0.072-0.078 28
2M1441 + 1856 51.1 4110 80.4 L1 M6 0.072-0.079 28
HIP59933B 38.1 2170 56.9 L1 F8 - 12
HIP63506B 132.8 5640 42.4 L1 MO - 12
HIP6407B 44.9 2570 572 L1 4T3 G5 - 12
GJ1048B 11.9 250 21.0 L1 K2 0.055-0.075 16
ABPicB 5.5 275 50.0 L1 K2 0.01 17
G124-62Bab 44.0 1496 34.0 LI +L1 dM4.5¢e 0.054-0.082 18
HD16270 11.9 254 213 L1 K3.5 - 2,16,4
GQLupB 0.7 103 147.1 L1 K7 0.010-0.020 19
ROX42Bb 1.8 140 71.7 L1 Ml 0.006-0.014 20,21
LSPMJ0241 + 2553B 31.2 2153 69.0 L1 WD - 12
HIP112422B 16.0 1040 65.0 LL5 K2 - 12
LSPMJ0632 + 5053B 47.4 4499 94.9 L5 G2 - 12
PMI13518 + 4157B 21.6 613 28.3 LL.5 M2.5 - 12
NLTT44368B 90.2 7760 86.0 L5 M3 - 12
PMI22118-1005B 204.5 8892 434 L1.5 M2 - 12
HIP11161 47.7 3300 69.1 L1.5 F5 - 12
nTelB 4.20 190 - L1 A0V 0.04 13
BCir 217.8 6656 30.5 L1 A3V 0.056 22
HD164507AB 25.1 1136 45.2 L1 G5 - 76
V478Lyr 17.05 462 27.0 L1 G8 - 76
2MO0122 + 0331 44.8 2222 49.5 L2 G5 0.071-0.076 28
NLTT1011B 58.5 3990 68.2 L2 K7 - 12
G255-34B 383 1364 35.6 L2 K8 - 23
2MASSJ05254550-7425263B 44.0 2000 45.4 L2 M3 0.06-0.075 24
G196-3B 16.2 300 185 L2 M2.5 0.015-0.04 25
Gl618.1B 35.0 1090 31.1 L2.5 MO 0.06-0.079 7
HD106906b 7.1 650 915 L25 F5 0.003-0.007 26
HIP73169 29.0 796 274 L2.5 MO - 12
2MASSJ0249-0557AB 39.9 1950 48.8 L2 M6 0.010-0.012 39
CD-288692 50.91 2026 39.7 L2 K5 - 76
2MASSJ1839 + 4424 21.89 811 37.0 L2 M9 - 76
2MASSI0139 + 8110AB 23.0 959 41.6 L2 L1 - 76
2MASSJ2325 + 4608AB 7.24 378 522 L2 M8 - 76
G63-33B 66.0 2010 304 L3 K2 0.079-0.081 8
G73-26B 73.0 2774 38.0 L3 M2 0.079-0.081 8,9
2MASSI2126-8140 217.0 6900 31.7 L3 M2 0.014-0.011 49
2MASSJ22501512 + 2325342 8.9 518 582 L3 M3 - 50
nCancriB 164.0 15020 91.5 L3.5 K311 0.063-0.082 9
NLTT27966 15.9 630 39.6 L4 M5 - 12
LSPMJ1336 + 2541 121.7 8793 722 L4 M3 - 12
NLTT26746B 18.0 661 36.7 L4 M4 - 12
PMI13410 + 0542B 9.4 484 514 L4 Ml - 12
G171-58B 218.0 9200 42.2 L4+ 14 F8 0.045-0.083 8
G200-28B 570.0 25700 45.0 L4 G5 0.077-0.078 8
LHS5166B 8.43 160 18.9 L4 dM4.5 0.055-0.075 18
1RXSJ1609-2105b 22 330 150.0 L4 MO 0.009-0.016 33
2MASSJ0219-3925 3.96 156 393 L4 M6 - 78
2M1259 + 1001 7.65 345 45.0 L4.5 M5 0.057-0.074 28
GJ1001Bc 18.6 180 9.6 L45+1L45 M4 0.060-0.075 29, 34,35
Gl417Bab 90.0 2000 222 L4.5+ L6 GO+ GO 0.02-0.05 29,36
HIP26653 27.0 753 27.8 L5 G5 - 12
2MI115 + 1607 18.1 660 36.4 L5 M4 0.056-0.073 28
G203-50B 6.4 135 21.0 L5.0 M4.5 0.051-0.074 37
GJ499C 516.0 9708 18.8 L5 K5 + M4 - 23
G259-20B 30.0 650 21.6 L5 M2.5 - 38
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Table Al - continued

Object Name Separation Distance Spectral Type Mass References
(arcsec) (au) (pc) Companion Primary Mg)
HD196180 1351 907 67.1 L5 A3V - 40
HIP85365B 294.1 8850 30.0 L5.5 F3 - 12
NLTT55219B 9.7 432 445 L5.5 M2 - 12
HIP9269B 52.1 1300 249 L6 G5 - 12
NLTT31450B 12.3 487 39.5 L6 M4 - 12
LP261-75B 13.0 450 34.6 L6 M4.5 0.019-0.025 41
2MASSJ01303563-4445411B 3.28 130 39.6 L6 M9 0.032-0.076 42
NLTT20346 248.0 7700 31.0 L7+ L6.5 M5 + M6 0.070 47
VHS1256-1257 8.06 102 12.6 L7 M7.5 0.010 43
HD203030B 11.0 487 442 L7.5 G8 0.012-0.031 44
NLTT730 233.6 5070 21.7 L7.5 M4 - 12
GI337CD 43.0 880 20.4 L8 + L8 G8 + K1 0.04-0.074 7,45
GI584C 194.0 3600 18.5 L8 Gl 0.045-0.075 46
PMI23492 + 3458 349 949 27.1 L9 M2 - 12
HD46588B 79.2 1420 17.9 L9 F7 0.045-0.072 48
NLTT51469C 82.27 3800 46.1 L9 M3 + M6 - 77
eIndiBaBb 402.0 1460 3.6 T1 +T6 K5 0.06-0.073 53,54
2MASSJ111806.99-064007.8B 7.7 650 84.4 T2 M4.5 0.06-0.07 55
HNPegB 43.0 795 18.4 T2.5 GO 0.012-0.030 56
2MASSJ0213 + 3648ABC 16.4 360 219 T3 M4.5 + M6.5 0.068 51
GUPscB 41.97 2000 47.6 T3.5 M3 0.07-0.13 57
HIP38939B 88.0 1630 18.5 T4.5 K4 0.018-0.058 58
LSPMJ1459 + 0851B 365.0 21500 589 T4.5 DA 0.064-0.075 59
SDSSJ0006-0852AB 27.41 820 29.9 TS M7 + M85 0.056 52
LHS2803B 67.6 1400 20.7 TS5 M4.5 0.068-0.081 24, 60
HD118865B 148.0 9200 62.1 TS F5 - 61
HIP63510C 103.0 1200 11.6 T6 MO.5 - 62
HIP73786B 63.8 1230 19.2 T6 K5 - 62,63
LHS302B 265.0 4500 16.9 T6 M5 - 64
G204-39B 198.0 2685 13.5 T6.5 M3 0.02-0.035 8
GI570D 258.0 1500 58 T7 K4+4+-M2 + M3 0.03-0.07 65
HD3651B 43.0 480 11.1 T7.5 KO 0.018-0.058 56, 66
SDSSJ1416 + 30B 9.0 135 15.0 T7.5 L6 0.03-0.04 67, 68, 69
LHS2907B 156.0 2680 17.1 T8 Gl 0.019-0.047 38,70
LHS6176B 52.0 1400 269 T8 M4 - 38,61
Wolf1130B 188.5 3000 15.9 T8 sdM1.5 + DA 0.020-0.050 71
Ross458C 102.0 1162 11.3 T8.5 MO.5 + M7 0.005-0.0014 72
£UMaE 510.0 4100 8.0 T8.5 F9 + GO 0.014-0.038 61
‘Wolf940B 32.0 400 12.5 T8.5 M4 0.02-0.032 73
‘WD0806-661 130.0 2500 19.2 >Y0 DQ 0.03-0.10 74

References. (1) Mugrauer, Neuhéuser & Mazeh (2007); (2) Anderson & Francis (2012); (3) Forveille et al. (2004); (4) Dupuy & Liu (2012); (5)
Billeres et al. (2005); (6) Phan-Bao et al. (2008); (7) Wilson et al. (2001); (8) Faherty et al. (2010); (9) Zhang et al. (2010); (10) Bowler et al.
(2012); (11) Gélvez-Ortiz et al. (2017); (12) Deacon et al. (2014); (13) Cruz et al. (2007); (14) Gizis et al. (2000); (15) Close et al. (2003); (16)
Gizis, Kirkpatrick & Wilson (2001); (17) Chauvin et al. (2005); (18) Seifahrt, Guenther & Neuhiuser (2005); (19) Neuhiuser et al. (2005); (20)
Kraus et al. (2014); (21) Currie, Burrows & Daemgen (2014); (22) Smith et al. (2015); (23) Gomes et al. (2013); (24) Muzi¢ et al. (2012); (25)
Rebolo et al. (1998); (26) Bailey et al. (2014); (27) Caballero (2007); (28) Baron et al. (2015); (29) Zhang (2019); (30) Casagrande et al. (2011);
(31) Metchev & Hillenbrand (2004); (32) Caballero (2007); (33) Lafreniere, Jayawardhana & van Kerkwijk (2008); (34) Golimowski et al. (2004);
(35) Martin, Brandner & Basri (1999); (36) Bouy et al. (2003); (37) Radigan et al. (2008); (38) Luhman et al. (2012); (39) Dupuy et al. (2018);
(40) De Rosa et al. (2015); (41) Reid & Walkowicz (2006); (42) Dhital et al. (2011); (43) Gauza et al. (2015); (44) Metchev & Hillenbrand (2006);
(45) Burgasser et al. (2005); (46) Kirkpatrick et al. (2000); (47) Faherty et al. (2011); (48) Loutrel et al. (2011); (49) Deacon, Schlieder & Murphy
(2016); (50) Desrochers et al. (2018); (51) Deacon et al. (2017); (52) Burgasser et al. (2012); (53) Scholz et al. (2003); (54) McCaughrean et al.
(2004); (55) Reylé et al. (2013); (56) Luhman et al. (2007); (57) Naud et al. (2014); (58) Deacon et al. (2012a); (59) Day-Jones et al. (2011); (60)
Deacon et al. (2012b); (61) Burningham et al. (2013); (62) Scholz (2010b); (63) Murray et al. (2011); (64) Kirkpatrick et al. (2011); (65) Burgasser
et al. (2000); (66) Mugrauer et al. (2006); (67) Scholz (2010a); (68) Burningham et al. (2010); (69) Bowler, Liu & Cushing (2009); (70) Pinfield
etal. (2012); (71) Mace et al. (2013); (72) Goldman et al. (2010); (73) Burningham et al. (2009); (74) Luhman, Burgasser & Bochanski (2011); (75)
Andrei et al. (2011); (76) Marocco et al. (2020); (77) Gauza et al. (2019); (78) Artigau et al. (2015).
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Table A2. The common distance and common proper motion wide systems identified in the literature.

