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Galactic Archeologists reconstruct the formation and evolution of the Milky
Way by studying its stars. Enabled by large-scale surveys over the past ~ 5 decades
(e.g Hipparcos, 2MASS, Pan-STARRS, SDSS, Gaia), they have constructed detailed
and precise spatial, kinematic and chemical maps of the Galaxy using billions of stars.
Through these maps, a rich structure has been revealed: a young metal-poor disk, an old
metal-poor thick disk, an old stellar halo full of debris from disrupted satellite galaxies,
a Galactic bar/bulge, and a dark matter halo. These observations offer opportunities
for direct comparison with state-of-the-art galaxy formation models. However, the

lowest-mass stars and brown dwarfs (Ultracool dwarfs, UCDs) have been overlooked
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in these studies. These are low-mass (< 0.1 solar masses) objects that are not massive
enough to sustain hydrogen fusion, hence they cool down with time. Additionally, they
are more than 10,000 times intrinsically fainter than the Sun, hence their detection
has been limited to the local Solar neighborhood (> 100 pc). In this thesis, I present
a sample of 164 distant (1 —2 kpc) UCDs discovered in the Hubble Space Telescope
WEFC3 Infrared Spectroscopic Parallel (WISP) Survey and 3D-HST. I model the observed
luminosity function using population simulations to place constraints on scaleheights,
vertical velocity dispersions, and population ages as a function of spectral type, consistent
with prior simulations that predict that L-type dwarfs are on average a younger and less
dispersed population. I use this population simulation framework to predict the UCD
yield in the JWST PASSAGES survey, a similar and deeper survey to WISPS and 3D-
HST, and find that it will produce a comparably-sized UCD sample, albeit dominated by
thick disk and halo sources. By adding a set of recently-developed metal-poor models
of UCDs to my modeling framework, I predict the expected counts of UCDs in three
upcoming surveys such as the Euclid Telescope, the Nancy Grace Roman Observatory,
and the Vera Rubin Observatory. I find that these surveys will find millions of UCDs
to 10 kpc, allowing us to better probe the Milky Way Structure. In the last chapter of
this thesis, I explore the detectability of gaps in globular cluster streams with the Roman
telescope as an avenue to constrain the nature of dark matter. I find that Roman will find
gaps in Andromeda and other external galaxies up to 3 Mpc, allowing us to directly test

galaxy formation models that include dark matter.
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Chapter 1

Introduction

1.1 Galactic Archeology

1.1.1 Early Work

The study of the formation and the evolution of the the Milky Way through
the chemical, spatial, and kinematic mapping of its stars is referred to as "Galactic
archaeology" (Freeman & Bland-Hawthorn, 2002). Nancy Grace Roman (Roman, [1950)
was first to propose the idea of grouping stars in kinematic and chemistry space. The
development of galaxy formation models was tested by the discoveries of the main
structures of the Milky Way through spatial, chemical, and kinematic maps of stars near
the Sun and beyond. Piddington & Minnett (1951) was first to report the discovery of
the Galactic center using radio observations; and while galactic bars had been observed
in external galaxies, Hammersley et al. (2000) was first to report a bar structure in the
Milky Way by counting star towards the Galactic center. |Gilmore & Reid (1983) was
first to propose that the Milky Way disk might be composed of two components based on
data from a large-scale survey of 12,500 stars using photographic plates taken by UK

Schmidt telescope over an area of 18.5 sq. deg. Through their modeling of the density



of stars, they derived a vertical scaleheight (e-folding scale) of 300 pc for a thin disk
and a separate, older disk component with a scaleheight of 1350 pc. The Hipparcos
mission, launched in 1989-1993, provided a high-precision catalog of 118,2000 stars and
a lower-precision Tycho catalog of 2.5 million stars, which provided an astrometric a
reference frame, discovered multiple clusters, mapped spirals, and Galactic rotation by
surveying cepheids and constrained local kinematics. |Ibata et al.|(1994)) discovered the
Sagittarius dwarf galaxy and its associated stream and Helmi et al.| (1999) discovered
the “Helmi streams", a set of tidal debris in the Galactic halo, near the Sun believed to be
signatures of an accreted satellite. These discoveries further supported the idea that the
Milky Way was largely built from repeated accretion events. Foundational work include
Eggen et al.| (1962) who suggested that galaxies form from monolithic gas collapse, but
Searle & Zinn (1978) and [Tinsley & Larson (1979) and others showed that mergers play
a significant role in building up galaxies, and mergers are more likely to happen at earlier
times as the density in the universe is higher. In the current accepted paradigm, luminous
galaxies are a result of condensed, cooled gas in dark matter halos, which formed from
large-scale cosmological hierarchical assembly over time (A-CDM, White & Rees |1978;
Efstathiou & Silk|[1983; White & Frenk|[1991}; Navarro & Benz|1991)). In these models,

the Milky Way was built up through series of accretion events (Helmai et al.| 2018).

1.1.2 Modern Picture of the Milky Way

Modern surveys (year 2000 and later) of the Milky Way have revolutionized
our understanding of its structure and evolution by detecting and accurately measuring
stellar parameters for billions of stars. Examples include the on-going Sloan Digital
Sky Survey (SDSS, |(Gunn et al.[[2006} Aboltathi et al.[[2018)) which uses the 2.5 meter
optical telescope at Apache Point in New Mexico. SDSS has significantly contributed

to cosmology by acquiring spectra and images of galaxies in the local universe (e.g.



bayron acoustic oscillations), and distant quasars. It has benefited the field of Galactic
archaeology by measuring precise abundances, kinematics and photometry of > 100,000
stars (e.g. SDSS/SEGUE |Yanny et al.[|2009, SDSS/APOGEE Majewski et al.|2017),
surveying stellar clusters, and by finding and mapping stellar streams. SDSS was one of
the first surveys to conduct stellar spectroscopy at an "industrial" scale. Other notable
ground-based and space-based surveys include the 2-Micron All Sky Survey (2MASS,
Skrutskie et al.[2006), the Wide-field Infrared Survey Explorer (WISE, Wright et al.
2010), the Geneva-Coppen Haggen Survey (GCS, Nordstrom et al.|2004), the GALactic
Archeology with HERMES survey (GALAH, |Buder et al.|[2021), the Large Sky Area
Multi-Object Fiber Spectroscopic Telescope (LAMOST, Zhao et al.[2012) surveys, the
Dark Energy Survey (DES, The Dark Energy Survey Collaboration 2005), the H3 survey
(Conroy et al., 2019) and many more. These surveys use telescopes operating in the
optical and infrared regions of the electromagnetic spectrum for various science cases. A
significant fraction of these surveys can measure precise abundances (via stellar stellar
spectroscopy) which allows for mapping of large parts of the sky in a manner that couldn’t
be accomplished with the SDSS telescopes alone. Recently, the Gaia spacecraft (Gaia
Collaboration et al., 2018) has revolutionized the field by proving precise 6-dimensional
positions and velocities for > 1 billion stars, with a photometry and spectra spanning
the optical region (0.3-1 micron), precise astrometry , radial velocities (RV precisions of

~1-30 km/s).

The Stellar Disk

These modern surveys reveal the general structure of the Milky Way’s disks;
a young metal-rich thin disk and an old metal-poor thick disk, with an exponentially-
decaying density away from the plane and from the Galactic center. Early studies (Bahcall

& Soneira, [1980; Gilmore & Reid, |1983) performed star count experiments near the



Figure 1.1 The Galactic plane is dominated by thin young, bright disk stars obscured by
dust extinction in the Milky Way. The Small and Large Magellanic Clouds are visible in
the lower right corner.

solar neighborhood to map the disk structure but they were limited by small samples, or
imprecise photometry, or poor distance estimations. The most comprehensive analysis

of the stellar density in the Milky Way disk was performed by Juri¢ et al.| (2008) using

48 million M and K dwarfs selected by their precise colors in SDSS, covering an area
over 6500 sq. deg. By fitting a 2-component exponential density law, they derived a
scaleheight of 300 pc for the thin disk, a vertical scaleheight of 900 pc for the thick disk,
and radial scalelengths of 2600 pc for the thin disk and 3600 pc for the thick disk, in
agreement with the previous results (e.gRuphy et al.|[1996)). They also determined the

relative local fraction of thick stars to be 12 percent, in agreement with |Gilmore & Reid

(1983)); but a recent meta-analysis of Bland-Hawthorn & Gerhard| (2016) suggests that

this value is ~4 percent.
In addition to stellar density, disk structure can also be mapped by measuring

precise elemental abundances. Bensby et al.| (2003a) used high-resolution (R~48,000)

spectra of ~70 of F and G dwarfs coupled with kinematic and age information to show



that thin disk stars are older, more metal-poor and enhanced in a-elements compared to
thin disk stars implying that they are formed in progressively-polluted gas with Type Ia
supernovae. Subsequent studies (Haywood|2006; |Bensby et al. 2014, and many more)
have further confirmed this trend by using a variety of samples throughout the Milky Way.
In particular, IvezicC et al.| (2008) used over 2 million SDSS F and G-type main sequence
stars with precisely-calibrated photometric metallicities to map the structure of the disk
to distances up to 8 kpc. While they did not confirm the presence of a “thick disk", using
a combination of kinematic and spatial information they found a bimodal distribution in
metallicity: disk stars tend to peak at a higher metallicity compared to halo stars. With
samples up to billions of stars from the APOGEE, RAVE, GALAH, LAMOST and Gaia
surveys have established the presence two separate disk populations by their enrichment
in [¢/Fe] elements.

In addition to mapping the stellar density and abundance structure, large-scale
surveys have also measured the precise kinematics of stars in the Milky Way disk. Early
work by |Wielen| (1977) showed that the vertical and radial velocity dispersion of local
disk stars increases with their age. This effect is known as the age velocity dispersion
relation (AVR). It is attributed to the dynamical heating of stellar orbits due to fluctuations
the smooth Galactic gravitational potential introduced by bars, large molecular clouds
and spiral arms, or interactions with satellite galaxies (Spitzer & Schwarzschild, 1953
Sellwood & Binney, [2002; Binney & Tremainel 2008; Quillen et al., 2009). The velocity
distribution of disk stars can be modelled as Gaussians, broadening with age (Nordstrom
et al., 2004; Aumer & Binney, |2009). The velocity dispersion as a function of time
(0,(7)) and coordinate (R, ¢, z) is given by a power law (G, (R, §,z) < 6y(R, ¢,z) thR:9:2)).
In fully self-consistent models of Galactic disks, however, positions velocities, ages,
and metallicities are more accurately modeled using general distributions functions of

constants of motions (action-angles coordinates), with additional analytic prescriptions of



the enrichment and star formation history of the galaxy (Sanders & Binneyl, 2015} Binney
& Vasiliev, 2023). While collision-less dynamics and analytic models provide useful
frameworks for modeling the stellar disk, full-cosmological simulations are needed to
better understand its formation and evolution. Hydrodynamical simulations show that
the early Milky Way disk was born out of a turbulent star formation at early epochs
(> 6 Gyr ago) which explains the older, dispersed metal-poor thick disk. I further discuss
formation scenarios for the disk in Section|[I.1.3] Additionally, full cosmological contexts
are needed because interactions with satellite galaxies (LMC, SMC, Sagittarius) can
induce oscillations and disequilibrium in the disk evidenced by the recently-discovered
Gaia phase-space spiral Antoja et al. (2018]); Laporte et al. (2018)) and a collective
response of stars and dark matter Garavito-Camargo et al. (2021]).