Object Name Separation Distance Spectral type Spectral type e COS 8 s References
1D (arcsec) (au) (pc) companion primary (mas yr~ D) (mas yr~ D)
2MASSJ0223-5815 816 400000 49410 Lo M5 1340 £ 10 50419 1
2MASSJ12144-3721 1866 153000 82417 LO - —122.6 £ 10.6 82.0+ 17 1
2MASSJ0939+3412 2516 156 000 62+ 10 LO - —107.1+10.4 —64.3 +12.6 1
ULASJ02554-0532 207 29000 140 £ 26 Lo F5 28 £ 30 40 +30 2
ULASJ09004-2930 81 16000 197 £37 Lo M3.5 —134+10 —278+£88 2
ULASJ1222+1407 96 6700 70+ 13 LO M4 —74 420 —34420 2
2MASSJ09175035+ 2944455 1684.7 67388 40.0 LO F5 -47.54 + 2.506 —65.776 £ 1.844 5
2MASSJ0626 + 0029 3761 252000 67 £ 14 L0.5 - 84+15 -92+15 1
2MASSJ1632 + 3505¢ 57 2000 37+8 Lo0.5 Ko 91.6 £9.7 —653+11.9 1
2MASSJ17073334 4 4301304 917.2 23847 26+2 L0.5 - —210.6 £8.9 —472+£72 3
2MASSJ16325610 + 3505076 57.0 1938 34.9927 L0.7 KO 89.153 £0.51 —60.527 £ 0.615 5
2MASSJ2037-4216 5294 270000 51£10 L1 - 229+ 10 —391+ 10 1
2MASSJ0518461-275645 1007.2 57399 57.9079 L1.0 - 32.194 £ 1.299 —4.943 £ 1.447 5
SDSSJ124514.95 4-120112.0 96.4 5948 61.7 LI DA —10.582 + 4.067 —53.728 +2.44 5
G151-59 46 3100 118 L1 KO 179+ 9 158 £ 10 6
2MASSJ 14493646 + 0533379 246 33702 137 Ll - —107 + 10 —1354+10 6
2MASSJ02235464-5815067 1532.6 62749 40.943 LL5 M3 + M9 104.21 & 1.085 —17.379 £ 0.918 5
ULASJ1330 + 0914” 409 61000 149 £30 L2 G5 —83 437 10 £37 2
WISEAJ134824.42-422744.9 410.1 13940 34+2 L2 - —1443 £6.6 =77.1£65 3
2MASSJ01415823-4633574 23772 86641 36.4465 L2 - 115.673 + 0.7 —46.609 =+ 0.665 5
2MASSJ08430796 + 3141297 819.5 38926 475 L2.5 - -52.293 £+ 3.438 —43.35 £2.189 5
2MASSJ23225299-6151275 16.6 714 43.0283 L2s M5 80.092 £ 1.447 —81.969 + 1.621 5
2MASSJ21265040-8140293 217.5 7436 34.1924 L3 MI1.0 56.511 + 1.656 —115.369 + 2.441 5
SDSSJ095932.74 + 452330.5 846.7 32175 38+6 L3/14 M4.5 —97.1+£52 —1445+£94 3
2MASSJ00283943 + 1501418 917.2 36688 40+£3 L4.5 - 199.3 £12.8 —345£11.7 3
2MASSJ23512200 + 3010540 934.9 22416 24+3 L5pec K5 251.7+85 43471 3
2MASSJ0230-0225 5370 145000 27+6 L8 K1 329 +£16.8 51.3+£149 1
WISEAJ104335.09 + 121312.0 1039.6 17673 17+8 Lo - 10.5 + 8.4 —2452+9.1 3
PS0J330.3214 + 32.3686 771 2313 20.1£2.1 T2.5 M1 105+ 8 65+9 4
PSOJ334.1193 + 19.8800 522 1566 30.7+3.2 T3 M4 120+ 8 —724+99 4
2MASSJ1244 + 1232 6217 286000 46+8 T4 - —104.8 £8.6 45+73 1
2MASSJO0758 + 2225 4758 157000 33+8 T6.5 - —105+8 —62.8+82 1
2MASSJ1150 + 0949 1283 77000 60 £ 27 T6.5 - —107.6 £ 17.1 —319+45 1
2MASSJ0915 4 0531 5394 178 000 33+6 T7 G+G —95+55 —57.7+4.4 1

References. (1) Smart et al. (2017); (2) Marocco et al. (2017); (3) Kirkpatrick et al. (2016); (4) Best et al. (2015); (5) Smart et al. (2019); (6) Smith et al. (2014).

“This is the only bound system in Smart et al. (2017).
PClassify as unlikely pair (Marocco et al. 2017).

Unstituto de Fisica, UFRGS, Caixa Postal 15051, Porto Alegre RS-91501-
970, Brazil

2Laboratério Interinstitucional de e-Astronomia — LineA, Rua Gal. José
Cristino 77, Rio de Janeiro RJ-20921-400, Brazil

3Centro de Investigaciones Energéticas, Medioambientales y Tecnoldgicas
(CIEMAT), E-28040 Madrid, Spain

4Center for Astrophysics Research, University of Hertfordshire, Hatfield
ALI0 9AB, UK

5 Fermi National Accelerator Laboratory, PO Box 500, Batavia, IL 60510,
USA

George P. and Cynthia Woods Mitchell Institute for Fundamental Physics
and Astronomy, and Department of Physics and Astronomy, Texas A&M
University, College Station, TX 77843, USA

7LSST, 933 North Cherry Avenue, Tucson, AZ 85721, USA

8Physics Department, 2320 Chamberlin Hall, University of Wisconsin-
Madison, 1150 University Avenue Madison, WI 53706, USA

9 Center for Cosmology and Astro-Particle Physics, The Ohio State University,
Columbus, OH 43210, USA

Department of Astronomy, The Ohio State University, Columbus, OH
43210, USA

" Department of Astrophysical Sciences, Princeton University, Peyton Hall,
Princeton, NJ 08544, USA

12Kavli Institute for Cosmological Physics, University of Chicago, Chicago,
IL 60637, USA

130bservatories of the Carnegie Institution for Science, 813 Santa Barbara
St., Pasadena, CA 91101, USA

14 Cerro Tololo Inter-American Observatory, NSF’s National Optical-Infrared
Astronomy Research Laboratory, Casilla 603 La Serena, Chile

15 Depar de Fisica M itica, Instituto de Fisica, Universidade de
Sdo Paulo, CP 66318, Sdo Paulo, SP 05314-970, Brazil

MNRAS 499, 5302-5317 (2020)

16 1pstituto de Fisica Teorica UAM/CSIC, Universidad Autonoma de Madrid,
E-28049 Madrid, Spain

17CNRS, UMR 7095, Institut d’Astrophysique de Paris, F-75014 Paris, France
8Sorbonne Universités, UPMC Univ Paris 06, UMR 7095, Institut
d’Astrophysique de Paris, F-75014 Paris, France

1 Department of Physics and Astronomy, Pevensey Building, University of
Sussex, Brighton, BN1 9QH, UK

2Department of Physics & Astronomy, University College London, Gower
Street, London WCIE 6BT, UK

21 Department of Astronomy, University of Illinois at Urbana-Champaign,
1002 W. Green Street, Urbana, IL 61801, USA

22National Center for Supercomputing Applications, 1205 West Clark St.,
Urbana, IL 61801, USA

Bnstitut de Fisica d’Altes Energies (IFAE), The Barcelona Institute of
Science and Technology, Campus UAB, E-08193 Bellaterra (Barcelona),
Spain

2 Observatério Nacional, Rua Gal. José Cristino 77, Rio de Janeiro RJ-
20921-400, Brazil

2 Department of Astronomy/Steward Observatory, University of Arizona, 933
North Cherry Avenue, Tucson, AZ 85721-0065, USA

26 Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak
Grove Dr., Pasadena, CA 91109, USA

27Santa Cruz Institute for Particle Physics, Santa Cruz, CA 95064, USA
BInstitut d’Estudis Espacials de Catalunya (IEEC), E-08034 Barcelona,
Spain

2 Institute of Space Sciences (ICE, CSIC), Campus UAB, Carrer de Can
Magrans, s/n, E-08193 Barcelona, Spain

30Department of Astronomy, University of Michigan, Ann Arbor; MI 48109,
USA

3]Departmem of Physics, University of Michigan, Ann Arbor, MI 48109, USA

€202 Rel 20 U0 159NB AQ 2620265/20€S/P/667/0/01B/SEIUW/WOoo"dno-0IWapesE;/:Sdy Woly papeojumod



Ultracool dwarfs in wide binary and multiple systems

32 Department of Physics, Stanford University, 382 Via Pueblo Mall, Stanford,
CA 94305, USA

3SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA
34School of Mathematics and Physics, University of Queensland, Brisbane,
QLD 4072, Australia

3 Department of Physics, The Ohio State University, Columbus, OH 43210,
USA

3 Center for Astrophysics | Harvard & Smithsonian, 60 Garden Street,
Cambridge, MA 02138, USA

3 Australian Astronomical Optics, Macquarie University, North Ryde, NSW
2113, Australia

38 Lowell Observatory, 1400 Mars Hill Rd, Flagstaff. AZ 86001, USA

¥ Department of Physics and Astronomy, University of Pennsylvania,
Philadelphia, PA 19104, USA

5317

40 Institucié Catalana de Recerca i Estudis Avangats, E-08010 Barcelona,
Spain

4ISchool of Physics and Astronomy, University of Southampton, Southamp-
ton, SO17 1BJ, UK

42Computer Science and Mathematics Division, Oak Ridge National Labo-
ratory, Oak Ridge, TN 37831, USA

Blnstitute of Cosmology and Gravitation, University of Portsmouth,
Portsmouth, PO1 3FX, UK

“Max Planck Institute for Extraterrestrial Physics, Giessenbachstrasse, D-
85748 Garching, Germany

S Universitits-Sternwarte, Fakultiit fiir Physik, Ludwig-Maximilians Univer-
sitdt Miinchen, Scheinerstr. 1, D-81679 Miinchen, Germany

This paper has been typeset from a TEX/IZIEX file prepared by the author.

MNRAS 499, 5302-5317 (2020)

€202 Rel 20 U0 159NB AQ 2620265/20€S/P/667/0/01B/SEIUW/WOoo"dno-0IWapesE;/:Sdy Woly papeojumod



Appendix B

150



of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 00, 1 (2023)
Advance Access publication 2023 March 30

https://doi.org/10.1093/mnras/stad955

Ultracool dwarfs candidates based on 6 yr of the Dark Energy Survey data

M. dal Ponte “,">* B. Santiago,'** A. Carnero Rosell “,23** L. De Paris,! A. B. Pace “,’ K. Bechtol,®
T. M. C. Abbott,” M. Aguena,” S. Allam,® O. Alves,’ D. Bacon,'? E. Bertin,'"!> S. Bocquet,'?

D. Brooks,'* D. L. Burke,'>!° M. Carrasco Kind,'”'8 J. Carretero,' C. Conselice,?>*' M. Costanzi,?>2>2*
S. Desai,” J. De Vicente,?® P. Doel,'* S. Everett,”” 1. Ferrero,”® B. Flaugher,® J. Frieman,®?

J. Garcia-Bellido,*® D. W. Gerdes,*"? R. A. Gruendl,'”'® D. Gruen,'® G. Gutierrez,® S. R. Hinton,??

D. L. Hollowood,** D. J. James,** K. Kuehn,** N. Kuropatkin,® J. L. Marshall,”*® J. Mena-Ferndndez,®
F. Menanteau,!”'® R. Miquel,'*3¥ R. L. C. Ogando,*® A. Palmese,* F. Paz-Chinchén,!”#!

M. E. S. Pereira,*> A. A. Plazas Malagén,® A. Pieres ”,>*° M. Raveri,** M. Rodriguez-Monroy,?

E. Sanchez,” V. Scarpine,® M. Schubnell,’ I. Sevilla-Noarbe,?® M. Smith,* M. Soares-Santos,’

E. Suchyta,* M. E. C. Swanson," G. Tarle,’ D. Thomas,'® C. To,*’ N. Weaverdyck®*

and (DES Collaboration)

Affiliations are listed at the end of the paper

Accepted 2023 March 23. Received 2023 March 23; in original form 2022 November 23

ABSTRACT

We present a sample of 19583 ultracool dwarf candidates brighter than z <23 selected from the Dark Energy Survey DR2
coadd data matched to VHS DR6, VIKING DRS, and AIIWISE covering ~ 480 degQ. The ultracool candidates were first
pre-selected based on their (i-z), (z—Y), and (Y-J) colours. They were further classified using a method that compares their
optical, near-infrared, and mid-infrared colours against templates of M, L, and T dwarfs. 14 099 objects are presented as new L
and T candidates and the remaining objects are from the literature, including 5342 candidates from our previous work. Using
this new and deeper sample of ultracool dwarf candidates we also present: 20 new candidate members to nearby young moving
groups and associations, variable candidate sources and four new wide binary systems composed of two ultracool dwarfs.
Finally, we also show the spectra of 12 new ultracool dwarfs discovered by our group and presented here for the first time.
These spectroscopically confirmed objects are a sanity check of our selection of ultracool dwarfs and photometric classification
method.

Key words: surveys—brown dwarfs —stars: low-mass.

along with the presence of clouds in the photosphere (Burgasser et al.

1 INTRODUCTION 2002b). The transition sequence to the T dwarfs is characterized

Ultracool dwarfs (UCDs) are very cool (T, < 2700 K), low mass (M
< 0.1 My) objects, ranging from spectral type M7 and later. They
include both very low mass stars and brown dwarfs. Brown dwarfs
are not massive enough (~ 0.072 M) to burn hydrogen in their core.
Therefore, they continue to cool and dim over time across spectral
types M, L, T, and Y (Kirkpatrick et al. 1999; Cushing et al. 2011).
Without sustained hydrogen fusion, there is a degeneracy between
mass, age, and luminosity. Their spectra are characterized by the
effects of clouds and molecular absorption bands. For the L dwarfs,
the spectra in the red optical is characterized by the weakening of TiO
and VO, strengthening of FeH, CrH, H,O, and alkali metals such Na
I,KI, CsI,RbI (Kirkpatrick et al. 1999). The mid infrared spectra are
similar to M dwarfs, with H,O and CO as the most prominent bands
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by the disappearance of clouds from the photosphere, leading to
relatively bluer colours in the near-infrared (NIR) compared to the L
sequence. Their spectra is characterized by strong absorption features
of H,0O, CHy, and CIA H, (Burgasser et al. 2002a).

Despite UCDs being a very common type of object in the Galaxy,
roughly 1/6 of the local stellar population by number density,
they are very difficult to detect at larger distances due to their
faint luminosities. Large samples of UCDs from wide-field imaging
surveys [eg. Two-Micron All-Sky Survey (2MASS; Skrutskie et al.
2006), Deep Near Infrared Survey of the Southern Sky (DENIS;
Epchtein et al. 1997), UKIRT Infrared Deep Sky Survey (UKIDSS;
Lawrence et al. 2007), Wide-field Infrared Survey Explorer (WISE;
Wright et al. 2010), VISTA Hemisphere Survey (VHS; McMahon
et al. 2013)] have been discovered and revealed many important
features about the ultracool dwarfs population. However, the census
is still heterogeneous and shallow. The accurate identification and
classification of ultracool dwarfs in wide deep ground-based surveys
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using only photometry enables the creation of homogeneous samples
without relying on extensive spectroscopic campaigns. These sam-
ples are essential to measuring the luminosity and mass functions
(Cruz et al. 2007; Bochanski et al. 2010) of the ultracool dwarfs in
the Galaxy, the disk scale height (Ryan et al. 2005; Carnero Rosell
etal. 2019; Sorahana, Nakajima & Matsuoka 2019), the frequency of
close and wide binaries (Luhman 2012; Dhital et al. 2015; Fontanive
et al. 2018), and the kinematics (Faherty et al. 2010, 2012; Smith
et al. 2014; Best et al. 2018).

Taking advantage of the Dark Energy Survey (DES) depth in the
optical bands i, z, and Y, it is possible to select a large homogeneous
sample of UCD candidates to greater distances. Carnero Rosell
et al. (2019) were able to select a sample of 11745 L and T dwarf
candidates using the first 3 yr of the DES along with VHS and
AINWISE (Cutri et al. 2013) data. Here we expand the search for
ultracool dwarfs candidates using the full 6 yr of DES observations.
Comparing to Carnero Rosell et al. (2019), the DES data are now
photometrically deeper, with more reliable/precise photometry. This
will allow us to probe fainter candidates, increasing the previous
samples of L and T dwarfs. Besides, we have now available a sky
coverage of almost the entire DES footprint, whereas in Carnero
Rosell et al. (2019) we only had ~ 2400 deg?. This is due to the new
data releases of VHS and VIKING surveys that are also used in the
analyses.

The paper outline is as follows. In Section 2 we present the
photometric data used in this work. In Section 3 we present the
updated colour templates for M dwarfs and UCDs and the colour
cuts used to pre-select our candidates. In Section 4 we discuss
the photometric classification methodology, where we estimate a
spectral type for each target using only their photometry. In Section
5 we compare our photo-type to those of known candidates from the
literature and discuss the contamination by extragalactic sources. In
Section 6, we present several uses for our L and T dwarf candidates:
(i) new young moving group (YMG) and association candidate
members; (ii) photometric variable sources; (iii) new binary systems
constituted by two ultracool dwarfs. In Section 7 we show the spectra
of 12 new ultracool dwarfs presented previously in the Carnero
Rosell et al. (2019) catalogue that supports our selection of ultracool
dwarfs and photometric classification method. Finally, in Section 8,
we present our conclusions.

2 DATA

2.1 DES, VHS, VIKING, and AIIWISE

DES is a ~5000 deg® optical survey in the griz¥ bands that used
the Dark Energy Camera (DECam; Flaugher et al. 2015). DECam
is a wide-field (3 deg?) imager at the prime focus of the Blanco
4-m telescope at Cerro Tololo Inter-American Observatory (CTIO).
DES observations started in September 2013 and were completed in
January 2019, spanning nearly 6 yr.

DES DR2 is the assembled dataset from 6 yr of DES science
operations, with data collected over 681 nights and which includes
691 million astronomical objects detected in 10 169 coadded image
tiles of size 0.534 deg” produced from 76 217 single-epoch images.
The estimated area loss to image defects, saturated stars, satellite
trails, etc. is of ~ 200 deg?. After a basic quality selection, galaxy
and stellar samples contain 543 million and 145 million objects,
respectively. The typical depths (in AB system) as estimated from
the magnitude at S/N = 10 in the coadd images are g = 24.0, r
=238,i =23.1,z =22.13,and Y = 20.7 (Abbott et al. 2021).
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For the purpose of our work, we matched the DES DR2 catalogue
to the VHS DR6, VIKING DRS5 (Edge et al. 2013), and AIIWISE
catalogues using a positional matching radius of 2 arcsec, keeping
only the best match, i.e, the nearest object found. The DES + VHS
coverage area is around 4500 deg?. The VHS survey is imaged with
exposure time per coadded image of 120-240 seconds in J and 120
seconds in K. There is also partial coverage in the H band with an
exposure time of 120 seconds. The median 50 point source depths
is Jup ~ 21.4, Hap ~ 20.7, and K 45 ~ 20.3. Since, by design, the
VIKING and VHS footprints are complementary, we decided to use
also the VIKING DRS5 data in regions not covered by VHS. The
DES + VIKING coverage is about 500 deg?, providing along with
VHS, almost the entire DES footprint. VIKING has a median depths
at 50 of Jup ~ 22.1, Hap ~ 21.5, and K 45 ~ 21.2 across all imaged
regions (~ 1350 deg?). Lastly, for the AIIWISE survey we will use
only W1 and W2 bands, which is >95 per cent complete for sources
with W1 < 17.1 and W2 < 15.7 (in Vega system).

Some quality cuts were initially applied to the matched catalog,
such as IMAGFLAGS_ISO-i,z,Y = 0 from DES DR2 and
J,H,K{s}ppErrBits < 255, to ensure that the object has not
been affected by spurious events in the images in i, z, ¥, J, H
and K, bands. We also imposed a magnitude limit cut of z <
23 (DES) and a simultaneous So level detection in the i, z, Y
(DES) and J (VHS + VIKING). We did not apply any standard
star/galaxy separation because they are not as efficient for relatively
nearby sources with significant signature of proper motions on their
coadded DES images. In this work, we adopted the PSF_MAG_1, z, Y
magnitude type from DES and apermag3_J, H, Ks from VHS and
VIKING catalogues. Also, all DES magnitudes and colours are in
the AB system and the VHS + VIKING and AIIWISE magnitudes
and colours are in the Vega system.

It is important to mention that for sources with significant proper
motions, a matching radius of 2 arcsec may be too small. This
matching radius will work except for the very nearby (< = 6 pc)
or high-velocity (> 50 kms™!) cases. Therefore, a small percentage
of ultracool dwarfs will be missing from our catalogue due to this
effect. The matching between DES data and others surveys provides
a broad photometric baseline, spanning from the optical to the
infrared. All these bands will be later used to construct empirical
templates, perform the colour selection and photometrically estimate
the spectral type of our UCDs candidates. The entire selection and
classification process is summarized in Table 1 where every step is
highlighted along with the corresponding section in this paper.

2.2 Known ultracool dwarfs

The sample from Best et al. (2020; hereafter B2020 sample)
contains the most up-to-date compilation of ultracool dwarfs with
spectroscopic confirmation. The complete sample has 2940 sources,
with spectral type ranging from M3 to Y2. This compilation includes
spectral types from optical and NIR. When both are available for a
source, the authors recommend using optical types for M and L
dwarfs and NIR types for T dwarfs, given that these are the spectral
domains of the dominant features required for spectral classification
in each case. From this catalogue there are 388 sources located
in the DES footprint, and 292 of them are classified as L or T
dwarfs. For the construction of the templates, we excluded objects
flagged in the B2020 sample as unresolved binaries and sub-dwarfs.
We first matched the B2020 sample of L and T dwarfs with the
DES DR2 catalogue and found 227 objects in common. Since we
have a small number of objects between the B2020 sample and
DES, we decided to adopt only in this step a positional match of



Table 1. Steps used in this paper to select and classify L and T dwarfs using
DES-+VHS+VIKING + AIWISE.

Step Description Number of targets Section
0 DES Y6 (DR2) 691483 608 2.1
1 z2<23
SNR; y > S0
IMAFLAGS 1SO.i,z,Y =0 602366 2.1
(i-2)ap > 1.20
(z=Y)ap > 0.15
2 Matching 2 arcsec DES
+VHS + VIKING
(YaB—JVega) > 1.55 164 406 2.1
SNR; > 50
J, H, K;ppErrBits > 256
3 Matching 2 arcsec DES + AIIWISE 76 184 3
4 Photo-Type classification > LO 53565 4
5 After removal of extragalactic 19449 52
contamination
6 Recover by proper motion criterion 141 53
7 From the literature 5484 54
8 New candidates 14099 55

Note. First, a magnitude limit is imposed in the z band, quality cuts are
applied to the data to remove spurious targets and colour cuts (i-z), (z—
Y), and (Y-J) are applied to select only the reddest objects. These are the
sources that enter into the classification method. Next, we imposed that every
object must have six or more bands and spectral type LO or later. Then,
extragalactic contamination is removed and the proper motion is assessed to
recover objects erroneously assigned as extragalactic sources. Finally, we list
candidates previously found in the literature and new ones.

3 arcsec. Every matched source was inspected visually using the
DES image portal tool. The remaining 65 objects were eliminated
in our selection due to quality cuts or for having a positional match
beyond the limit. Then we matched B20204+-DES DR2 with VHS
DR6 and VIKING DRS resulting in 185 objects in common. The
42 lost objects in the match between DES and VHS + VIKING
are due to lack of data or positional match beyond 2 arcsec or the
VHS+VIKING quality flag applied. Finally, we matched all the
B2020 sample with a combination of VHS+VIKING + AIIWISE,
regardless of DES data, and we end up with 658 objects. We take
these three steps in order to obtain as many objects as possible
to construct our colour templates. In comparison with the sample of
known ultracool dwarfs in Carnero Rosell et al. (2019), there are more
19 objects with DES magnitudes, 81 more in DES+VHS+VIKING,
and 530 more in VHS+VIKING+AIIWISE. Here, the difference
between the samples with and without DES data is due to the limited
area of the south where DES footprint is located. The combination
of VHS+VIKING + ANIWISE covers almost the entire southern
hemisphere.