The Milky Way disk contains spiral arms. (Lin & Shu, 1966, 1964) proposed that
spiral arms were density waves but other theories propose alternative mechanisms for
forming and maintaining spirals, such as gravitational amplification in a differentially-
rotating disk (Goldreich & Lynden-Bell, 1965} Julian & Toomre, |1966). The formation
and evolution of spiral arms in galaxies also depend on the dynamics of gas and dark
matter in galaxies, and it is an active field of research (Binney & Tremainel 2008}
D’Onghia et al., 2013). More generally, the full details of secular evolution and formation
of structure in disk galaxies (including bars, spirals, etc.) are poorly-understood |Sellwood
(2014)). The first maps of the Milky Way spiral structure was by Morgan et al.|(1952) who
used ~30 stars. These structures have been mapped over time by various studies using a
combination of gas and stellar kinematics, but some details on their morphology (e.g. the
number of arms) are still unknown (Drimmel & Spergel, 2001} Quillen, 2002} |(Quillen
et al., [2018). Additionally, there is evidence of disk flaring i.e. the continuous variation
of vertical scaleheight with radius (Lopez-Corredoira et al., [2002; Bovy et al., 2016),

and the disk also "wraps" at ~ 15 kpc (Carney & Seitzer, |1993; Lopez-Corredorra et al.,



LI I LI I B | I LI I | I LI L L I LI L L] I LI | l—
n r—=i=0.15-0.20
a I\ -
L J--L -

llllll/l'lIll/lllll\llll;\lllll]
—10000 -5000 0 5000 10000

Z (pc)

Figure 1.2 SDSS Stellar densities near the Sun (8 kpc) by Juric et al. (2008). The dashed
line is the sum of an exponential fit to the thin disk component, the dot-dashed line shows
a thick disk fit, and the halo is shown as a dotted line.

2002). Flaring and wrapping are also seen using giants stars with Gaia (Chrobakova et al.,

2022). These effects may be caused by a combination of radial migration or satellite

interactions (Kazantzidis et al., [2009; Loebman et al., [2011)).

The Stellar halo

The broad stellar density of the Milky Way halo fits a smooth spheroidal profile
(p(R) o< R™™) with a power-law index of n = 2.77 (Juri¢ et al., 2008). However, the halo
is almost entirely dominated by accreted substructure as predicted from cosmological
models (Bullock & Johnston, 2005)), as evidenced by the detection of tidally-disrupted

streams (e.g Sagittarius stream, Majewski et al.|2003). Vivas & Zinn| (2006) used a



sample of &~ 450 RR Lyrae stars in a survey covering ~ 300 degree’ on the sky to map
the density structure of the Galactic halo. Away from significant substructure, they fit a
smooth spheroid with n = 3, a rediscovered prominent substructure (e.g the Sagittarius
stream). The era of large-scale surveys has uncovered hundreds of streams in the Milky
Way halo, which are signatures of tidally-disrupted satellite galaxies or globular clusters
(Shipp et al., [2018]).

By looking at kinematics, age, and metallicity, the stellar halo can be decomposed
into two regions: an inner and an outer halo. Carollo et al.|(2007) used ~ 20,000 stars
obtained with SDSS with precise kinematics and abundances. They found a population
of inner halo stars extending from 10-15 kpc, following a nearly-prograde motion with
Galactic rotation with high orbital eccentrics. Stars in the outer halo extend to 15-20 kpc
and have a retrograde motion with a wide range of orbital eccentricities. They also
found that halo stars are generally metal-poor, with the inner halo metallicities peaking at
[Fe/H| = —1.6 while outer halo stars metallicities peak at [Fe/H] = —2.2. Subsequent
studies (Carollo et al., 2010; Beers et al., 2012) with larger samples or different surveys
have further confirmed these trends. Halo stars are generally older than > 10 Gyr (Jofré
& Weiss, [2011a).

One highlight is the recent discovery of Gaia Enceladus ( also called the Gaia
Sausage, GCSE Helmi et al. 2018; Haywood et al. [2018}; [Deason et al. 2018)). By
examining the kinematics, spatial distributions, and metallicities of stars within 2 kpc
of the Sun using Gaia and SDSS/APOGEE. Helmu et al.|(2018) reported the discovery
of a kinematic over-density in the Milky Way halo. GCSE stars have elevated [a/Fe]
abundances, comparable to dwarf galaxies and ages that are consistent with the scenario
of a single merger event with a stellar mass of 2-7x 108 M, 10 Gyr ago (at a redshift of 2).
In addition to forming the majority of eccentric inner halo stars, this merger is responsible

for heating a pre-existing disk, which triggered new star formation. Subsequent studies



(Yuan et al., [2020; Naidu et al., 2020) have confirmed these findings; though others have
proposed that the GCSE was rather a smaller merger (Lane et al., 2023)). In addition
to GCSE, Gaia has revealed a rich diversity of structure in the halo (Naidu et al., 2020;
Myeong et al.,2018), all pointing to a complex accretion history, consistent with the idea

that galaxies build up their masses from multiple accretion events.

Nuclear Star Cluster, the Galactic Center, the Bar and Bulge

A large fraction of massive galaxies host a nuclear star clusters at their center,
with masses > 10°M_,, composed of a mixture of young and old stellar populations with
a continuous star-formation process (Boker et al., 2002; Walcher et al., 2005 |2006). In
the Milky Way, the Galactic center hosts a supermassive black hole (Sagittarius A*) with
a mass of ~ 4 x 106M@ at distance 8 kpc from the Sun(Ghez et al., [2008). The discovery
was awarded the Nobel Prize in Physics in 2020. Sgr A* is surrounded by a nuclear
star cluster with a mass of ~ 3 x 10’M o (Launhardt et al., 2002). There is extreme dust
extinction (Ay ~40 mag, Ax ~2 mag) in the cluster, hence most of the structure is best
studied at infrared wavelengths. The dynamical model of the nuclear star cluster fits to
a flattened density spheroid, with isotropic velocities (Chatzopoulos et al., 2015) and
the nuclear star cluster is embedded inside a nuclear stellar disk covering a distance of
30-400 pc away from the center with a scale-height of ~45 pc.

The nuclear star cluster lives inside the Galactic Bulge. Bulges are also seen
in external galaxies and they are divided into two types: classical bulges which are
rotationally-supported spherical distribution of stars with random motions, and pseudo-
bulges (including disk-like bulges or boxy/peanut x-shaped bulges) which are stars
orbiting in the same plane and extended in the vertical direction (Kormendy et al.,|[2006).
Stars in the classical bulge are thought to come from mergers, or they are formed as part

of monolithic collapse of primordial material (Aguerri et al., 2001). However, pseudo-



bulges are thought to be a product of secular evolution of the disk (Combes et al., |1990).
The metallicity distribution of bulge stars in the Milky Way extends from metal-poor to
metal-rich (-2 to +0.5, Zoccali et al.|2008) ). Ness et al.| (2013) analyzed the metallicity
and kinematic distribution of ~28,000 stars in the Milky Way bulge. They found that
metallicity distribution of stars in the Milky Way bulge extends from -2 to +0.15 with at
least 5 different peaks associated with contamination from other Milky Way components
(e.g thick disk halo) and they did not found a clear kinematic separation between a
classical bulge and a pseudo-bulge. Bars are also observed in external galaxies (Sellwood
& Wilkinson, [1993)), and they are product of secular evolution of the disk (Combes &
Sanders, |1981). The Milky Way’s bar has been identified in gas (Blitz & Spergel, |1991}
Binney et al., [1991). However, this feature is difficult to map with stars due to strong
extinction towards the Galactic center and the Sun is embedded in the Galactic disk. The
first identification of the bar from mapping densities of stars towards the Galactic center
was done by Hammersley et al.| (2000), who measured a half-length radius of ~ 3.5 kpc.

Just like spiral arms, bars are a major source of dynamical heating in the disk.

1.1.3 Outstanding Questions in Galactic Archeology

There are many unanswered questions in galactic archaeology, here are some

topics that are most-relevant to this dissertation:

Dark Matter

The Milky Way’s mass is dominated by dark matter, and the overall shape and
dark matter content can be constrained by measuring the Galaxy rotation curve. Early
work by Vera Rubin (Rubin et al., [1980) showed that edge-on spiral galaxies rotation
curves did not match their mass profiles. Subsequent indirect evidence (e.g galaxy

clusters, cosmic microwave background, strong lensing, baryonic acoustic oscillations)
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Figure 1.3 Top left: distributions of positions and velocities for 6 million disk stars
within <1 kpc from the Sun from Antoja et al.| (2018). The phase-spiral is the signature
of dynamical disequilibrium in the disk caused by interactions with satellite galaxies
(Hunt et al.| [2022)). Top Right: identification of kinematic substructure in the Milky
Way halo by [Helmi et al.| (2018)). GCSE which merged with the Milky Way ~ 10 Gyr
ago is the largest contributor. Bottom: APOGEE Stellar abundances of Gaia stars by

Mackereth et al.|(2019a) colored by orbital eccentricities. Halo stars and thick disk are
metal-poor and move on eccentric orbits compared to thin disk stars consistent with the

merger hypothesis.
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show that non-luminous dark matter is indeed a large component of the mass of galaxies.
The nature of dark matter remains unknown. There are many proposed models including,
cold dark matter, warm dark matter and fuzzy dark matter which predict a different
abundance of dark matter subhalos, dark matter halo shape (e.g cores vs cusps) and
orientations (Bose et al., 2017; Spergel & Steinhardt, 2000; Rocha et al., 2013; Tulin &
Yu, 2018 Hui et al.,[2017; Glennon et al., 2022)). Major advances in measuring precise
motions of various tracers (e.g. stars, gas) in the Milky Way has allowed the measurement
of the rotation curve out to~ 30 kpc from the center of the Galaxy (Gunn et al., [1979;
Bovy et al., 2012bj [Eilers et al., |2019). However, distance measurements at larger
galacto-centric radii become uncertain. Detecting gaps in globular cluster streams in
the Milky Way is a complementary technique. Globular cluster streams are dynamically
cold, physically thin, and extended over large areas of the sky, hence they are sensitive
to perturbations from encounters with small dark halos (Johnston et al., 2002; 'Yoon
et al., 2011; Bovy, 2016; Bovy et al., 2017). The next generation of ground-based and
space-based telescopes will offer an opportunity to constrain the nature of dark matter

from various astrophysical tracers, in conjunction of ongoing direct detection methods.