2.3 Known contaminants

There are two main types of sources that we consider as contaminants
at this stage: M dwarfs and quasars at high redshift. In Carnero
Rosell et al. (2019) we used a sample of 70 841 visually inspected
M dwarfs from West et al. (2011). Here we use the Kiman et al.
(2019) compilation of spectroscopic confirmed 73473 M and 743 L
or later dwarfs from SDSS constructed from West et al. (2011) and
Schmidt et al. (2015, 2019). The match between Kiman et al. (2019)
and DES DR2, VHS DR6, and AIIWISE data resulted in 19 355
objects in common. This updated M dwarfs sample, with new DES
photometry, is fundamental for the update of our colour templates,
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used in the classification scheme. Regarding the quasars, we are now
using the quasar catalogue from SDSS DR16 presented by Lyke et al.
(2020). For this latter, we only kept objects with redshift z > 4. The
reason is that the low-z quasars have much bluer colours than the
UCDs and therefore are not relevant to our contamination analysis.

3 TEMPLATES AND COLOUR SELECTION

We updated our empirical colour templates using the samples of
known M, L and T dwarfs described previously. The construction of
the templates followed the same methodology described in Carnero
Rosell et al. (2019). For the M dwarfs (M0-M9), we used the median
colour for each spectral type as the template value. We demanded
SNR > 50 in all bands and excluded objects that were >20 from the
median. The median was then recalculated after these outliers were
removed in an interative process until convergence. For the L and T
dwarfs, because of the smaller number of objects, we fit a n order
polynomial to each colour vs spectral type relation, using the least
squares method. For (i-z), (J-Kj), (H-K), and (K;—W1) an order 4
polynomial was used; (Y-J) and (W1-W2) an order 3 and (z—Y) order
2 polynomial were used.

We re-estimated the intrinsic scatter for each colour index, assum-
ing it to be the same for all spectral types. This intrinsic scatter is
the spread in colour due to variations in metallicity, surface gravity,
cloud cover, and also the uncertainty in the spectral classification.
The procedure to estimate this intrinsic scatter followed the Skrzypek
etal. (2015) prescription. We initially adopted a first guess of intrinsic
scatter as 0.5 mag and added it in quadrature to the photometric errors
to all templates. This new uncertainty was used to weight the points
in the polynomial regression to the colour vs spectral type relation.
Then, we re-estimated the intrinsic scatter as the variance of the
best-fitting residuals with the rms value of the photometric errors
subtracted in quadrature from it. This new value was taken as our
intrinsic scatter for that colour index, irrespective of spectral type.
Finally, we re-fitted the polynomial for L and T dwarfs, using the
new intrinsic scatter. The intrinsic scatter values found with this
method are the following: o, = 0.34, o,y = 0.30, oy, = 0.37,
oy =032, oy ks = 0.30, 0w = 0.33, owi_wr = 0.34. These
values are slightly smaller than those presented by Dupuy & Liu
(2012) but more aligned with those presented recently in Kirkpatrick
et al. (2021a). Even though there might be a systematic increase
with spectral type, we will adopt a single value of 0.2 mag for each
magnitude, corresponding to 0.3 mag for each colour index. These
will later to be used to perform the spectral classification of our target
sample.

The templates for the several colour indices as a function of the
spectral type are shown in Fig. 1. Also shown are the templates
presented in Carnero Rosell et al. (2019). In comparison to our
previous templates, there are no significant changes for the M and
L dwarfs. For the T dwarfs, specially late types, colour indices have
changed typically by 0.1-0.2 mag, up to =~ 0.5 mag in a couple of
cases for T7 or later. This may be due to the clear increase in the
number of objects that now contribute to the updated fit. The redder
J-H and H-Ks colours around L4 and TO types are a known trend
caused by the effect of condensate clouds and the variability in the
clouds properties. Also, there is a blueward trend for T2 to T7 types
in J-H, H-Ks, and Ks—W1 due to the loss of the cloud decks and
the onset of CH4 absorption. However, this trend diminishes for the
latest types as very little flux remains to be absorbed by CH, (Leggett
et al. 2010). The scatter for the later T types in H-Ks and Ks—W1 is
due to the variations in metallicity and gravity. The template colours
are shown in Table 2.

MNRAS 00, 1 (2023)
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Figure 1. Colours as a function of the spectral type for the enlarged sample of known UCDs as described in the text. The dashed line indicates the new templates,
as discussed previously in Section 3, and the solid line refers to the templates presented in Carnero Rosell et al. (2019). The light-shaded area corresponds to the
intrinsic scatter of each colour. The last panel shows all the new updated templates for each colour indices used in this work.

For the colour selection of the UCDs, we follow the same method-
ology presented in Carnero Rosell et al. (2019). We analyse several
colour—colour diagrams considering the UCDs and the contaminants
samples presented earlier. The colour selection is meant to yield a
sample of UCDs sources as complete as possible, at the expense
of allowing some contamination by late-M dwarfs and extragalactic
sources. The purity of our sample will be later improved using the
photo-type classification (see Section 4). We applied an optical band
cut (i—z) > 1.20, in order to remove the quasars, and also (z-Y) >
0.15 and (Y-J) > 1.55 to remove M dwarfs and other contamination
sources. Fig. 2 shows the colour—colour diagrams where the colour

MNRAS 00, 1 (2023)

selection was applied for known contaminants, M dwarfs, and UCDs
sources. Applying the colour selection discussed above, the initial
sample has 164 406 sources in DES+VHS + VIKING data. Among
these, 76 184 objects have AIIWISE W1 and W2 bands. The next
step is to infer a photo-type for each object in the target sample.

4 PHOTO-TYPE CLASSIFICATION

To infer a spectral type for objects in the target sample, we also
closely follow the procedure described by Carnero Rosell et al.
(2019), originally from Skrzypek et al. (2015). The spectral type



Table 2. Updated template colours of MO-T9 dwarfs.

SpT i-z z-Y Y-J J-H H-Ks Ks-WI1 WI-W2
MO 0.28 0.08 1.12 0.59 0.17 0.09 0.01
Ml 0.35 0.10 1.14 0.57 0.20 0.12 0.05
M2 0.42 0.12 1.17 0.55 0.22 0.13 0.09
M3 0.50 0.14 1.20 0.53 0.23 0.15 0.13
M4 0.58 0.16 1.23 0.52 0.25 0.17 0.15
M5 0.67 0.19 1.27 051 0.27 0.18 0.18
M6 0.81 0.24 1.34 0.51 0.30 0.20 0.19
M7 0.98 0.30 1.42 0.52 0.34 0.22 0.20
M8 118 0.37 1.53 0.54 0.37 0.23 0.19
M9 137 0.44 1.63 0.57 0.42 0.26 0.23
LO 153 0.55 1.92 0.63 0.49 0.40 0.32
L1 1.53 0.54 2.05 0.63 0.52 0.41 0.31
L2 1.54 0.54 2.15 0.68 0.56 0.47 0.31
L3 1.56 0.55 223 0.76 0.60 0.56 0.32
L4 1.61 0.56 227 0.84 0.64 0.66 0.33
L5 1.68 0.58 2.30 0.92 0.66 0.74 0.35
L6 1.78 0.60 2.32 0.97 0.67 0.81 0.38
L7 1.92 0.63 232 0.99 0.65 0.85 0.43
L8 2.08 0.66 231 0.97 0.62 0.86 0.49
L9 2.26 0.69 2.30 0.91 0.57 0.83 0.57
TO 2.46 0.74 2.29 0.80 0.50 0.78 0.68
T1 2.68 0.78 229 0.66 0.42 0.70 0.81
T2 2.89 0.84 2.30 0.49 0.33 0.60 0.96
T3 3.09 0.90 232 0.30 0.24 0.51 1.15
T4 3.26 0.96 2.36 0.09 0.15 0.42 1.36
T5 3.39 1.03 242 -0.09 0.07 0.38 1.61
T6 3.46 1.10 251 -025 0.02 0.40 1.90
T7 3.45 1.18 262 —036 0.0l 0.50 222
T8 3.33 1.26 278  —039 0.04 0.72 2.59
T9 3.08 1.35 297 =030 0.15 1.10 3.00

will be assigned by the minimization of the x? relative to our new
empirical templates presented in Table 2. Only objects that have
measurements in a minimum of Nyygs = 6 bands (thus yielding
five colour indices) are considered as having a reliable photo-type.
We applied this minimum of six bands because we have observed
a substantial improvement in photo-type determination with the
number of filters available. The x2 for the k-th source and the j-
th spectral type is

Nbands Mg — g i — Cp 2
2 A g 2k, j o]
x UAmp}Aovh, iz {enh) = E <7>
- Ob,k

where m;, ; are the measured magnitudes for the source in all available
filters, and ¢, ; are the template colours for the j-th spectral type and
for the same bands. These latter are measured for all templates with
respect to a reference band (in our case, the z band). The o, ; are the
k-th source’s photometric errors added in quadrature to the intrinsic
scatter (from Section 3). As for i1, ;. ; in equation 2.1, it is the inverse
variance weighted estimate of the reference magnitude, computed
using all the source’s magnitudes, their associated uncertainties and
the given template colours for the j-th type as follows:

ZNimum Mbk—Cb.j.
_ 2
Pop = —— bk
2k.j Npanas 1 *
P o
bk

4.1 Comparison with the literature

Fig. 3 shows the comparison between the spectral type from the
literature and the photo-type method applied to the B2020 sample.
As mentioned earlier, only objects with six or more valid magnitudes
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are shown. Only one object has a misclassification bigger than four
spectral types: ULAS J223347 + 002214. However, this object is
known as a strong binary candidate (Day-Jones et al. 2013). The
accuracy' for the B2020 sample is o, = 1.7 and o7 = 1.1 for L
and T dwarfs, respectively. These values can be considered as an
upper limit to the uncertainty in the assigned type. These values
are compatible with those obtained by Carnero Rosell et al. (2019)
and Skrzypek et al. (2015). After testing the classification code, we
obtain a photo-type for each object in our target sample. We used
both DES+VHS+VIKING and DES+VHS+VIKING + AIIWISE
catalogues to estimate a photo-type. Our target sample now have
53565 objects with photo-type > L0 and six or more bands.

Besides B2020, we also expect to recover in our target sample
other UCDs candidates from the literature that are located in the
DES footprint. As explained before, the colour selection was made
considering objects that have spectroscopic confirmation, but these
are currently limited in number. We thus benefit from assessing our
sample selection by cross-matching our candidates to other sizeable
samples of candidate sources, not only because of the increased
numbers but also because this allows a direct comparison of different
photo-types.

From the 1361 objects presented by Skrzypek, Warren & Faherty
(2016), 154 are located in the DES footprint and 78 of them are
present in our target sample. The missing 76 sources are due to
three main reasons: (i) a few objects are eliminated due to the colour
selection and quality cuts applied to the DES data; (ii) some are
eliminated due to separation beyond 2 arcsec match radius; (iii) the
main reason, however, is that most of them are eliminated because
of our demand on availability of VHS + VIKING data.

Reylé (2018) presented a sample of 14915 >M7 and L candidates
from the Gaia DR2 data, of which 2224 are located in the DES
footprint. However, only 40 of them are L dwarfs candidates and the
remaining objects are M dwarfs. We end up with 248 of their objects
in our target sample, 20 of which are L candidates and the remaining
are M dwarfs (78 M7/M7.5, 102 M8/M8.5, and 48 M9/M9.5). The
missing 20 L dwarfs were eliminated by either one of the reasons
we mention above. The reduced number of M dwarfs in our sample
is due to the colour cuts imposed, as described in Section 3. Fig.
4 shows the comparison between the photo-types estimated from
our classification code and those from these two other samples of
UCD candidates. The median photo-type difference is of 0.5 for
both Skrzypek et al. (2016) and Reylé (2018) for objects with z <
19. For fainter magnitudes we can only compare to the Skrzypek
et al. (2016) sample as Reylé (2018) is limited in z < 19 in our DES
sample. For 19 < z < 21 the median discrepancy is also 0.5.

5 TOWARDS THE FINAL SAMPLE: TARGET
VALIDATION

5.1 Extragalactic contamination

As in Carnero Rosell et al. (2019), we removed possible extragalactic
contamination by running the LEPHARE photo-z code (Arnouts et al.
1999; Tlbert et al. 2006) on the target sample using both a galaxy
and quasar templates. We considered as extragalactic all sources that
satisfied the following condition: x7yjme < Xdussits WHere Xiepnare
and x 2, are the best-fitting x> values from LEPHARE and from our
photo-type code, respectively.