Star Formation History and Initial Mass Function

Most of the star formation in galactic disks happens at early times where mergers
dominate, the gas density is high which makes the early disks turbulent with variability
in their star formation rates (Keres et al.,|2005; Hopkins et al., 2014} |Somerville & Davé,
20135]). It is probable that the Milky Way disk assembled in three stages as summarized
by Semenov et al.| (2023): a proto-galaxy made of metal-poor([Fe/H]< —1.5) stars
with random motions, with abundances resembling globular clusters (Oser et al., 2010;
Belokurov & Kravtsov, [2022; (Conroy et al., 2022)), followed by the formation of a

thick disk > 10 Gyr ago, evidenced by a steep metallicity gradient for metal-poor thick
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[Figure by [Price-Whelan & Bonaca (2018)) showing a gap induced in the globular cluster

stream GD-1 from a dark matter subhalo.]Stars in the stream are selected by their Gaia

proper motion and their Pan-STARRS photometry as shown in the upper and lower right

subplots. Selected stars are plotted in angular coordinates along the stream, showing a

feature (reproduced in simulations) created by an encounter with a dark matter subhalo
with a mass between 10° — 108M® (Bonaca et al., 2019)

disk stars, implying a rapid formation over 1 Gyr (Belokurov & Kravtsov, 2022)); and

finally the formation of a thin disk from secular evolution of the thin disk from angular

momentum conservation (Bird et al., 2013} [Agertz et al., 2021). The thick disk of the
Milky Way may also have formed by the GCSE merger (Bonaca et al.,[2020). However,

hydrodynamical simulations show that mergers may only play minor role in shaping

disk structure (Ma et al 2017; [Yu et al.| 2022)). Alternatively, the inner disk could also

from an "inside-out" from processes such as radial migration (Schonrich & Binney, 2009;

[Loebman et al., 2011; Bovy et al., 2016). The full details of the formation and evolution

of disks in the full cosmological context is still an open problem.

Stars are born in dense (Ny =~ 102%cm~2), cold (= 10 K), turbulent molecular

clouds, along filamentary structures (McKee & Ostriker, 2007)). One fundamental dis-

tribution is the initial mass function (IMF) which is the probability density function for

initial masses of stars right after formation. This distribution is usually parameterized as
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a power-law

M 1.1
, also expressed as
dN r
o<m 1.2
dlogM " (1.2
where I' = o — 1 or log-normal distributions
AN _ . (~logh)? (1.3)

dlogM

A power-law IMF would emerge from a scale-free process while log-normal distributions
are generally a result of a combination of multiple independent processes (Kirkpatrick
et al.l 2021). Salpeter] (1955) uses o = 2.35, while uses a broken power law o =
2.3Kroupa (2001) uses o = 2.3for masses > 0.5 solar masses, & = 1.3 between 0.08
and 0.5 solar masses & = 0.3 below 0.08 solar masses, while Miller & Scalo| (1979) and
Chabrier (2005) use log-normal distribution. Many studies have estimated the IMF come
from counting experiments in the field and clusters. Recently Kirkpatrick et al.| (2021])
derived 0.5 < a < 0.7 for field objects below < 0.1 solar masses. But, high-resolution
simulations of star formation are needed to understand the origins of the IMF.

These studies have used main-sequence, and giant stars, but most abundance-
sensitive stars are very low-mass stars and brown dwarfs. In the next section, I give a

brief overview of these objects.
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1.2 Ultracool dwarfs as an Overlooked Tool for Galactic

Archeology

1.2.1 Physical Characteristics

Ultracool dwarfs are the lowest-mass stars and brown dwarfs.Brown dwarfs
were first hypothesized by Kumar| (1962, 1963) who explored the internal structure
of stars below < 0.1M(, using numerical models. But, the first detection of a brown
dwarf was done by Nakajima et al.| (1995) who reported the discovery of GI 229B,
a cool (Teg< 1,500K) companion to an M1 star. By measuring the brightness of the
companion, they estimated a bolometric luminosity of 2 x 1075L., a radius of 0.1R.,
which corresponds a model-dependent mass of 20-50 Jupiter masses. Generally, UCDs
have effective temperatures of <3000 K, masses of < 0.1M), radii of ~ 0.1R:, and
encompass the spectral classes M,L,T and Y. The 2MASS, SDSS and other large-scale
infrared surveys uncovered the first large samples (>100) of these objects, driving the
definition of the L+T spectral classes (Kirkpatrick et al.,|1999; Burgasser et al., 2006a)).
Subsequent deep surveys (WISE, PanSTARRS, DES, UKIDSS, CFHTLES, HSP) have
pushed this to thousands of thousands of objects |[Kirkpatrick et al.|[1999, 2000; Hawley
et al.[2002; Cruz et al.[2003; Burgasser et al.[2004), including the first Y dwarfs (Cushing
et al.,[2011). Currently, there are over > 10,000 spectroscopically-confirmed UCDs in
the local neighborhood (d < 100 pc).

At younger ages (< 1Myr), UCDs interiors are well-described as an ideal gas and
gravitational contract. Further contraction becomes then halted once these interiors reach
electron-degenerate densities. Stars with masses > 0.07M, reach temperatures high
enough to fuse Hydrogen and eventually reach temperature equilibrium. Lower-mass

brown dwarfs do not sustain Hydrogen fusion and cool down with time, and they no
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Figure 1.5 Blue curves show stars, brown dwarfs with masses above 13 Mj are shown
in green and below 13 Mj are in red. Gold dots show the time where 50 percent of the
deuterium has been burned and b;ue dots show where 50 percent of the lithium has been
utilized.

further contraction as these objects are structurally supported by electron degeneracy
pressure. This leads to the so-called “mass-age" degeneracy problem; unlike stars, it is
impossible to determine the mass of a brown dwarf from the object’s luminosity alone.
The details of the interior structure of a given UCD will depend on its mass and the
metallicity (Burrows et al., 2001} 2006). More generally, whether a given UCD is a
brown dwarf or low-mass star, its lifetime is > 1 trillion years, exceeding the age of
the currently-observable universe. Figure[I.5]shows the evolutionary track of UCDs of
various masses as a function of age.

Atmospheres of UCDs are rich and complex, and show an strong dependence
on surface temperature, gravity and metallicity. Major work on characterizing UCDs
atmospheres has been undertaken over the last ~25 years, starting with establishing

“spectral standards" of low-mass stars and brown dwarfs. The process of standardizing
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observed stars has a long tradition in observational astronomy, where the main goal just
like animal taxonomy is to group “similar" objects in the same category. UCDs are
divided into four spectral classes: M, L, T and Y dwarfs. M dwarfs cover a temperature
range of 3,500-2,500 Kelvin, L. dwarfs are 2,500-1,500 K, T dwarfs have temperatures
ranges of 1,500 K-500 K and Y dwarfs are < 500 K (Kirkpatrick, 2005). Their spectra
show signatures of absorption by molecular features, and they peak at 1 um (near-infrared
wavelengths). Late-M dwarf atmospheres show signatures of metal oxides (e.g VO, TiO),
metal hydrides (e.g CaH, FeH, CrH, MgH) and alkali lines. As we reach low-temperature
L dwarfs, we observe the strengthening of their metal hydride features and alkali features
and weakening of their metal oxide bands. Additionally, as this objects cool down, there
is the appearance of silicate clouds and a host of other condensates. Not only are these
clouds evident in the spectral evolution of L. dwarfs but they also explain their variability
(Ackerman & Marley, 2001; Burgasser et al., 2002). Alternatively, [Tremblin et al.|(2015)
have suggested that UCD spectral change can be explained by atmospheric mixing
without invoking the presence of clouds. The spectra of L dwarfs are characterized by
strong CO absorption and young L. dwarfs show evidence of enhanced dust reddening. In
the T dwarf regime, there is a conversion of CO to CH4 which produces distinct features
in the NIR. Finally, Y dwarf atmospheres are characterized by strengthened NH3 features
and the shift of the peak of their black bodies towards to mid-infrared (= 5 microns).

Figure 1.6 shows the spectral sequence of M, L, T dwarfs by (Cushing et al.| (2006).

1.2.2 Metal-Poor Subdwarfs

Metal-poor UCDs have significant spectral and color differences compared to
typical solar-metallicity UCDs (Burgasser et al., 2003)). Their spectra are dominated by
collision-induced H; absorption features in the infrared(Linsky, 1969), which changes the

slope of their spectral energy distribution, in addition to altering their overall signature of
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Figure 1.6 Spectral sequence of M, L, T dwarfs showing prominent absorption features
in the near-infrared (Cushing et al., [2006)

other molecular absorption features. Hence, low-metallicity UCDs are easily identifiable
by their colors and spectra even at low-resolution. Current local samples of L and T
subdwarfs are limited by their intrinsic rarity as they are more likely to be thick disk or
halo objects. However, recent large-scale surveys have significantly increased sample
of known metal-poor, lowest-temperature objects (e.g. Zhang et al.|2019; Schneider
et al.2020). Nevertheless, these samples remain extremely small. Additionally, recent
progress has been made in modeling efforts motivated by the possible detection of UCDs
in metal-poor environments (e.g globular clusters) requiring direct comparison with

models (Gerasimov et al., [2022).

1.2.3 UCD Kinematics

Local 3D-kinematic samples of UCDs are also dominated by thin disk sources,

as these samples require bright sources (therefore extremely local < 20 pc) to measure
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Figure 1.7 Examples of spectra of metal-poor T dwarfs identified by Schneider et al.
(2020)

their radial velocities. Predictions from Monte-Carlo simulations (Burgasser, 2004;
Robertson, 2021)) show that the velocity dispersion as a function of UCD spectral type
is a combination of effects, including of UCD evolution and Galactic dynamics. The
Brown Dwarfs Kinematic Project series (Faherty et al., 2009, 2012; |[Hsu et al., 2021)
has conducted precise monitoring of proper motions and radial velocities for a large
sample of local M, L and T dwarfs. They found that thin disk L dwarfs are less-dispersed
than T and M dwarfs, inline with disk heating models of (Aumer & Binney, [2009).
Their respective velocity dispersion translate into population ages of 2-4 Gyr which are
comparable to the median age of thin disk stars in the Galaxy. By further examining the
population trend Hsu et al. (2021)) found a break in kinematic dispersion corresponding

to the Hydrogen burning limit.
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spectral class within 10 pc of the solar neighborhood byReylé et al|(2021). M, L, T, Y
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of stars as a function of spectral type by Kirkpatrick et al.| (2012). UCDs are a factor of
10,000 fainter than the Sun.
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1.2.4 UCDs as Probes for Galactic Structure

With the properties listed above, UCDs are an excellent/complimentary probe
for Galactic archaeology. One of the primarily challenges in using ultracool dwarfs for
galactic archaeology is their intrinsic faintness, and surveys to date have been largely
limited to the immediate “Solar Neighborhood” (distances d < 100 pc from the Sun).
Local samples probe the Milky Way’s thin disk and nearby young clusters and associations
(Cruz et al., 2007b; Reyle et al., [2010; Kirkpatrick et al., 2021} (Gagné et al., 2015)), but
fail to sample the thick disk and halo populations with sufficient numbers to measure
population properties (Aganze et al.,|2022a). Local samples also fail to reach UCDs in
globular clusters which are located >1000 pc from the Sun and which formed in the
earliest stages of the Milky Way’s history (10—14 Gyr ago); and the bulge, a dense and
metal-enriched environment surrounding the core of the Milky Way.