I T AT o
o= Z= 2 v
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Figure 2. Colour—colour diagrams for the M dwarfs (Kiman et al. 2019; blue squares), L and T dwarfs (Best & et al. 2020), shown as circles, and quasars with
z > 4 (Lyke et al. 2020; green triangles). The colour coded represents objects with spectral type LO and later. The black lines indicate the colour selection.
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Figure 3. Spectral classification from B2020 compilation against our photo-
type classification. The dashed lines represent misclassification by four
spectral types. The size of the circles scales as the cube of the number of
repeated points. The histogram on the right shows the differences between
the spectral types from the literature and our photo-types (AType).

From the 164406 objects presented in our initial sample, only
53565 have six or more bands and have a photo-type LO and later.
From this catalogue of 53565 L and T candidates, 34 116 were
flagged as an extragalatic sources by LEPHARE. Therefore, our final
L and T dwarf candidate sample are constituted by a total of 19449
objects. We also matched the 53565 L and T dwarf candidates to
SIMBAD (Wenger et al. 2000) astronomical database in order to
verify if the results provided by LEPHARE were in agreement with
the literature. We found 327 objects in common, using a matching
radius of 2 arcsec. From this list, only 63 were extragalactic sources
and LEPHARE was able to discard 56. The seven objects that remained
in the sample were discarded. As discussed in Carnero Rosell et al.
(2019), aresidual contamination by extragalactic sources is estimated
to be ~ 5 per cent.

‘We also tested running LEPHARE in the B2020 sample to verify the
effect of the code on a pure UCD sample and only one object was
flagged as an extragalactic: ULAS J222711-004547. ULAS J222711-
004547 is known in the literature as a peculiar L dwarf. Since one
ultracool dwarf was flagged as extragalatic by LEPHARE we decided to
further investigate the 34 116 sources that were flagged as extragalatic
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Figure 4. Photo-type classification from Skrzypek et al. (2016) and Reylé
(2018; x-axis) and our photo-type classification (y-axis). The dashed lines
represent misclassification by four spectral types. The histogram on the right
shows the differences between the photo-types from the literature and our
photo-types (AType).

sources using their proper motion information. In the next section we
will discuss the details.

5.2 Proper motion

In addition to LEPHARE, we used available proper motion catalogues
in order to assess the Galactic or extragalactic nature of our candidate
L and T dwarfs. If the source has a proper motion significantly
different from zero, it is likely a Galactic one. We decided to use
the proper motions from Gaia DR3 (Gaia Collaboration 2022), the
CatWISE2020 catalogue (Marocco et al. 2021), and the NOIRLab
Source Catalog (NSC) DR2 (Nidever et al. 2021). In particular, these
last two catalogues extend towards faint enough magnitudes to cover
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Figure 5. Distribution of total proper motions for ultracool dwarf candidates
in our sample. We only show here objects with well-measured proper motion
according to our criteria presented in Section 5.2.

a significant fraction (96 percent) of our target sample of 53 565.
These catalogues are responsible for several new discoveries, such
as extreme T/Y subdwarfs (Kirkpatrick et al. 2021b; Meisner et al.
2021), new ultracool dwarfs members of the Solar Neighbourhood
(Kota et al. 2022), and new wide binary systems (Kiwy et al. 2022;
Softich et al. 2022). It is important to mention that in our sample of
53565 L and T candidates, only 320 sources have Gaia DR3 proper
motion measurements (this includes objects with RUWE < 1.4 that
ensures a good astrometric solution).

We apply o ,/i < 0.5 for all catalogues as a criterion for them to
be considered Galactic sources. In the case of NSC, for some objects
with large proper motion errors, o, > 1000 mas yr~', we felt the need
to apply a more stringent selection criterion, o', /i < 0.1. Considering
objects with Gaia DR3 proper motion measurements, for instance,
only 12 out of the 320 sources are classified as an extragalactic
source by LEPHARE. However, 11 of them have proper motion from
Gaia DR3 that satisfy our criteria. For the remaining objects flagged
as extragalactic, 25039 have proper motion measurements from
CatWISE and NSC catalogues. In this case, 130 satisfies the criteria
presented above. In total, 141 objects return to the L and T candidates
sample. We conclude that proper motion data in conjunction with
our adopted criteria do serve as a means to recover Galactic sources
mistakenly classified as extragalactic by other means. Therefore, we
have now 19 583 L and T dwarf candidates in the final sample. Fig. 5
shows the distribution of total proper motion (1, = \/H2.pss + H7)
for the objects that satisfy the condition o,/ < 0.5 at least in one
catalogue (Gaia DR3, CatWISE2020, or NSC DR2). This sample
has 9278 objects.

5.3 Comparison with our previous work

From the objects presented in Carnero Rosell et al. (2019), 10440 L
and T dwarfs are present in the initial 164 406 sample of this paper
(see Table 1). The missing objects are due to a combination of slight
changes in the DES footprint, the quality selection made in the target
sample, changes in flags and photometric error criteria, and of lack
of data in VHS + VIKING catalogues.

Imposing that the target must have six or more bands, something
that was not applied in the past work, we end up with 8512 in
common. However, 5342 objects are now classified as L or later.
The remaining 3170 are now classified as M9. This large migration
across the M9/L0 border is expected due to the larger intrinsic scatter
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Figure 6. Photo-type comparison between our new classification and the
results from Carnero Rosell et al. (2019; AType). The histogram in the right
shows that the vast majority of the objects have a difference of one spectral
type, most now being classified as a slightly earlier type.

adopted here when compared to the previous work, as explained
in Section 3. Besides, we used the GalmodBD simulation code
(Carnero Rosell et al. 2019) to estimate the reverse effect, namely
the contamination of M dwarfs to this new sample. We expect that
~ 30 percent of our sample is made up of late M dwarfs, the vast
majority of them of M9 type. This is again somewhat larger than the
15-20 per cent estimated in our previous work. We should emphasize,
however, that that this contamination is from sources of a very similar
nature to our target L dwarfs. From the 5342 L and T dwarfs still
present on our sample, 24 were flagged as an extragalactic source
either by LEPHARE or were listed in SIMBAD database. However,
two flagged by LEPHARE have a proper motion measurement that
satisfied our criteria. Therefore, in the end, 5320 original L and T
dwarfs from Carnero Rosell et al. (2019) remain in the new sample
presented here, while most of the missing ones are now classified as
late M type. Fig. 6 shows the comparison between the photo-types
from the previous work and those of the new candidate sample for
objects in common.

5.4 New ultracool dwarf candidates

In total, 19583 objects remain in our candidate sample, following
all the criteria presented earlier. However, from this sample, 142 are
included B2020, 5257 additional ones were presented in Carnero
Rosell et al. (2019), 26 from Reylé (2018), 5 from Skrzypek et al.
(2016), and 54 from SIMBAD (mostly late-M dwarfs from other
references, hence surveys, than those used here). There are 14 099
new UCD candidates. The table containing the ultracool dwarf
candidates is available at https://des.ncsa.illinois.edu/releases/other
/Y6-LTdwarfs.

Fig. 7 shows the photo-type distribution vs photometric distance of
the candidate sample of UCDs from this work. The final sample has
only objects with six or more bands (used to estimate the photo-type),
Hlassit < Xfcpmm (or otherwise total proper motion significantly
different from zero, if available) and a photo-type >L0. Here we see
that this new sample is probing larger distances than those presented
in Carnero Rosell et al. (2019). We now reach over 600 pc, while in
our previous work we reached ~ 480 pc.

‘We estimate photometric distances for our candidates following
the same procedure explained in Carnero Rosell et al. (2019). We first
calculate the absolute magnitudes for the UCD templates discussed in
the previous chapter for all photometric bands and spectral types. We
do that by using the template colours shown in Table 2 and anchoring
the absolute magnitude scale to the My, values presented by Dupuy &

MNRAS 00, 1 (2023)
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Figure 7. Distances as a function of photo-type. Distances have been
calculated using the average value from the distance modulus obtained using
all available bands. The colour scale represents the density. Most ultracool
dwarf candidates are early L at distances smaller than 650 pc.
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Figure 8. Comparison between our photometric distances (d,) and distances
from the B2020 compilation (dy), which has a mixture of trigonometric
parallaxes and photometric distances. Our photometric distances tend to be
slightly underestimated compared to those presented in B2020.

Liu (2012). The distance for each UCD candidate in our sample is
then determined from all its available apparent magnitudes and the
template absolute magnitudes corresponding to its assigned spectral
type. The mean distance over all available bands is assigned as the
UCD distance. The distance uncertainty is obtained considering the
photometric errors added in quadrature with the intrinsic scatter for
each available band. We did not apply any correction for extinction,
since this is expected to be small for the passbands we used and
towards the relatively high Galactic latitudes covered by our sample.

We checked our photometric distances comparing with those
presented in B2020, which comprehends several parallax and pho-
tometric measurements from the literature, as shown in Fig. 8. Our
photometric distances tend to be slightly underestimated relative to
those from B2020. This effect results from a tendency of assigning
later types for the objects. Comparing our distance estimates and
those from B2020 that have trigonometric parallax distances, the
typical error in our photometric distances is ~28 per cent. Also, the
systematic offset seen in the figure, in the sense of our distances
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being underestimated, is 18 per cent when we considered all objects
from B2020, independent of the distance measurement method.

6 UCD CANDIDATES CATALOGUE
APPLICATIONS

6.1 Young moving groups and association candidates

Young moving groups and associations contain young stars (~ 10—
100 Myr) and substellar objects whose similar kinematics imply
that they originated in the same star-forming region. The members
of a young association are a coeval population, where stars can
serve as benchmarks to constrain metallicities and ages for substellar
objects and to study models of star formation, for instance. Since our
search targeted the general ultracool dwarfs population, we used the
BANYAN X code (Gagné et al. 2018) to estimate if any object in our
sample is likely a moving group candidate member. The BANYAN
X algorithm uses a compiled list of bonafide members of 29 YMGs
and associations within 150 pc of the Sun and field stars within
300 pc to compute membership probability given the sky position,
proper motion, distance, and radial velocity of targets using Bayesian
inference. In our analyses, we divided the sample into: (i) targets with
Gaia DR3 information; (ii) targets with CatWISE or NSC proper
motion. For these latter, we also demanded that o,,/u < 0.5. Also,
we added in the samples radial velocity measurements from the
literature when available.

It is important to mention that we ran BANYAN X twice if the
object has CatWISE2020 and NSC DR2 proper motion. In this case,
we only kept candidates whose BANYAN results were the same.
We found that 60 objects among our list were already reported in
the literature as moving groups candidate members. The recovered
members are shown in Table 3 and Table 4 along with new candidates.
Table 3 contains only the objects with proper motion and parallax
from Gaia DR3. Table 4 contains objects with proper motion from
CatWISE2020 and NSC DR2, photometric distances, and BANYAN
X probabilities according to the catalogue used. We also added in
both tables the spectral type from the literature (when available)
besides our photo-type. The objects from the literature have added
to their spectral type the gravity subtypes «, 8, and y to designate
objects of normal gravity, intermediate gravity, and very low gravity,
respectively. Also, the § suffix denotes objects with an even younger
age (typically less than a few Myr) and lower surface gravity than
those associated with the y suffix (Kirkpatrick et al. 2006).

The YMGs candidates (new and recovered) that we found are:
20 in AB Doradus (AB Dor, 110-150 Myr; Luhman, Stauffer &
Mamajek 2005; Barenfeld et al. 2013), six in B Pictoris (8 Pic,
22 £+ 6 Myr; Shkolnik et al. 2017), 11 in Columba (Col, 42 tj
Myr; Bell, Mamajek & Naylor 2015), one in Carina (Car, 45 f;l
Myr; Bell et al. 2015), three in Carina-Near (CarN, 200 % 50 Myr;
Zuckerman et al. 2006), one in Octans (OCT, 35 & 5 Myr; Murphy &
Lawson 2015), and 25 in Tucana-Horologium (THA, 45 £ 4 Myr;
Bell et al. 2015). We did not include any candidate member from
Argus association considering its high level of contamination (Bell
et al. 2015).

We found 20 new candidate members to young associations
with Bayesian membership probability above 90 percent, at least
in one catalogue. For objects in common with the literature, we
analysed each case individually considering not only the difference in
kinematics between this work and previous ones (our work probably
making use of more recent and robust proper motion measurements),
but also the use of BANYAN X (more recent and updated code)
results in substitution to those presented by BANYAN I or BANYAN
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Table 3. Ultracool dwarfs new candidates and members recovered from the literature of YMGs and associations.

Object RA DEC Ph.T SpT e COSS s Parallax RV Prob. Ref.
Name deg deg mas yr—! mas yr—! mas kms™!
AB Doradus
Recovered previously candidate members
J003256-440507 8.2335 —44.0854 L3 LOy 127844028 —96.83+0.31 28954042 - 99 per cent 2,356
J013847-345232 24.6981 —34.8756 L0 - 7499 £0.47 —52.01+£0.38 18.76 & 0.63 - 93 per cent 3
J031645-284853 49.1886  —28.8149 L2 L0 103.90 £0.22 —94.71 £0.30 30.23 +£0.34 - 98 per cent 1,2,7
1032529-431230 51.3728 —43.2084 M9 66.79 £0.26 —20.77+£0.30 18.49 £0.25 - 88 per cent 1
J043350-421241 68.4578 —42.2114 M9 5723 £026 —2937+0.29 22924024 - 93 per cent 3
J220645-421723 331.6883  —42.2900 L6 128.67 £0.90 —184.88 +0.93 34.08 & 1.30 - 99 per cent 1,2,7
B Pictoris
Recovered previously candidate members
J045327-175155 73.3605 —17.8652 L3 L3 4439 +£0.38 —20.60 +0.39 33.06 £ 0.54 - 99 per cent 1,78
Carina
Recovered previously candidate members
J043531-644956 68.8773 —64.8323 LI M85 4955+ 1.33 36.32+£0.89 1849 +0.61 19.7£1.0 99 percent 1,7
Carina-Near
Recovered previously candidate members
J051929-450638 79.8699 —45.1106 L0 L2x 3943 £091  66.55+120 1847 £0.98 - 96 per cent 3
Columba
New candidate members
J051007-530626 77.5307 —53.1072  LO - 26.57+£095 20.62+131 11.18+0.83 - 90 per cent
Recovered previously candidate members
J003443-410228 8.6798 —41.0410 L4 LIp 10791 £0.80 —59.28 £1.56 21.54+1.18 - 82 per cent 1,2,7
J050816-455751 77.0682 —459641 L0 M8: 2533+£049 13.94+£0.64 11.64+045 - 99 per cent 3
J051846-275646 79.6925 —27.9460 L4 Lly 33.84+£051 —482+0.60 18.28+0.59 24.3540.19 99 percent 2,5,6,7
J055048-302006 87.6999 —30.3351 LI M9.4  20.46+0.67 —0.59+£0.85 18.50+0.74 239+ 1.4 99 percent 1,6
J055538-413349 88.9064  —41.5635 L2 L0.4 22.65+0.83 1576 £0.80 18.54 & 0.65 235+ 15 99 percent 1,6
Tucana-Horologium Association
Recovered previously candidate members
J000658-643655 1.7423 —64.6154 L0 86.20+0.19 —61.6040.21 23.17 £0.19 - 99 per cent 1,6
J003743-584624 9.4301 —58.7732 L4 Loy 86.99 +0.91 —49.954+1.05 20.64 £081  6.62+0.07 99 percent 24,67
J003815-640354 9.5629 —64.0649 LI M95p8 86.514+0.30 —47.71+029 21.75+0.27 - 99 per cent 2
J011748-340327 19.4485 —34.0574 L3 L1 10827 +£0.58 —58.0640.71 25.40+0.70 - 99 per cent 24,6
J012051-520036 20.2139 —52.0099 L4 Lly 101.59+0.89 —4485+1.17 24.26+0.94 - 99 per cent 1,6,7
J014158-463358 25.4934 —46.5661 L4 LOy 11673 +£0.35 —46.62+048 27294044 641 +£1.56 99 percent 6,7
J021039-301532 32.6612 —30.2589 L2 LOy  101.63£0.55 —44.09+0.51 24.65+048 7.82+£0.27 99 percent 2,6,7
J022155-541206 35.4799 —54.2016  LO M9 11074+ 020 —21.91+0.20 2646+0.19 10.18 0.1 99 percent 24,67
J022355-581507 359786  —582519 L4 LOy  10522£0.51 —1644+0.50 25.17+0.44 10.3640.23 99 percent 24,67
J022520-583730 36.3320 —58.6250  LO M9 B 100.88 £0.20 —14.97 £0.20 24.2540.17 10.7£22 99 percent 24,67
J022657-532703 36.7365 —534510 L3 Los 9244 £047 —1878+£0.59 21.76 +0.43 - 99 per cent 1,6,7
1023401-644207 38.5049 —64.7020 L2 LOy 87.82+0.65 —4.93+£0.75 20.81+£0.62 11.76 £0.72 99 percent 245,67
J024012-530553 40.0511 —53.0980 LO M9.5 96304024 —1422+028 2349+0.24 10.9 £22 99 percent 6,7
J024106-551147 40.2743 —55.1963 L4 Lly 99.14 £086 —133+1.15 23.86+0.80 11.734+2.44 99 percent 1,7
J024351-543220 40.9634  —54.5388 LO M9 91.71£021 —1124+0.22 22.29+0.20 112422 99 percent 6,7
J030149-590302 45.4545 —59.0506  LO M9 81.33+£0.17 —2.01 £0.19 19.88+0.15 123£22 99 percent 6,7
J031143-323945 47.9273 —32.6626 LI M9.8« 9497 +043 —24904047 25.63+0.56 10.6 £2.2 66 percent 1
J032310-463124 50.7922 —46.5232 L4 LOy 8555+0.87 —732+£089 2341+0.70 13.0%+0.05 99 percent 2,5,6,7
J035727-441731 59.3628 —44.2918 L2 LOB 76.69 £030 —0974+041 21284029 10.73+4.6 99 percent 2,5,6,7
J044010-512654 70.0409 —51.4484 L3 Loy 5598 £1.23 18.87+£194 19.08 £ 1.15 156 £2.1 99 percent 1,6
J045521-544616 73.8380  —54.7710 L0 M9 5409 £0.40 23.20+£045 19.09 +£0.32 - 99 per cent 3
J223536-590632 338.8989  —59.1089  LO M85  60.36+0.20 —84.164+0.22 21.33+£0.23 29422 99 percent 2,6,7
J232253-615129 350.7216  —61.8580 L4 L2 7929 £0.80 —80.17+£1.09 23.33+0.96 6.75+£0.75 99 percent 1,5,6,7

Note. The objects in this table have proper motion and parallax from Gaia DR3 catalogue. References: (1) Gagné et al. (2015); (2) Faherty et al. (2016); (3)
Gagné et al. (2018); (4) Naud et al. (2017); (5) Vos et al. (2019); (6) Riedel et al. (2017); (7) Ujjwal et al. (2020).

s«Photo-Type estimated using photometry.

I, for instance. 12 objects are now classified as field members (i) J003443-410228: this object was first presented in Faherty et al.
according to our results and are not presented in the following tables. (2016) and more recently in Ujjwal et al. (2020) as a THA candidate
The ambiguous objects were placed in the group indicated by our member. However, using proper motion and parallax measurements

BANYAN X run. The objects with discrepancies in the classification from Gaia DR3, we identified it as Col candidate member (83 per cent

are:

of probability).
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Table 4. Moving groups candidates with CatWISE2020 and NSC DR2 proper motion information.

Object RA DEC Ph.T SpT My COSE s My €OSS s Distance RV Prob.
AB Doradus
New candidate members
1020047-510522 30.1975 —51.0894 L8 - 167.11 £4.40 —85.81£3.9 17552+228 —68.00+2.33 22.34+2.06 - 99-99 per cent
1022609-161001 36.5383 —16.1669 L8 - 103.18 £ 6.40 —106.56 £ 5.70 109.59 +7.99 —128.34 £8.22 31.50 £2.92 - 98-99 per cent
J023618 4 004852 39.0753 0.8144 L4 - 12450 £7.10 —161.35+6.50 134.524+2.61 —168.00+£2.92 37.39 +3.45 - 92-75 per cent
J040232-264020  60.6320 —26.6722 TI - 65.09 £24.00 —59.59 +25.60 80.81 &+ 10.08 —66.82+10.00 46.43 +4.40 - 90-81 per cent
J043250-562131 68.2098 —56.3587 L4 - 2930+£7.70 2486+£640 3348222 1943+£218 5504 £5.09 - 85-95 per cent
J044842-592802  72.1762 —59.4673 L7 - 2238+£8.60 1956+720 2727+530 1299+530 53.13+£4.94 - 94-95 per cent
J050656-251439 76.7333 —25.2442 L8 - 3845+£830 —61.194+830 36.50+ 1226 —64.88 41225 41.29+3.84 - 98-98 per cent
1050928-311207 773671 —31.2018 L5 - 29914+ 10.00 —41.56+9.50 25.01+577 —32.87+5.87 5023 +4.65 - 96-97 per cent
J051244-502007  78.1825 —50.3351 L4 - 4330+£540 14754+490 43.73+247  19.18 239 3533 +3.26 - 99-98 per cent
1052114-373332 80.3095 —37.5590 L5 - 1021 £720 —3593+7.19 1546+246 —40.04+252 3579 +331 - 98-99 per cent
J053808-493406  84.5327 —49.5683 L2 - 26.25 £ 7.60 1.05 4+ 7.30 1332+ 1.86 —246+1.88 5822+538 - 81-94 per cent
Recovered previously candidate members
1032642-210208 51.6765 —21.0356 L8 L5 83.09+500 —143.70+4.50 90.57+342 —144.6043.13 19.48 +1.80 22.91 £ 20.07 65-89 per cent
J040627-381210  61.6117 —38.2028 L4 LOy 37724790 —11.14£7.50 41.90+ 538 1.90 £5.53 4770 £ 4.41 - 66 per cent
J041352-401009 63.4646 —40.1692 L4 125 5382+79 —10.1£7.1 39.45 £ 3.17 4.22+3.19 47.56 £4.39 - 76 per cent
B Pictoris
New candidate members
J045544-250107 73.9353 —25.0187 LS - 4348 £820 —0224+800 31.09+478 —9.96+495 41.724+3.86 - 89-98 per cent
1202436-544944  306.1502 —54.8289 L8 - 37.74+£10.60 —86.00£9.90 53.44 4 11.51 —82.63 £11.65 42.28 +3.94 - 88-98 per cent
1213422-582853  323.5926 —58.4814 L8 - 6187 £14.10 —93.82+13.00 85.69+511 —8891+£522 43.144+4.01 - 62-92 per cent
Recovered previously candidate members
1034209-290432 55.5391 —29.0755 L3 LOB 37.26+72 0.44 + 6.6 60.95£2.78 —7.794+290 4231+391 - 93 per cent
J053620-192040  84.0834 —19.3445 L6 L2y 31.734+550 —13.04+£5.60 33.24+248 —18.65+2.54 22584208 22.06+0.70 99-98 percent
Carina-Near
New candidate members
J033555-443916  53.9784 —44.6545 TS - 161.37+17.90 133.76 £ 17.60 209.40 £6.07 12557 £5.88 27.03 +2.59 - 86-95 per cent
J042013-253924  65.0526 —25.6567 L6 - 90.09£9.30  71.09+£9.20 9523 +4.99 63.46+4.85 4272+4.82 - 79-92 per cent
Columba
New candidate members
J043838-460256  69.6573 —46.0488 L5 - 38.75 £ 8.20 7.94 +7.60 39.61 +2.85 1401 £2.88  48.05 +4.44 - 67-94 per cent
Recovered previously candidate members
J031819-643322  49.5772 —64.5561 L2 - 48.75 £ 7.80 9.05 +7.00 48.62 £2.32 8.18 £2.28 59.03 £546 126+24 54 per cent
1041859-450741 64.7453 —45.1281 L4 L3y 6044 +£590 1526+500 5856 +2.65 8.00 £2.51 38.00+£3.51 15.1+21  83-92 percent
J051050-184356  77.7070 —18.7321 L3 L2 81.774+580 —50.12+6.1 83 +3.01 —44.10£2.98 31.86+294 232413  97-55 percent
J054008-364218 85.0345 —36.7050 L4 123 2147 +69 —323+68 2945+252 4.49 +2.56 38.17 £3.53 - 99 per cent
Octans
New candidate members
J005503-533413 13.7636 —53.5703 LO - 31.60 £9.30 2861 £840 2923 +1.58 1656 £1.67 77.06+£7.13 - 96-71 per cent
Tucana-Horologium Association
New candidate members
J024725-492032  41.8555 —49.3423 L8 - 109.25 £7.60 —16.97 £ 6.60 106.75 £ 10.08 —28.82 4+ 10.09 50.02 & 4.71 - 92-80 per cent
Recovered previously candidate members
1203345-563535  308.4365 —56.5931 L3 LOy —395+£6.7 —74194+6.6 13.69+£247 —84.69+2.72 40.66+43.77 - 56 per cent

References: (1) Gagné et al. (2015); (2) Faherty et al. (2016); (3) Naud et al. (2017); (4) Vos et al. (2019); (5) Riedel et al. (2017); (6) Ujjwal et al. (2020). Candidates both new and

recovered from the literature are listed.