Next generation observatories will dramatically expand our view of the cosmos,
enabling robust study of ultracool dwarfs in these environments. New facilities include
the James Webb Space Telescope (JWST) which recently started science operations, the
soon-to-be-completed Vera Rubin Observatory, and forthcoming space-based survey mis-
sions (e.g., Euclid, Nancy Grace Roman Space Telescope) and 30m-class ground-based
telescopes (the Thirty Meter Telescope, the Giant Magellan Telescope, and Europe’s
Extremely Large Telescope). All of these facilities will have the capability to reach and
characterize UCDs throughout the Milky Way, producing large samples of thick disk
and halo UCDs, and making the first detections of UCDs in globular clusters, satellite

streams, and the bulge.
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1.3 Organization of the Dissertation

Chapter 2 lays out our work on finding 164 distant UCDs (> 2 kpc) in deep
HST/WEFC3 surveys. In Chapter 3, I present a follow-up paper that uses this sample to
constrain the scaleheights and population ages of disk UCDs. In Chapter 4, I predict the
expected counts of UCDs in the with the Roman telescope, the Vera Rubin Observatory
and the Euclid Telescope. In Chapter 5, I predict the detectability of gaps in the Globular
cluster streams with the Roman Telescope. Chapter 6 summarizes the main conclusions

of every chapter.
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Chapter 2

Surface Densities of Ultracool Dwarfs in

Deep HST/WFC3 Parallel Fields

2.1 Introduction

The structure and evolution of the Milky Way is largely informed from the spatial
and kinematic distributions of its luminous stars, an area of study known as Galactic
archaeology (Freeman, [1987; [Ivezi€ et al., 2012). Large imaging, astrometric, and
spectroscopic surveys such as the the Sloan Digital Sky Survey (SDSS;|York et al.|[2000)
have been critical for building our model of the Milky Way through 6-dimensional
position and velocity data, and detailed spectroscopic characterization of large-scale
stellar populations. Star-count data spanning decades have revealed that our Milky Way
Galaxy contains multiple stellar populations, including a kinematically young population
spatially distributed into two exponential disks (the thin and thick disks); a centrally-
concentrated and spherically distributed population of metal-rich rich stars (the bulge),
and a widely-dispersed old and metal-depleted population (the halo; e.g., de Vaucouleurs

& Pence| 1978; Bahcall & Soneira [1981; Juric et al. 2008). Analysis of the stellar
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evolutionary states of these populations suggest that the Galactic disk population has
been continuously forming stars over the past 8—11 Gyr, while halo stars were largely
formed 10-13 Gyr ago (Leggett et al., 1998; [Tolstoy et al., 2009; Haywood et al., 2013al).

More recently, the Gaia astrometric mission (Gaia Collaboration et al., 2018)),
combined with large-scale spectroscopic surveys such as SDSS, the Large sky Area
Multi-Object fiber Spectroscopic Telescope (LAMOST;|Zhao et al.[2012), the Apache
Point Observatory Galactic Evolution Experiment (APOGEE; Majewski et al.2017), and
GALactic Archaeology with HERMES (GALAH; De Silva et al.|2015; Martell et al.
2017), has greatly refined this picture of the Milky Way. Notable insights include the
inference of major merger events that likely formed the inner stellar halo and thick disk
populations (Gaia-Enceladus/Gaia sausage: Helmai et al.|2018; |Belokurov et al. 2018;
Myeong et al.[2018}; |Gallart et al.[2019; and the Sequoia event: Myeong et al.[2018,2019);
phase-space substructure and mixing among stars in the Solar Neighborhood, indicative
of past perturbations of the Milky Way by satellite systems (Antoja et al., 2018); an
ensemble of stellar streams that trace the tidal disruption of, and stellar accretion from
these satellites (Boubert et al., 2018; |[Malhan et al., 2018; Koppelman et al., 2019a)); and
the detection of dozens of hypervelocity stars ejected through encounters with central
supermassive black holes in the Milky Way and Large Magellanic Cloud (Boubert et al.,
2018; |[Erkal et al., [2019a). These results show the Milky Way and its environment to be a
complex and dynamically evolving system.

All of these studies have focused on the brightest red giants and main sequence
stars, which provide both reach and reliability in the inference of stellar properties.
Ultracool dwarfs (UCDs; M < 0.1 M, T < 3000 K; |Kirkpatrick [2005) provide an
alternative, and potentially more enriching, population for studying the Milky Way
system (Burgasser, 2004} Ryan et al.,|2017). Ultracool dwarfs constitute ~50% of stars

by number in the immediate Solar Neighborhood (d < 100 pc), and are abundant in every
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environment in the Galaxy (Reid et al., [1999; (Chabrier & Baraffel 2000; Cruz et al.,
2007b; Bochanski et al.l [2010; Kirkpatrick et al., 2019). Stellar UCDs have lifetimes
far in excess of the age of the Galaxy (>103 Gyr, Laughlin et al.[1997), while substellar
UCDs (brown dwarfs) do not fuse hydrogen and have effectively limitless lifetimes
(Kumar, |1962, 1963; Hayashi & Nakano, |1963). Brown dwarfs also cool and dim as they
age, developing distinct spectra shaped by strong molecular absorption features that are
highly sensitive to atmospheric temperature, surface gravity, and metallicity. The thermal
and chemical evolution of stellar and substellar UCDs provide age diagnostics that have
been exploited in stellar cluster studies (Stauffer et al., |1998; Jeffries & Oliveiral, 2005}
Martin et al., [2018]), coeval binary systems (Song et al., 2002; Burgasser & Blake, 2009),
and searches of new members of young moving groups near the Sun (Lopez-Santiago
et al., 2006; Gagné et al., 2015 | Mamajek! 2015; |[Faherty et al., 2018]).

Ultracool dwarfs have historically been uncovered in wide-field red optical and
infrared sky surveys, including SDSS, the Deep Near-Infrared Survey of the Southern Sky
(DENIS; Epchtein et al.[[1997), the Two Micron All-Sky Survey (2MASS; Skrutskie et al.
2006), the United Kingdom Infra-Red Telescope Infrared Deep Sky Survey (UKIDSS;
Lawrence & Others|2007)), the Canada-France Brown Dwarf Survey (CFBDS; Reylé
et al. 2010), the Wide-field Infrared Survey Explorer (WISE; |Wright et al.[2010), and
the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS; Chambers
et al. 2016), among others. The intrinsic faintness of UCDs means that these surveys only
reach the immediate Solar Neighborhood (d < 100 pc). While these surveys have enabled
study of the local UCD luminosity and mass functions (Cruz et al., 2007b; Metchev et al.,
2008} Reyle et al., [2010; Bardalez Gagliutfi et al., [2019; Kirkpatrick et al., 2019} 2021)
they cannot probe Galactic structure or UCD halo populations, of which relatively few
examples are currently known (Burgasser et al., 2003} Lépine & Scholz, 2008}, Zhang
et al.,[2019).
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Deep, narrow-field imaging surveys provide one approach to investigate more
distant ultracool dwarf populations. Many of these surveys have exploited the sensitivity
and imaging resolution of the Hubble Space Telescope, often in parallel with searches
for high-redshift galaxies for which UCDs are a “contaminant” population (Reid et al.}
1996; Ryan et al., 2005; Ryan et al., 2011; Holwerda et al., 2014). Very deep, multi-band,
ground-based surveys have also expanded our reach for UCDs (Kakazu et al., 2010;
Sorahana et al.| 2019} |[Carnero Rosell et al., 2019). However, these imaging surveys
are subject to contamination and inaccuracies in spectral classification, which inhibits
a detailed evaluation of completeness and analysis of population composition in terms
of mass, temperature, metallicity, and other properties. Deep spectral surveys, notably
those deploying the slitless grism modes of HST/ACS and HST/WFC3 instruments, have
provided more robust and well-characterized samples of distant UCDs, but are shallower
and small in sample size (<50 sources; Pirzkal et al.[2005, 2009; Masters et al. 2012).

In this paper, we present a new analysis of HST/WFC3 slitless grism spectra
from the WISPS (Atek et al., [2010) and 3D-HST (Momcheva et al., [2016; Brammer
et al., 2012; Skelton et al., 2014) surveys, expanding both the areal coverage and spectral
types evaluated in these deep spectroscopic datasets. In Section [3.2] we describe the
survey data used. In Section [2.3| we describe our selection process, including a robust
analysis of three independent procedures using spectral indices and template fitting:
selection by predefined index ranges and by two supervised machine learning methods.
In Section 3.4 we review the properties of the 164 UCDs identified in this sample,
including classifications and spectrophotometric distance estimates. In Section [5.6) we
summarize the main results of our study. Further analysis of this sample is presented in a

companion paper (Aganze et al., in prep, 2021; hereafter Paper II).
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2.2 Data

The WISPS and 3D-HST surveys used the infrared channel of the WFC3 camera
(Kimble et al., |2008), obtaining low-resolution G102 (A = 0.8-1.17 um, A /AA ~ 200)
and G141 (A = 1.11-1.67 um, A /AA =~ 130) grism spectra. Removal of the slit mask
allows for overlapping spectra across the 136x123 (3.1x10~* arcmin?) inner field of

view of the WFC3 camera.