(ii) J031645-284853: Faherty et al. (2016) presented as ambigous
AB Dor member by BANYAN II. More recently, Ujjwal et al. (2020)
classified as THA candidate member. Here using Gaia DR3 proper
motion and parallax we classified as AB Dor candidate member
(98 per cent of probability).

(iii) J040627-381210: Riedel et al. (2017) classified this object
as field member using the LACEWING code. However, Faherty
et al. (2016) presented as Col candidate member using BANYAN
II, Octans by LACEWING and field object by BANYAN I. Here, the
use of NSC proper motion into BANYAN X also indicated as field
object (66 per cent probability).

(iv) J041352-401009: Gagné et al. (2015) classified this object as
Col candidate member. The BANYAN X classified as 8 Pic member
when we used the NSC DR2 proper motion (32 per cent probability)
and as AB Dor member using CatWISE2020 data (76 per cent of
probability).

(v) J034209-290432: Gagné et al. (2015) and Riedel et al. (2017)
classified this object as THA candidate member. Here, BANYAN X
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classified as field member when we used the CatWISE proper motion
(94 per cent probability) and as a 8 Pic using NSC DR2 (93 per cent
probability).

(vi) J041859-450741: Faherty et al. (2016) presented as am-
biguous THA member by BANYAN II and AB Dor candidate by
LACEWING and BANYAN 1. Both Vos et al. (2019) and Riedel
et al. (2017) identified this object as AB Dor candidate member.
Here, BANYAN X identified as Col candidate member.

(vii) JO31819-643322: Gagné et al. (2015) presented this object
as THA member. Here, BANYAN X classified as field using NSC
proper motion (99 percent probability) and Col member using
CatWISE2020 (53 per cent probability).

(viii) JO54008-364218: Gagné et al. (2015) classified this object
as Col candidate member. Here, BANYAN X classified as B Pic
member when we used the CatWISE2020 proper motion (76 per cent
probability) and as Col member using NSC DR2 data (99 per cent
probability).
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Figure 9. Colour J-K; vs absolute magnitude in J band. The left-hand panel shows all the 19 583 ultracool dwarf candidates. The mid panel shows only
ultracool dwarfs candidates with significant proper motion. The right-hand panel shows the photometric variable objects identified in the Dark Energy Survey
Y6 variability catalogue. The points with black contour represent the 28 young candidate objects among the variable sample. The shaded background is made

up of all sources from the middle panel.

(ix) J203345-563535: Gagné et al. (2015), Faherty et al. (2016),
and Riedel et al. (2017) presented this object as THA member.
Here BANYAN X classified as field member when we used the
CatWISE2020 proper motion (99 per cent probability).

Despite the recovered and new candidate members to younger
populations, still the vast majority of 99.1 percent of our sample
that has significant proper motion is composed of field objects. Also,
it is important to mention that the comparison between our photo-
type estimate and spectral type from candidate members of young
associations from the literature shows a systematic discrepancy of up
to +4 types in some cases. This may be the effect of deviant colours
attributed to enhanced dust or thick photospheric clouds, that shift
the flux to longer wavelengths in young objects (Faherty et al. 2016).

6.2 Variability

Photometric variability can help to understand atmospheric inho-
mogeneities in ultracool dwarfs, as it is sensitive to the spatial
distribution of condensates as the object rotates. It has been studied
in the more massive field L and T dwarfs, but still the variability of
the younger and low-gravity objects is less understood. For instance,
only a small sample of variability in low-gravity objects (Metchev
et al. 2015; Vos et al. 2019) has been detected so far.

Here, we first used DES Y6 variability catalogue described in
Stringer et al. (2021) to search for variable sources among our 19 583
ultracool candidates sample and we found 291 of those. There are
several available statistics to select variable sources in this particular
catalogue. The reduced x 2 (RED_CHISQ_PSF_grizy > 3.3) seems
the most efficient to separate variable objects, for instance RR Lyrae,
from standard stars. From these 291 variable candidate sources, 130
are also in the Transiting Exoplanet Survey Satellite (TESS) Input
Catalog (Stassun et al. 2018), 28 are young objects already identified
in the literature and that were discussed in the previous section and
are presented in Tables 3 and 4. It is out of the purpose of this work
to further analyse in detail these variable candidates. However, this
type of sample may be a starting point for studies regarding the
cloud formation and dissipation on brown dwarf atmospheres and to
assess if low-gravity objects are more likely variable than their field
ultracool dwarfs counterparts (Metchev et al. 2015).

Fig. 9 shows colour—magnitude diagrams for the entire sample
of ultracool dwarf candidates presented in Section 5 (left-hand
panel), for ultracool dwarf candidates that have significant proper

motion (satisfy the criteria from Section 5.2; middle panel), and
for the photometrically variable candidates identified in the DES
variability catalogue (right-hand panel). From these latter, the 28
young candidate objects mentioned above are highlighted. Abso-
lute magnitudes were calculated using our photometric distance
estimates. The variable sources seem to roughly follow the same
colour—magnitude properties as our full sample of ultracool dwarfs.
We may not see subtle redder colours for the highlighted young L
types because according to our methodology we tend to attribute
later spectral types for young objects, as mentioned in the previous
section. Here, 10 per cent of the young (LO-L7) candidate members
to moving groups show photometric variability, a lower fraction
when compared to Vos et al. (2019) that found 30 féﬁ per cent for the
frequency of variable young objects in LO-L8.5 spectral type range.
The remaining variable objects span the LO-T3 range of photo-types.
We find that they correspond to 1.3 per cent of the total populations in
the range LO-L8, and 7 per cent in the range L9—T3. These numbers
are qualitatively similar to Radigan (2014), who found a higher
variability of 24 1! percent for the L9-T3.5 range as compared
t0 3.2 *2% per cent outside the L/T transition.

6.3 Wide binary candidate systems

We also search for binary systems constituted by two ultracool dwarfs
(L+L,L+T,T + T). This type of system is very interesting, since
widely separated ultracool dwarf binaries are quite rare, especially
considering field ages. A large number of wide binary systems in the
Galactic field could in fact rule out formation scenarios where very
low-mass and substellar objects are ejected from the protocluster due
to dynamical interactions (Reipurth & Clarke 2001; Bate & Bonnell
2005). Due to their low binding energy, they are unlikely to survive
this dynamical process.

A search for this type of binary system was previously presented
in dal Ponte et al. (2020) using the sample of UCDs selected with
the first DES data release. Here we used the same methodology and
presented a new and updated list of this type of system. We used our
UCD candidates catalogue to search for binaries, where we computed
a search radius for each UCD and checked if another ultracool dwarf
appears inside this individual radius. The search radius was defined
as a projected separation of 10000 AU evaluated at the lower limit
in distance of the UCD.

MNRAS 00, 1 (2023)
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Table 5. The common proper motion and distance pair candidates identified among the UCD sample.

Sep

D Position (deg) Ph.T Proper motion (mas yr~!) Distance (pe) (arcsec) Ref. Flag
an 5a ap 5 A B Ha coSS s I COSS s da dp

New Candidate Systems
J004316-320343 10815 —32.062 10800  —32.110 T2 L9 —11.17+18.00 46.72+17.00 —19.65+1420 5160+ 1380 41.86+£393  4134+385 1765 5 101
1020903124420 32262 —12739 32262 12738 LO LO 245+478  2289+515  0.69+£492  3354+533 15546+ 1481 151941445 542 5 110
1022636-013744 36.651 —1.629 36651  —1.629 L0 LO 605+4.04  —3840+£404 079+£401  —3745+401 16628+16.12 16859+1637 24 5 110
J030422-135839 46000  —13.977 46049  —14016 L6 L8 10939+ 138  45.14+134  13271£36.1 32354379  5530+515  90.09+9.53 1994 5 000
Recovered systems
J013036-444542 22,648 44761 22649  —44761 L8 LO 12498384 33634483 11631+ 144 27874174  27.00£250  27.84+2.57 31 2 110
J014611-050851 26547 5147 26546  —5.147 L4 L7 8178+ 198 21851+ 193 80.51+£4.84 21401475 2951+273 4507 +£4.18 32 3 110
J055146-443411%  87.941  —44.569  87.941  —44.570 LO LO —61.01 138 —1671+144 —61.02+088 —1307+0.83 7664+7.08  66.20+6.12 22 1 111
1231349-455025 348455 45840 348455 45841 L5 L4 537641233 606+ 1236  55.02+4.94 1336 £50  10625+1025 8125+7.62 41 4 000

References: (1) Billeres et al. (2005); (2) Dhital et al. (2011) (3) Softich et al. (2022); (4) dal Ponte et al. (2020); (5) This work.
#Proper motion from Gaia DR3. The ID in Jhhmm =+ ddmm format is based on the primary coordinates and the letters A and B represent a different UCD. The flag indicates 0 = common distance and common
PM. the latest based on all available catalogues, 0 = common distance and common proper motion according to CatWISE2020, and 0 = common distance and common proper motion according to NSC DR2.

For the initial list of candidates, we required that A, <20, where
A, is the total proper motion difference,

- 2 2
Ap= Aumma + AM
and A, ., and A, are the differences in proper motion between

the pair members. In the above criterion,

o, = \/Sut + 83

is the composite uncertainty in the measured proper motions, where
1,2 represent different objects of the system. We again required that
each object has o,/ < 0.5. The next step was to demand common
distances, using a criterion at the 30 level. The final list has four new
candidates and four already known, both with common proper motion
and distance. Of these, we note that only one system (J030422-
135839) has a common distance beyond 2o, which was the criterion
adopted in dal Ponte et al. (2020). However, this system has proper
motions that are in clear agreement with each other. Table 5 shows the
new systems and those recovered from the literature. It is important
to mention that not all systems presented in dal Ponte et al. (2020)
were recovered here. The main reason is that some objects are now
classified as M8 or M9 and therefore are not in the sample used for
this new search.

To obtain the chance alignment probability we used the GalmodBD
simulation code, which computes expected Galactic counts of ultra-
cool dwarfs as a function of magnitude, colour, and direction on the
sky. The code also creates synthetic samples based on the expected
number counts for a given footprint, using empirically determined
space densities of objects, absolute magnitudes and colours as a
function of spectral type. We computed the expected number of
UCDs in a given direction and within the volume bracketed by
the common range of distances and by the area within the angular
separation of each system. For all the four new binary candidates,
the probability of chance alignment is < 0.004 per cent.

7 SPECTROSCOPIC CONFIRMATION OF 12
ULTRACOOL DWARFS

‘We undertook a spectroscopic project to further assess our UCDs
search and classification methods. We got ~22 h of Gemini/GMOS
time to obtain spectra for a small fraction of our UCD candidates,
12 objects in total. The target sample for the spectrocopic follow up
was taken from dal Ponte et al. (2020). We have selected candidates
that are more probable to be wide binary systems and for which the
technical design will give us the best success rate. We also demanded
the pair members to have a difference in distance modulus that was
within 1.5 (1.0) from the typical expected difference given their
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uncertainties. Finally, we avoided the largest physical separation
pairs to reach the final target sample. Our targets have magnitudes
within the range 19 < zpgs < 21.5 and the preference was given for
the systems composed by two L dwarfs. The purpose of this follow up
spectroscopy was to confirm their nature, i.e. confront spectral type
with our photo-type method and also to re-calculate the distances.

7.1 GMOS observation and data reduction

The selected UCDs were observed using the 8-m Gemini-South
telescope with the Gemini Multi-Object Spectrograph (GMOS; Hook
et al. 2004). The observations were carried out through the months
of September to December 2019 as part of the programs GS-2019B-
Q-230 (band 2) and GS-2019B-Q-312 (band 3). We used GMOS
with the R150 grating and the OG515 blocking filter to deliver a
R~600 resolution, across the 7000-10000 A; range. For all targets,
three spectra, centered at 7900, 8000, 8100 A; at 7’ filter were taken
for each source, to cover the small gaps between the three GMOS
detectors, and a focal plane unit of 1 arcsec was selected. We binned
both in spatial and spectral direction to 4x4 pixels to increase our
signal-to-noise (SNR) ratio. For every change in central wavelength,
a flat and a CuAr frame was taken immediately following the science
exposure. Table 6 shows the observation log for all the objects
observed with GMOS. The individual spectra for the same source
were rebinned preserving flux and combined into a single coadded
spectrum using standard routines. The typical SNR per pixel for the
coadd spectra is ~ 6.

The objects UCD 1, UCD 3, UCD 10, and UCD 8 are wide
binary systems candidates presented previously in dal Ponte et al.
(2020) as composed by two L dwarfs. As an observation strategy, we
place both objects (L dwarfs) of each system on a single long-slit to
obtain two spectra at the same time. The data reduction was carried
out using the standard GMOS pipeline contained in the GEMINI
IRAF/PYRAF package. The basic steps include bias subtraction, flat-
field correction, and wavelength calibration and for the extraction of
the spectra we use the APALL pipeline. The spectra have not been
flux calibrated and corrected for telluric absorption.

7.2 Ultracool dwarfs spectral types

To determine the spectral type for our UCDs we use a simple x>
minimization relative to templates taken from Kirkpatrick et al.
(1999). The templates were smoothed down and rebinned to match
our resolution and wavelength range of 7200-9400 A;. We also
visually inspected the five best-fitting templates to check the accuracy
of the fit. For the instrumental fluxes, we attributed a Poisson
fluctuation in the detector counts for every . We also multiplied



Table 6. Observation log of the selected ultracool dwarfs.

Name Obs. Date Airmass A (A) Exp. Time
GS-2019B-Q-230

UCD 10 2019-09-30 1.35 7900 30.0
2019-10-07 1.37 7900 30.0
2019-10-07 1.28 8000 45.0
2019-10-07 1.22 8100 42.0

UCD 1 2019-10-07 1.16 7900 30.0
2019-10-07 1.25 8000 68.8
2019-10-07 1.25 8100 42.0

UCD 3 2019-11-30 1.06 7900 30.0
2019-11-30 1.07 8000 45.0
2019-11-30 1.12 8100 42.0

UCD 11 2019-12-01 1.36 7900 26.6
2019-12-01 1.50 8000 30.0
2019-12-01 1.73 8100 40.0

GS-2019B-Q-230

UCD 36 2019-09-04 1.36 7900 60.0
2019-09-04 1.21 8000 60.0
2019-09-04 1.16 8100 45.0

UCD 8 2019-09-22 1.38 7900 30.0
2019-09-28 1.33 8000 30.0
2019-09-28 1.25 8100 30.0

UCD 6 2019-09-30 1.17 7900 60.0
2019-09-30 1.12 8000 22.16
2019-10-06 1.22 8000 30.0
2019-10-08 1.26 8100 45.0

UCD 12 2019-10-06 1.13 7900 60.0
2019-11-20 1.13 8000 15.0
2019-11-21 1.11 8000 45.0
2019-11-21 1.11 8100 45.0

Note. The central wavelength is in A; and the exposure time in minutes.

the templates by a normalization factor before comparing them to
each UCD spectrum. This normalization factor is given by

293
fkl Fl UXspectra
=
f)k] Fluxemplate

where the integrals in the numerator and denominator are over the
instrumental fluxes of GMOS and template spectra, respectively,
within the spectral range of our analysis (1 = 7200-9400 A).

Fig. 10 shows the spectra and the lowest x> template, along
with this best match spectral type. Table 7 shows the photo-type
estimated in Carnero Rosell et al. (2019) and the new photo type
estimation as presented earlier. The photo-type previously estimated
has an typical uncertainty of one or two types due to the method
adopted. As discussed previously, to obtain photometric distances we
compared the photo-type with our empirical model grid to estimate
the absolute magnitude and then obtained the distance modulus for
each object. Following the same methodology, but now using the
spectral type estimated from the template fitting, new distances were
calculated and are shown in the last column of Table. UCD 1, UCD
3, and UCD 10 remain wide binary candidates based on the new
distances measurements whereas UCD 8 is discarded as a common
distance pair. This latter, in fact, is an interesting pair of sources.
Their apparent magnitudes are quite similar in most filters and they
are about 1 arcmin apart from each other on the sky. Their proper
motion information comes from the CatWISE catalogue and is not
precise enough to help assessing the nature of the pair. On the other
hand, their Gemini/GMOS spectra are best fitted by an M8 and LO

Ultracool dwarfs candidates from DES Y6 13

template, respectively for the a and b components. In Appendix A

we compare their spectra to other similar templates, showing the
difficulty in attributing a spectral type with precision better than £2
in some cases.

Also, the comoving candidate systems still have large uncertainties
in their proper motion measurements, rendering current kinematical
information not an efficient diagnostic. The spectra presented in this
section are a basic sanity check that we are in fact selecting ultracool
dwarfs and our method to estimate spectral types works as expected,
with an accuracy of £2 types.

8 CONCLUSIONS

Using the recent Dark Energy Survey data release (DR2) combined
with VHS DR6, VIKING DRS5, and AIIWISE data, we were able
to identify new ultracool dwarfs candidates, probing faint and more
distant objects than those presented in the literature so far. We select
these candidates based on their colours (i-z), (z-Y), and (Y-J) up
to z < 23. We applied a classification method where a photo-type
can be attributed to each object based only on its photometry. Here
we have presented updated colour templates in our classification
scheme compared to previous work in Carnero Rosell et al. (2019),
and expanded the ultracool dwarf candidate sample to cover al-
most the entire DES footprint area, thanks to the new VHS DR6
catalogue.

In total, our new sample has 19 583 ultracool dwarf candidates,
where 14099 are presented here for the first time. The complete
sample includes 142 spectroscopically confirmed objects from the
literature, plus 5342 ultracool dwarf candidates from the literature,
where the vast majority (5257 candidates) are from our previous
work. The samples from the literature, both with spectroscopic
confirmation and candidates were used here as a validation to
our method. The method to infer the spectral type consists in a
minimization of the x? relative to empirical templates of M, L, and
T dwarfs. The comparison between our estimated photo-type with
those from the literature showed us that our photo-type is accurate
in +2 spectral types. During the classification step, we also used
LEPHARE code with templates from galaxies and quasars in order to
identify extragalactic contamination and remove those sources from
our final sample.

Our L and T candidates comprise the largest such sample as of
today. For instance, Skrzypek et al. (2016) report on finding 1361 L
and T dwarfs brighter than J = 17.5 within an effective area of 3070
deg? in the Northern Hemisphere. Their UCDs span distances out
to 150 pc, whereas our sample goes at least three times farther, out
to ~ 500 pc, and covers a solid angle 60 per cent larger. This much
larger volume, coupled with the exponential drop in density in the
Galactic disk at the high latitudes we cover, make the two samples
quite consistent in terms of the number of objects found.

We also show some applications for our new ultracool dwarf
candidates: (i) search for new candidate members to YMG and
associations; (i) photometric variable objects; (iii) search for new
wide binary candidate systems. For the first application, we used
the BANYAN X algorithm to investigate the likelihood of each
object in our sample being a member of a YMG. We found 20
new candidate members with membership probability > 90 per cent.
We also identify 291 variable candidate sources in our sample, of
which 10 percent are young objects. Also, a higher percentage of
the variable sample is concentrated in the L9-T3 range. In addition,
as presented previously in dal Ponte et al. (2020), we search for
wide binary systems composed of two ultracool dwarfs and here we
present four new candidate systems.
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Figure 10. UCD spectra (blue) and the best-fitting template (orange), ordered by right ascension. The fluxes shown are relative F in arbitrary units. The flux
of the templates was multiplied by a normalization factor prior to the fit, as explained previously. The individual members of the wide binary candidates are
identified by a,b labels.

Table 7. Objects z magnitude, photo-type, spectral type, and photometric distances.

Name RA DEC Ph.T Sp. Type z Distance

UCD 6 10.642 —3.531 LOx LO LO 2024 £0.01 195433« 176 £17
UCD 11 21.102 —44986  L2x L1 Lo 20.92 +0.02 173 £ 8% 219 +£22
UCD 12 22.886 —5.240 L2x L1 L2 20.83 +0.01 158 &+ 9x 149+ 15
UCD 36 321.070 0.484 LOx M9 LO 20.63+£0.01 2464 10x 222 £21
UCD1a 0.876 —0.216 L2x L1 L2 19.17 £0.01 74 £ 2% 70+6
UCD 1b 0.876 —0.185 L7 L8 L7 21.15 £0.02 70 & 7 64+ 6
UCD3a 74.456 —49.567  LOx M9 M8 2096 £0.02 349 £22%x 429+ 50
UCD3b 74.455 —49.565  LOx M9 M8 21.134+£0.02 371 £29% 457 +49
UCD 8 a 349.952 —52.073 LOx M9 M8 19.94 £0.01 181 £ 7% 268 + 26
UCD 8 b 349.929 —52.065 LOx M9 Lo 19.95 £0.01 176 £ 5% 160 £ 15
UCD 10 a 355.516 —61.588 LOx M9 M8 20.78 £0.01 279 £29x 416 =41
UCD 10b 355.533 —61.595  LOx LO M8 21.174+£0.02 286 £29% 445148

Note. The photo-type and the distance column is divided into Carnero Rosell et al. (2019) and new measurements
as presented in the earlier sections. All the estimates provided by Carnero Rosell et al. (2019) have * mark.
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Finally, we show here the spectroscopic confirmation of 12
new ultracool dwarfs, a basic sanity check of our selection and
classification method.
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APPENDIX: UCD 8 OBJECTS TEMPLATE
FITTING

In assessing the nature of binary system candidates involving one
or more UCD, it is important to take into account the uncertainties
in assigning a spectral type, since our photometric distances are
based on template absolute magnitudes for each type. We show
here the interesting example of the pair made by UCD 8, for which
we obtained Gemini/GMOS spectra of the UCD 8a and UCD 8b
candidate members. Fig. A1 we show these spectra along with the
templates for M8, M9 and LO. The M8 and M9 templates fit the
spectra in a very similar way. The LO template seems to be the best
fit for the UCD 8 b, while for the UCD 8 a, the M8 has the lowest
x2. As mentioned in Section 7, these two sources are particularly
interesting since the objects have very similar magnitudes in all
bands and we could expect a more similar spectral type. Because the
assigned spectral types differ by two units, however, their distances
are now inconsistent with a physical pair. More accurate distance
estimates, as well as proper motions, will be required to resolve their
nature.

3500 4
3000] —— UCD8a — uCD8b
j1047138+402649 (M8) j1047138+402649 (M8)
j0251222+252124 (M9) 3000 1 j0251222+252124 (M9)
2500 —— j0345432+254023 (LO) —— j0345432+254023 (LO)
2500 4
= 2000
'S
o 2000 4
(9
£ 15001
o 1500 -
£
£
o
Z 1000 4 1000 4
500 500
0 01
7500 8000 8500 9000 9500 7500 8000 8500 9000 9500
Wavelength Wavelength

Figure A1. UCD spectra (black) and the M8 (green), M9 (yellow) and LO (purple) templates. The fluxes shown are relative F; in arbitrary units. As in Fig. 10,

the flux of the templates was multiplied by a normalization factor.
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