2.2.1 WISPS survey data

WISPS is a 1000-orbit, HST pure-parallels survey covering 390 fields (~1500
arcmin?), obtained concurrent with observations made with the Cosmic Origins Spec-
trograph (COS) or Space Telescope Imaging Spectrograph (STIS). The goal of WISPS
is to conduct a census of star-forming, high-redshift galaxies; hence, WISPS fields are
typically at high Galactic latitudes (|| = 20°). Grism data in G102 and G141 settings
were obtained with an exposure time ratio of 2.4:1, although the individual exposure
times varied. For G141 data, exposures ranged over 600—1400 seconds and 3000-9000s
for G102 data. Data were reduced using a combination of aXe (Kiimmel et al., 2009)
and custom software, the latter to remove residual background and to flag bad pixels.
Reference images were used to determine source location, and contamination corrections
for overlapping spectra were computed from aXe. Direct images were also obtained in
the broad-band F110W, F140W, and F160W filters, with source catalogs generated using
SExtractor (Bertin & Arnouts, 1996). We analyzed reduced grism and photometric data

provided in WISPS release version 6.2 (Atek et al., 2010).
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2.2.2 3D-HST survey data

3D-HST is an HST parallels survey of 248 orbits covering ~600 arcmin?. The
goal of 3D-HST is to understand the physical processes that shape galaxies in the high-
redshift universe. This survey targeted four standard deep extra-galactic fields: the
All-wavelength Extended Groth strip International Survey (AEGIS; Davis et al.[2007),
the Cosmic Evolution Survey (COSMOS, Scoville et al.|2007); the UKIDSS Ultra-Deep
Survey (UKIDSS-UDS; Lawrence & Others 2007), and the Great Observatories Origins
Deep Survey (GOODS-South and GOODS-North;|Giavalisco et al.[2004). These fields
are also covered by the Cosmic Assembly Near-infrared Deep Extragalactic Legacy
Survey (CANDELS; Grogin et al.| 2011} Koekemoer et al.|2011). Spectral data were
obtained using both the ACS/G800L grism covering 0.5-0.9 um with a resolution of
A/AA =~ 100, and the WFC3/G141 grism. We focused on the WFC3 data for this
study. WFC3 exposures were obtained over two orbits, with exposure times varying
between 2500-6600 s per pointing. Data were reduced using custom software, including
generation of a contamination model, as described in Momcheva et al. (2016)); we used
these data for our spectral analysi Note that the extracted 1D spectra reported in
Momcheva et al.|(2016) are not corrected for the sensitivity; we therefore applied the
sensitivity curves provided in the same 3D-HST data products to recover each spectrum’s

continuum shape.

'Data were retrieved from the survey’s website, https://3dhst.research.yale.edu/Home.html, on August
12, 2016.
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2.3 Selection of UCDs

2.3.1 Spectral Calibration Sample

To anchor our identification of new UCDs in the WISPS and 3D-HST datasets,
we first created a spectral calibration sample composed of known UCDs with similar
spectral coverage and resolution to the HST spectra. This sample was drawn from nearly
3,000 low-resolution (A /AA = 75-120), near-infrared (0.9-2.5 um) spectra of nearby
UCDs observed with the SpeX spectrograph on the NASA InfraRed Telescope Facility
(IRTF; Rayner et al., 2003), all contained in the SpeX Prism Library (SPI_EI; Burgasser,
2014). We selected all spectra with median signal-to-noise (S/N) > 10, and visually
inspected these spectra to remove background contaminants, which are retained for our
random forest classification as non-UCDs (Section [2.3.5). We also used 22 Y dwarf
spectra from Schneider et al. (2015) and 77 UCD spectra from Manjavacas et al.[(2019),
all obtained with HST/WFC3. The resulting sample of 2,197 spectra of UCDs with

spectral types M7 and later is referred hereafter as the UCD spectral template sample.

2.3.2 Pre-selection Constraints

Point-Source Selection We combined all grism and photometric data from the WISPS
and 3D-HST datasets, an initial sample of 254,264 sources. To refine our selection of
UCDs, point sources in the WISPS survey were selected using the SExtractor stellarity
index CLASS_STAR # 0. 3D-HST provides a different flag, star_flag, that identifies
point sources based on F160W imaging data. However, this flag rejected 3 visually-
confirmed UCDs from the 3D-HST sample that were not rejected with the SExtractor
stellarity index, so we used a different selection criteria based on the half-light radius

parameter FLUX_RADIUS (r). Following Skelton et al. (2014), we required r > 1.5 and

Zhttps://cass.ucsd.edu/~ajb/browndwarfs/spexprism/library.html
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Figure 2.1 Point-source selection cut for the 3D-HST survey. The shaded 2D histogram
shows the density of sources in 3D-HST, while our final sample is shown as yellow stars
set by the criteria r > 1.5 and r < —0.7 x F140W + 20.6.

r < —0.7 x F140W +20.6 (Figure [2.1). Point-source selection reduced the sample down

to 104,346 sources, or 40.7% of the initial spectral sample.

J-band Signal-to-Noise Rejection To eliminate low S/N spectra that may be too
ambiguous to identify or classify as UCDs, we applied a S/N cut on the WFC3 spectral
data. UCDs display strong HyO and CH4 molecular absorption features in the J and
H bands (1.1-1.6 um), so a S/N calculation that encompasses the full spectral range
will produce different results for different spectral types. Therefore, we defined S/N
ratios for the J-band continuum in the range 1.2 um < A < 1.3 um (hereafter J-SNR),
the H-band continuum in the range 1.52 um < A < 1.65 um (hereafter H-SNR), and

an overall median S/N in the range 1.1 um < A < 1.65um (hereafter MEDIAN-SNR).

31



. Templates YO
ucD o "
3 ’ ’ x 3 ' I
= T5
n
%2 3
8 T0 |:
= c
ol B
S oemera . L5 g
wn
LO
) 3 4 I
Log J-SNR Log J-SNR M5
10; 10! 103 10; 10! 103
Counts in bin Counts in bin

Figure 2.2 Comparison between H-SNR, MEDIAN-SNR, and J-SNR signal-to-noise
ratios for objects in our final sample of UCDs (stars), point-sources in both surveys (grey
background) and objects in our calibration sample colored by spectral type. Making a
cut in J-SNR allows for a selection of late-type objects that would be missed from a
comparable MEDIAN-SNR cut. Dashed lines indicate a signal-to-noise ratio of 3.

We also computed an average of the J-band and H-band S/N ratios (herafter JH-SNR).
Figure [2.2] shows that a J-SNR cut at 3 allows us to effectively probe a deeper sample of
later-type objects. We rejected the lowest S/N spectra by requiring J-SNR > 3, which

retained 46,561 spectra, or 18% of the initial spectral sample.

Spectral Template and Line Fitting Visual inspection of the remaining spectral data
identify some common contaminants, including emission line sources, featureless spectra
with low S/N, spectra with absorption or emission features outside the primary H,O and
CH,4 bands, and other artifacts. To distinguish featureless spectra from UCDs, we fit each
WEFC3 spectrum to the full UCD spectral template sample and to a straight line using x>

minimization. The ¥ for each template fit was computed as

LRI [Sp(2) — aT ()P
o

2.1)
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where Sp(A) is the WFC3 spectrum, 6(4) is its uncertainty, 7 (A) is the UCD template

spectrum, and « is a scale-factor that minimizes 2,

1.65 um  Sp(A)xT(4)
- Z/1:1.15 um o4
= A

NN
o o3

1.65um T 22)
Z?L:I.IS um o(A)?2
(cf. Cushing et al.[2005). The x? for each line fit was similarly computed as:
LOS M 19 (A) —a —bA )

A=1.15 um o(4)?

where a and b are linear parameters determined through least-squares minimization.

To distinguish between these fits, we used an F-test statistic to determine if the
best-fit template was a significant improvement over the line fit, by requiring F( x% / xz
DOF7, DOF;) < 0.02, where DOF is the effective degrees of freedom of each fit, equal
to the number of pixels in the wavelength range 1.15-1.65 yu m (N = 108), minus 1 for
the template fit or minus 2 for the line fit. This constraint imposes the condition that
the probability that the UCD template is a worse fit than a line is less than 0.5%, a limit
chosen based on the distribution of F' statistics for similar fits to the spectral templates.
This selection cut retained 98% of the templates and 5,946 of point-sources or 2.3% of
the initial full sample, and provided a first-order estimate of the spectral classification of

true UCDs in our sample.

2.3.3 Spectral Index Selection

2.3.4 Defining Spectral Indices

Our final selection criteria was based on the measurement of spectral indices
which sample the strong CH4 and H>O molecular features present in the J- and H-band

regions. Spectral indices are commonly used to classify UCD spectra, and are typically
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tailored to the spectral resolution and region sampled (e.g., Tokunaga & Kobayashi, 1999;
Cushing et al., |2000; [Testi et al., 2001} Allers et al., 2007; Burgasser et al., 2007)). We
selected five wavelength regions bracketing the primary absorption features (Table [2.1)),
measuring the median flux in these regions. Uncertainties were estimated by Monte Carlo
sampling of the individual flux measurements, assuming normal distributions scaled by
the spectral uncertainties. Ten index ratios were then defined from these band fluxes,

each of the form
<F(;LA71 <A< AA,h»
(F(Agg <A <Agp))’

A/B = (2.4)

where (F) denotes the median flux value in the wavelength range 4; < A < A;,. To select
for Y dwarfs, which have extremely low levels of flux in the H,O and CH4 absorption
bands, we defined six additional indices that averaged flux measurements in multiple
absorption bands, e.g., (H,O-1+CHy)/J-cont, (H,O-2+CHy)/H-cont. Figure displays
the trends in these spectral indices among dwarf and subdwarf spectral standards.

The spectral indices were measured on both the WFC3 data and our UCD spectral
template sample. The latter were used to determine selection criteria for UCD subtype
groups of M7-M9, LO-L4, L5-1L9, TO-T4, T5-T9, Y dwarfs, and late-M/L subdwarfs.
For each possible index-index pairing, we evaluated the distribution of index measure-
ments for calibration templates within each of these subtype groupings, and defined
parallelogram regions in which these templates clustered. The parallelograms were
determined by first measuring a linear trend (/> = al; + b) in the index-index data for a
given subtype group, then defining a perpendicular range about that line that encompasses
5 times the standard deviation (STD) of template values. This process produces four

vertices encompassing each template cluster in each of the possible index-index spaces.

Completeness and Contamination To quantify the effectiveness of these selection

regions to identify UCDs in a given subtype group and exclude contaminants, we defined
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Figure 2.3 Illustration of spectral bands used to define spectral indices in this study (blue
bands). The black lines are normalized low-resolution late-M, L, and T dwarf spectral
standards defined in |Burgasser et al.| (2006a) and Kirkpatrick et al. (2010), and the YO
dwarf WISE J1738+2732 from Cushing et al.| (2011)).
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Figure 2.4 Spectral index values as a function of spectral type. Dwarf standards are
indicated by blue dots, mild subdwarf (d/sd) standards by green crosses, and subdwarfs
(sd) standards by orange triangles.
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two statistical metrics measuring completeness (CP) and contamination (CT):

Ni(SG,R
CP(SG,R) = % (2.5)
CT(R) = %ﬁéf). (2.6)

In Equation (2.5)), Nt(SG) is the total number of templates in subtype group SG, while
N7 (SG,R) is the number of templates within an index-index selection region R; CP =
1 indicates selection of all templates. In Equation (2.6), Nwrcs is the total number of
WEFC3 spectra, while Nyp3(R) is the number of these spectra within an index-index
selection region R. As our expected number of UCD discoveries is assumed to be much
smaller than Nwpc3, a high selection rate of WFC3 spectra is consistent with a high level
of contamination; CT <« 1 indicates minimum contamination.

To maximize UCD selection (high CP) and minimize contamination (low CT) for
each spectral subgroup, we rank-ordereded by CT those index-index pairs with CP > 0.9,
and chose the pair with the lowest contamination value; these are listed in Table [2.3] The
best indices for each subtype group generally reflects the strongest molecular features
present in those spectra. The greatest contamination was found in the selection regions
for late-type M and early-type L dwarfs, and late-M/L subdwarfs, due to the relative
weakness of molecular absorption features for these spectral types and hence greater
similarity to background objects. Conversely, the late-type T and Y dwarf groups had the
lowest contamination due to their distinct spectral morphologies.

Applying the single best index-index selection criteria to the sources that passed
the prior cuts yielded 3,400 unique objects, primarily identified as late-M dwarfs and
subdwarfs (Table [2.3]). The subdwarf selection criterion appear to be most highly con-

taminated, as it identified 2,042 objects, while visual inspection ruled out the detection
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of any unambiguous ultracool subdwarfs (Section [2.5.1)).

Visual Selection After the preceding selection criteria were applied, we visually in-
spected the remaining spectra to confirm their UCD nature and spectral classifications.
Keeping only those sources whose spectra were a clear visual match to an UCD spectral
standard (including d/sd and sd subdwarf standards), we identified a total of 164 UCDs,
provided as supplemental materials.

Retrospectively, we estimated the false positive rates (FP) for each subtype group

as
Ny re3(SG)

FP(SG)=1--1 ,
NWFC3 (SG>

2.7)

where N%,FC:,; is the number of WFC3 spectra visually confirmed as UCDs. With the
exception of the late-T and Y dwarfs, the best index selection criteria have FP values of
nearly 100%, indicating significant contamination remains after these selection steps,
although in terms of numbers these late-T and Y dwarfs only select < 15 objects each.
Nevertheless, the cumulative selection process reduces the number of spectra requiring
visual inspection by over 99%, and spot checks of the rejected sample indicate that few if

any UCDs were missed by this process.

2.3.5 Selection by Random Forest Classifier

Despite a high completeness and a significant reduction in the contaminants with
the spectral index selection, this methods selects more than 3,000 objects candidates
for visual inspection. To further reduce this number, we explored a different selection:
a random forest classifier. A random forest (Breiman, [2001)) is a set of decision trees
constructed on randomized samples of a dataset. A decision tree is model that recursively
splits the sample into two parts until a pre-defined stopping criterion is reached. For

example, if values of a feature j are {X;}, the decision tree could split this dataset into
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39



two parts, {X|X; < s} and {X|X; > s}, based on a threshold value s.

These steps are repeated on the new sub-spaces until a stopping criterion (e.g.,
minimum set size) is reached. For supervised classification, the optimal parameters for
this tree (e.g., the stopping criterion, the structure of each tree) are chosen to minimize
some pre-defined error function based on a set of pre-classified training data. Individual
decision trees can be highly variant, since the final classifications at the end of the tree
depends on where splits are made. Random forests seek to reduce this variance by using
statistical methods such as bootstrap aggregation (Breiman, [1996).

The final classifications are determined by a majority vote of all of the decision
trees. Random forests are a popular machine learning algorithm as they are fast, can
be parallelized, and do not require large training datasets to be constructed. They have
been used to reliably predict M dwarf subtypes based on photometric colors (Hardegree+
Ullman et al., 2019), perform star-galaxy photometric classification in wide-field and
transient surveys (Miller et al.| 2017; Clarke et al., 2020), and conduct other photometric
classification tasks (e.g., Richards et al.,[2011; Dubath et al.,[2011; Bloom et al., 2012}
Brink et al., 2013). Random forests have also been used in a regression form to infer
atmospheric parameters from brown dwarf and exoplanet spectra (Marquez-Neila et al.|
2018}; |Oreshenko et al., [2020).

We used the RandomForestClassifier implementation of the random forest
algorithm provided in the scikit-learn package (Pedregosa et al.,[2011). Our pre-
classified training data (all with J-SNR > 3) come from two sources: 3D-HST and
WISPS spectra for non-UCD sources and the UCD template sample (Section [2.3.1)). For
the latter, we selected the 20 highest signal-to-noise spectra for each spectral subtype,
smoothed and resampled these spectra to match the WFC3 resolution and wavelength
range, and added Gaussian noise to encompass the range of J-SNR values present in

the WFC3 dataset down to the J-SNR = 3 limit. The training data we organized into
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five classes: a contaminants class composed of WFC3 spectra of non-point-sources and
point-sources visually confirmed to not be UCDs (138,214 spectra total), M7-M9 dwarfs
(4,686 spectra), L dwarfs (23,140 spectra), T dwarfs (13,479 spectra), Y dwarfs(12,871
spectra) and subdwarfs (14,977 spectra)

Choosing an appropriate set of features to classify a dataset is a critical design
choice of any machine learning model. We used the five spectral indices and four signal-
to-noise statistics defined in Section [2.3.2] the best-fit spectral type obtained from the
spectral template fitting, and the F-test statistic comparing the template and line fits. In
cases where features were not measurable due to small/zero denominators (common for
noisy spectra), we assigned an extreme value of —99 to indicate missing data. The initial
pre-classification dataset was shuffled and split into a training set (75%) and a testing set
(25%) for constructing, optimizing, and evaluating the random forest model.

The parameters describing the random forest model (Table were optimized
using the randomized search cross-validation algorithm (Bergstra & Bengio| 2012).
We used the K-fold cross-validation method in which the data is randomly split into K
equally-sized sub-samples, the model is fit to K — 1 of these sub-samples, and the model is
then validated on the last sub-sample. The cross-validation algorithm conducts a random
search over distributions of the tree parameters, weighting those with the smallest classi-
fication error highest. We assumed an initially uniform distribution of parameters, and
utilized the default K = 5-fold cross-validation implemented in RandomizedSearchCV.

Classification error, and hence model convergence, was determined by evaluating
four metric that compare the rates of true positives (TP), true negatives (TN), false

positives (FP), and false negatives (FN):

Accuracy : Ac=(TP+TN)/(TN+TP+FN+FN) (2.8)

3https://scikit-learn.org/stable/modules/model_evaluation.html

41


https://scikit-learn.org/stable/modules/model_evaluation.html

Precision : Pr=TP/(TP+FP) (2.9
Recall : Re = TP/(TP + FN) (2.10)
Fi Score : F| = (Pr x Re)/(Pr—+ Re) (2.11)

These metrics were historically developed for information retrieval tasks in linguistics
(Chinchor, 1992). Accuracy measures the model’s ability to correctly classify all sources,
both positive and negative classifications. Precision measures the model’s ability to
distinguish true positives from false positives. Recall measures the model’s ability to
correctly select members of a particular class, and the F| score combines the precision
and recall measures. We computed these metrics for individual classes and averaged
across classes. Our model was constructed in the Google Colab environmenﬂ (Carneiro
et al., 2018)). The final model was selected as the one with the highest F; score in order
to minimize the false negative rate and maintain accuracy; its parameters are summarized
in Table

Figure[2.6]displays the “confusion matrix” of our random forest model, the matrix
of true and false positives and negatives as determined by the test set. Our best model has
an >97% accuracy score across all classes, but varies between classes (Table . The
precision, recall, and Fj scores are generally above 90% with the exception of M7-M9
class precision. In terms of performance, there is little confusion between UCD classes;
the percentage of M7-M9, L dwarfs, and T dwarfs classified as another UCD class
is below 1%. The primary loss in accuracy and precision stems from early M dwarfs
(< M7) being classified as galaxies, likely due to their weak molecular features.

Figure [2.6] shows the distribution of feature importance among the features used
for classification. Feature importance captures the sensitivity of classification to a

particular feature by measuring the decrease in classification error due to splits on that

4https://colab.research.google.com/
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feature. The most important feature is the classification spectral type from the standard
template fits. However, this feature alone cannot distinguish between contaminants and
UCD types. For example, low signal-to-noise contaminants with strong emission features
(active galaxies) are often classified as T dwarfs. Features combining H,O and continuum
flux ratios therefore have high importance, as these are the highest S/N ratio features and
enable segregation of UCDs and contaminants. The least important features tend to be
those sampling the noisiest parts of the data; e.g., CH4 and H,O-2 indices.

In traditional RF models, the final classification of a source is based on the
highest probability class across all decision trees in the random forest. To further reduce
contamination, particularly in the M7-M9 dwarf class, we examined an alternative
classification strategy in which classified UCDs were required to have classification
probabilities >80%; all other sources were classified as contaminants. This 80% cutoff
is determined from distribution the class probabilities for UCDs selected by the index
method.

Table [2.5] shows that this additional classification criterion generally increases
the precision of detecting UCDs, particularly for the M7-M9 class, while significantly
reducing the recall. In effect, this criterion produces a trade-off between minimizing
contamination and maximizing the recovery of true UCDs. Given the rarity of UCDs in
the overall sample, we find this trade-off to be warranted, as it can be modeled out when
evaluating the overall sample (Paper II).

Following the optimization of our model parameters, we built and trained a
final random forest model using the entire pre-classified training set (with the 80%
classification threshold), and applied it to the 46,561 WFC3 spectra of point sources with
J-SNR > 3. In total, the random forest model classified 143 spectra as late-M, L, T or Y
dwarfs including 2 objects identified as subdwarfs. Visual inspection confirmed 89 of

these spectra as bona-fide UCDs. The random forest classifier did not select 72 with
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Figure 2.6 7op: Random forest confusion matrix based on the test set. Numbers along
the diagonal indicate the number of correctly classified spectra (true positives), while
off-diagonals indicate false positives and false negatives. Predicted labels/classes in (a)
were determined as the label with the maximum probability, while labels in (b) were
determined by requiring a minimum classification probability for M7-M9, L dwarf, and T
dwarf classes. Bottom: Bar plot showing the relative feature importance for classification
on the training set. Low-importance features tend sample the noisier regions of the
spectra.
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spectral types of M7-L8 previously selected by the index selection as they fall below
the threshold classification probability of 80%. On the other hand, the random forest
method identified one additional M7 UCDs that was missed by the index selection. While
finding fewer UCDs overall compared to the visual index selection, this method (at 80%

probability cutoff) provided a more than ten-fold reduction in contamination.

2.3.6 Selection by a Deep Neural Network

We explored a second machine learning classification approach using artificial
neural networks (NNs; Schmidhuber|2014}; [LeCun et al.[|2015}; [Shrestha & Mahmood
2019). Although the random forest method provided significant reduction in contamina-
tion, feed-forward artificial neural networks out-perform random forests in large-scale
empirical studies (Caruana & Niculescu-Mizil, 2006). In the simplest design, a multi-
layer, feed-forward NN with L hidden layers, each of dimensionality N, is a set of
functions that transform an input vector X of dimensionality M into an output vector
Jx ()_(" ) of dimensionality K. Following the notation of Hastie et al. (2009), the set of

transformations from X to T ()? ) are given by

Z=op(a-X), (2.12)

Al =01(B - Z), (2.13)
As = 05(Ba-A)), (2.14)
(2.15)

fi(X) = gr(AL). (2.16)

Here, oy, 01, 0>...07, and g; are scale functions also known as activation functions;
while the matrices o of dimension N x M and B of dimension K x N are the neural

network weights that linearly combine the various nodes between the layers. Train-
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ing a neural network entails optimizing the neural network weights in order to min-
imize a classification convergence criterion R(60) for a network model parameter set
6 = {a,Bi,Bs,...Br,T'}, were I are design parameters for the network (Table . A

convergence criterion commonly used is cross-entropy (Hastie et al.|[2009),

K
Z Yilog fi(X 2.17)

||M§

where Y} represents the expected label for input variable X. Minimizing R(0) can be
achieved numerically using a stochastic gradient descent algorithm (Kiefer & Wolfowitz,
1952).

While the mathematics behind NNs have been understood for decades, the recent
emergence of large datasets in science and industry, and significant improvements in
computational hardware, have contributed to their increased application in general and
toward astrophysical problems in particular. Examples include the use of convolutional
neural networks (CNN5s) to model stellar properties based on lightcurves (Blancato et al.,
2020), to predict galaxy spectra from their broad-band images (Wu & Peek, [2020), and
to discover extra-solar planets (Shallue & Vanderburg, [2018)); and the use of Generative
Adverserial Networks (GANS) to extract features from noisy galaxy images (Schawinski
et al., 2017). Baron| (2019) provides a review of machine learning applications, including
NN, in astronomy.

To train our NN, we used the same features and pre-classified training set as the
random forest classifier. Our neural network model is a simple Deep Neural Network
(DNN) consisting of a series of fully-connected layers (see Figure [2.7)), implemented
using the Keras library (Chollet et al., 2015). To converge to optimal parameters, we use
Adaptive Moment Estimation (Adam, Kingma & Ba|2014), a type of gradient descent

algorithm. We used two forms of activation functions; for the input and hidden layers we
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Figure 2.7 Schematic illustrating the DNN architecture used on this work. We summarize
the model properties in Table 2.6|

used the rectified linear unit (ReLU, Nair & Hinton (2010)) given by

o(X); = max(0,X;), (2.18)

while for the output layer we used the normalized exponential function (softmax) given
by
o eXi
o(X); = m (2.19)
The number of layers and nodes for the input and hidden layers are left as parameters to
be determined through optimization.
To find the optimal parameters for the DNN model, we split our pre-classified
spectral data into a training set, a validation set, and a test set with proportions of 40%,

40%, and 20%. The training and validation sets are used to find and train the best model,

while the test set is used to evaluate the network performance on new data. We used a
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random search algorithm to optimize the model parameters listed in Table 2.6 We varied
the number of nodes N in each of the input and hidden layers, as well as the learning rate
(1), which is a scale factor used to update model parameters from (0) to (6').

The parameter optimization was done on data samples (batches) of 300 spectra
for each training epoch. We evaluated the same four performance metrics as used for
the random forest (accuracy, precision, recall, and F; score), as well as cross-entropy,
which was used to optimize the performance of the DNN model. As shown in Figure[2.§]
model convergence as traced by the performance metrics occurs within 150 update cycles.
Our best-performing model has L = 6 hidden layers of N = 64 nodes each, for a total of
118,085 trainable weights. Analysis of the test set indicates an overall accuracy, precision,
recall, and F] score of ~ 98% (Table [2.7).

After re-building the DNN model from the optimal parameters and training it
with the full pre-classified training set, we determined class probabilities for each of
the six classes—contaminants, M7-M9 dwarfs, L dwarfs, T dwarfs, Y dwarfs, and
subdwarfs—for the full WFC3 spectral sample. To reduce the number of false positives,
we again imposed a classification probability threshold of >80% on the UCD classes.
Figure 2.9 displays the probability distribution of point sources in the full WFC3 spectral
sample. We identified a total of 537 UCD candidates including 158 objects classified as
subdwarfs, of which 128 were visually confirmed. Like the random forest classifier, the
DNN classifier provided a substantial reduction in contamination, but missed 36 UCDs
identified by the index selection. On the other hand, the DNN classifier identified 3
additional UCDs (with spectral types of M7-M8) that were missed by the other two
methods.

Combining the outcomes of all three selection methods, we identified 164 unique
UCDs in the 3D-HST and WISPS surveys, listed in supplemental Tables and subdivided

into half-class subgroups in Table Field images, 2D, and 1D spectra are shown
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Figure 2.8 Top: Confusion matrix for the DNN showing the performance on the test
set. Predicted labels in (a) are computed from the maximum probability, while labels
(b) are computed by first making our selection cuts and then computing the maximum
probability. Here, objects classified as <M7 and/or not satisfying our selection cuts are
labelled as contaminants. Botfom: DNN performance metrics of accuracy (Ac), precision
(Pre), recall (Re), cross-entropy, and F; on the training and validation sets. We achieve
high performance after roughly 120 epochs. Beyond 120 epochs, the performance on
validation set and training set start to deviate.
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Figure 2.9 Log probability distributions of the random forest and neural network on the
prediction set for each class. We also mark the 50% and 80% cutoff as dashed lines. The
majority of sources have low probabilities of being UCDs and high probabilities of being
contaminants

in Figure 2.14] While each method selected roughly the same number of UCDs, the
index-selection method had over 10 times the number of contaminants compared to the
random forest classifier and over 5 times the number of contaminants compared to the
DNN classifier. The contamination rate was largely reduced by the application of a
classification probability threshold, which cannot be equivalently computed for the index
selection method. In total, we found 113 UCDs in the WISPS fields and 51 UCDs in
3D-HST.

2.4 Sample Characterization

2.4.1 Spectral Classifications

Classifications for our targets are based on comparisons to spectral standards
using the method described in Section[2.3.2] We used the best-fit matches to determine
the spectral types. Classification uncertainties were estimated using a weighted stan-

dard deviation, with weights computed from the F'-test cumulative density distribution

50



: : : ¥ :
l?ﬂ.l,‘\w <~ Templates
M7} 1“‘?0 + Cloud-Atlas |
o D00 00— 4 WISP
LO} WM 4 3D-HST
3 o]
8 — - \7 —
}3 L5¢
©
IS
Q_TO'
n
T5}
5~ —i0 —05 00 05 10 15 20

Figure 2.10 J — H colors of UCDs in WISPS (black circles) and 3D-HST (orange
diamonds) as a function of spectral type. These are compared to colors of sources in our
template sample (blue diamonds) and from sources in Cloud-Atlas sample (Manjavacas|

et al[2017} blue triangles)

Wi = F(x7,;/min({x7}),DOF,DOF), with x7 defined in equation (2.1). The median
classification uncertainty is 1.4 subtypes, but varies between 0.5 and 9 subtypes. The
largest classification uncertainties arise from the lowest S/N spectra, particularly for
M-type UCDs. Figure [2.12]displays the distribution of spectral types, showing that our
sample is heavily weighted toward late-M dwarfs (128 sources), as expected given their
relatively bright intrinsic magnitudes and corresponding larger volumes sampled in this
magnitude-limited survey. We identified 26 L dwarfs (primarily LO-L4) and 10 T dwarfs,

but no Y dwarfs or subdwarfs.
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2.4.2 Color-Spectral Type and Absolute Magnitude-Spectral Type

Relations

All of the sources identified in the WISPS and 3D-HST surveys have apparent
F110W, F140W, or F160W magnitudes from imaging data, which can be used in con-
junction with source classifications to estimate distances. We determined new absolute
magnitude/spectral type relations for M5-Y?2 dwarfs in the F110W, F140W and F160W
filters by bootstrapping to the 2MASS J- and H-band relations of |Pecaut & Mamajek
(2013). For T7-Y2 dwarfs, we shifted to the absolute H magnitude/spectral type relation
of [Kirkpatrick et al.| (2021).

We first computed color offsets between 2MASS (Vega magnitudes) and HST/WFC3
photometry (AB magnitudes) by computing spectrophotometric colors from our UCD
template sample (Section[2.3.1). To assure fidelity, we selected only those M5-T9 dwarfs
with precise (<1 subtype uncertainty) red optical (late-M and L dwarfs) or infrared (late-
L and T dwarfs) classifications; small 2MASS J- and H-band magnitude uncertainties
(0 < 0.4); and spectra with median S/N > 100 for M dwarfs, S/N > 70 for L dwarfs, and
S/N > 10 for T dwarfs. We also included all of the Y dwarfs from the template sample,
and removed known binaries.

Magnitudes were computed by convolving the spectra with the appropriate filter
profiles (HSTEb or response functions (2MASS; Cohen et al.|[1992), and uncertainties in
spectral fluxes were propagated by random sampling. Figure shows the resulting
color offsets as a function of spectral type. Variations in color offsets are largest when the
2MASS and HST filters are more widely separated, reflecting the substantial evolution in
spectral morphology across UCD spectral classes. We chose those colors that minimized
spectral type variation, and hence bootstrapped the F110W and F140W relations to J-band

and the F160W relation to H-band. Adding the relevant correction for each individual

Shttps://www.stsci.edu/hst/instrumentation/wfc3/performance/throughputs

52


https://www.stsci.edu/hst/instrumentation/wfc3/performance/throughputs

source to its absolute 2MASS magnitude from the absolute magnitude relation, we fit the
entire spectral sequence with a 6th-order polynomial using least-squares fitting, masking
sources that were more than 50 outliers. Fit coefficients and corresponding absolute
magnitude uncertainties are listed in Table [3.9] The scatter in these absolute magnitude
relations is approximately 0.4-0.6 mag, comparable to other absolute magnitude/spectral
type relations (e.g.,[Dupuy & Liu, 2012; Best et al., |[2018]).

The 2MASS colors of UCDs compared to colors of UCDs in our calibration
samples are shown in Figure These colors are computed using our relations in Table
[3.9]and incorporating the intrinsic scatter in these relations. They tend to generally follow
the trend from our calibration samples. However, objects with fairly large uncertainties

in subtyping are offset from the general trend.

2.5 Distances and Galactic Coordinates

Distance estimates were computed for each source based on the relations in Table
3.9/ and measured HST/WFC3 photometry. We assume for simplicity that all sources
are single, although magnitude-limited surveys of ultracool dwarfs typically have a
~20% multiplicity rate (Bouy et al., 2003; Burgasser et al., 2003}, 2006b; Fontanive et al.,
2018)). Uncertainties in spectral classifications, source photometry, and the absolute
magnitude relations were propagated by random sampling. In cases where more than
one distance estimate was available from the absolute magnitude relations, we com-
puted an uncertainty-weighted average. The distance of our UCD discoveries range
over 60-3000 pc for late-M dwarfs, 40-2000 pc for L dwarfs, and 82-800 pc for T
dwarfs (Figure [2.12)). The most distant UCD with < 50% distance uncertainty is the
M7+1 J23450092-4239288 at a distance of 2.1 + 0.8 kpc; the closest is the L1.0+0.7
J09275744+6027467 at a distance of 48 £ 11 pc. J09275744+6027467 is also detected in
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Figure 2.11 Top: Offsets between 2MASS J- and H-band magnitudes and HST/WFC3
F110W, F140W and F160W magnitudes as a function of spectral type, based on spec-
trophotometry of spectral templates. Botfom: Derived absolute magnitude-spectral type
relations for HST filters. Orange points show relations bootstrapped to 2MASS J-band
photometry, blue points show relations bootstrapped to 2MASS H-band photometry. The
solid lines delineate the 6th-order polynomials whose coefficients are listed in Table [3.9]
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Figure 2.12 Spectral type and distance distributions of UCDs in the WISPS and 3D-HST
surveys. (Left panel): Distribution of spectral types based on the spectral template fits.
(Right panel); Distribution of spectrophotometric distances. The sample is dominated by
late M dwarfs at distances = 1 kpc.

Gaia at parallax of 19.49740.567 mas putting it at a distance of 51.441.5 pc, consistent
with our estimate.

Figure [2.13displays the distribution of source Galactic angular and spatial coor-
dinateﬂ The angular distribution of the UCDs follows the HST pointings, with more
sources identified in Galactic northern fields where there are more pointings. The av-
erage surface density of objects is 0.0813 arcmin~2 at low Galactic latitudes (15° <
|b| < 30°), 0.0801 arcmin—? at intermediate Galactic latitudes (30° < |b| < 60°), and
0.0625 arcmin~2 at high Galactic latitudes (|b| > 60°). We observe 38 objects with

|Z| > 1 kpc compared to 126 objects with |Z| < 1 kpc in the sample.

®We assume a right-handed, heliocentric Cartesian galactic coordinate system (X, Y, Z), where X points
towards the Galactic center (/,b) = (0°,0°) , Y points in the direction of Galactic rotation (I = 90°), and Z
points towards the North Galactic Pole (b = 90°). For cylindrical coordinates (R,Z), we assume R to be
galactocentric, with the Sun located at R, = 8300 pc and Z;, = 27 pc (Gillessen et al.} [2009; [Chen et al ]

[00T).
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Figure 2.13 Top panel: Distribution of observed UCDs in galactic angular coordinates
(I,b). Grey X symbols indicate HST pointings without any UCDs. Bottom panel:
Distribution of observed UCDs in cylindrical galactic coordinates (R, Z; left and middle)
and scatter plot of (right) these coordinates. Sources are color-coded according to spectral
type. Later-type UCDs are concentrated around the Solar neighborhood while earlier-type
M dwarfs are located further into the Galactic disk.

2.5.1 Detailed Discussion of Sample UCDs

Late-M dwarfs We identified 128 sources with estimated spectral types of M7 <
SpT < LO. Most of these classifications are robust, in that the major H,O absorption
feature between 1.3—1.45 u m is clearly distinguishable from noise. For many of the
WISPS spectra, we were able to confirm classification with additional G102 grism spectra
(0.8-1.15 u m) which encompasses additional H,O, FeH, and TiO absorption features
characteristic of M dwarf spectra. As the G102 and G141 spectra sample distinct, non-
overlapping wavelength ranges, we were unable to converge on a correct scaling to
merge these spectra, so we retain the classifications based on the G141 spectra alone. We
visually inspected all source images to confirm our UCDs are point sources unblended
with other sources in the field, although a handful of sources with misaligned imaging
data prevented this verification]|

One notable late-M dwarf discovery is the M8=£1.5 dwarf WISPS J2333+3921,
which appears to have stronger H,O bands compared to its best-fit standard, which may

be a signature of subsolar metallicity (Aganze et al., 2016). WISPS J2333+3921 G141

"These sources were GOODSS J0332—2749, COSMOS J1000+0227, GOODSN J1237+6210,
WISPS J2005—4139, WISPS J2038—2021, and WISPS J2248—8011.
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spectrum is better fit to a d/sd M9 standard despite its weaker FeH in the G102 spectrum.
We also note that M742 dwarf WISPS J1242+3538, located at a distance just over 3 kpc,
is very close to an adjacent bright source, and its spectrum may be partly contaminated.
The closest M dwarf is M8+1 WISPS J2333+3925 at a distance of 67417 pc also
detected in Gaia at a parallax of 19.498+0.567 mas putting at at 50.5+0.5 pc, and a high
proper motion (g, Ug) of (389.688+0.203, -60.328+0.178) mas/yr.

L Dwarfs We identified 26 L. dwarfs, nearly half of which (12 sources) have classifica-
tions between LO-L2, however, the fraction of sources per subtype throughout LO-L4 is
nearly constant. Note that given the classification uncertainties, some of the earliest-type
L dwarfs may be late M dwarfs, and similarly several classified late M dwarfs could be
early L dwarfs. Most of these spectra are well-matched to the L dwarf spectral standards,
and several are confirmed by additional G102 grism data. This sample contains a rela-
tively nearby L241.1 dwarf, WISPS J0927+6027 at a distance of 48+11 pc, which is
sufficiently bright (F 140W = 16.69740.001) that it is amenable for further ground-based
follow-up. The Gaia parallax of this object puts it a 51.4+1.5 pc and Gaia proper motion

(Ue, Ug) of (-6.78010.550, 28.435+0.544) mas/yr.

T dwarfs T dwarfs are readily distinguished from other sources by their strong H,O
and CHy absorption features. We identified 10 T dwarfs which match well with spectral
templates. These include the three T dwarfs previously identified in WISPS by Masters
et al. (2012): WISPS J0307-7243 (T4£0.5 at ~320 pc), WISP J1232-0033 (T7£.9 at
~150 pc), and WISPS J1305-2538 (T840.7 at ~80 pc); and AEGIS J1418+5242 (T4 at
~330 pc), first identified in 3D-HST data by Brammer et al.|(2012). One of the early T
dwarf discoveries, WISP J0326—1643 (T1+1.4 at 740 pc), is also closely aligned with a

brighter source, although its spectrum is a good fit to standards.
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Ultracool Subdwarfs & Y dwarfs Despite creating specific selection criteria, we did
not identify any obvious Y-type dwarfs or metal-poor subdwarfs in our sample. The lack
of Y dwarfs is likely a consequence of the relatively small volume sampled for these
intrinsically faint brown dwarfs. The lack of subdwarfs may be due to their low abundance
and selection biases. In Paper II, we estimate an expected number of Y dwarfs in these
samples to be <1. Ultracool subdwarfs are known to exist in the Solar Neighborhood
(Burgasser et al., [2003} [Zhang et al., 2019; Schneider et al., 2020), but are rare compared
to solar-metallicity disk dwarfs (~0.25% in the Solar Neighborhood; Pirzkal et al.|2009).
However, subdwarf members of the halo and thick disk populations should be more
common at the larger distances probed by this survey (cf., Ryan & Reid 2016). Lodieu
et al.[(2017) measured a surface density of >MS5 subdwarfs of 0.04 deg™ to a depth of J
= 18.8. For an average limiting depth of F110W = 22 this corresponds to ~ 16 deg ™2,
or roughly 10 >MS5 subdwarfs over our total search area of ~ 0.6 deg”. Nevertheless,
no subdwarfs were identified by our index selection, random forest classifier, or DNN
classifier. There are several possible reasons that these sources were missing. First,
subsolar metallicity is known to suppress the strength of molecular features, notably
H»O, in the near-infrared spectra of UCDs, largely through the presence of enhanced
collision-induced H; absorption (Linsky, 1969; Burgasser et al., 2007; Zhang et al.,|2017)).
Relatively featureless late-M subdwarf spectra would have been rejected by our line
fitting test, while more structured L subdwarf spectra would have been exceedingly rare
in our sample. In Paper II, we model the full selection function of our selection methods
applied to our calibration samples. Thus, a measurement of the density and distribution
of ultracool subdwarfs likely requires the inclusion of the shorter-wavelength red optical
data to capture characteristic features in this region (e.g., red optical slope and TiO, VO,

FeH, and CrH bands), but the data remains incomplete for these short wavelengths.
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Table 2.1 Spectral Indices

Band Wavelength Range (1t m)

J-Cont 1.15-1.20
H,O-1 1.246-1.295
H,0-2 1.38-1.43
H-Cont 1.56-1.61
CHy 1.62-1.67

2.6 UCD Discovery Images and Spectra

This figure set displays the HST/WFC3 images and spectra for the 164 UCD
discoveries reported in this study, sorted by Right Ascension. Each panel shows the
HST/WFC3 image of the source in either F'140W, F160W or F110W filters (top left); the
2D G141 grism image centered of the source (top right); and the extracted 1D spectrum
and its uncertainty (black lines), compared to its closest-match spectral standard (yellow
line), with estimated contamination contributions (blue lines) and regions sampled by

spectral indices (grey bands) highlighted (bottom).
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Table 2.2 Absolute magnitude and color vs spectral type relations used in this work.
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1 cpx™ where m is the power of the polynomial. Coefficients are written in decimal exponent notation.

m
n=

b Empirical relations are computed as y = Y’/
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Criteria

Table 2.3 Selection

4 v1-v4 denote the (x, y) positions of the vertices of the selection box for the given index-index pair; CP, CT, and FP are the completeness, contamination, and false positive rates

defined in Equations@@&m



Table 2.4 Random Forest Model Parameters

Parameter? Description Best value
class_weight Weight of each class balanced
bootstrap Using bootstrap samples® True
oob_score Using out-of-the-bag samples to compute accuracy® False
n_estimators Number of trees 947
min_impurity_split Minimum value of classification error to split the tree node on 1.2E-8
max_leaf_nodes The maximum number of nodes for each leaf 526
max_depth Maximum depth of a tree 889
min_samples_split Minimum number of objects needed to split on an internal node 53
criterion Measure of the quality of the split (node purity) on each tree entropy®

# Parameter name in the scikit-learn RandomForestClassifier object

b Bootstrapping was done by splitting the training set into two randomly-assigned 50% partitions, training
the random forest on one partition, and using this to classify the second partition (see for example Miller]
et al.[2017). Out-of-the-bag (OOB) samples are the data that were not used when fitting a tree to the
bootstrapped samples

¢ The entropy is defined as — ZkK:] Pk 10g Pk, Where p,x is the proportion of k-class objects classified
m-class, where K = 5 is the total number of classes.

Table 2.5 Random Forest Metrics on Test Set
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4 Predicted class is based on the highest probability class for that particular object.
b Predicted class must have a >80% classification probability; sources that do not satisfy this constrained are classified as
contaminants.

62



Table 2.6 Deep Neural Network Model Parameters

Parameter Description Parameter range Best value
L Number of layers (1, 10) 10
N Number of nodes per layer (1, 640) 348
n Learning rate 0.1, 0.01, 0.001, and 0.0001 0.0001
.- Batch size .- 300

train, validation, test split .. 04,04,0.2

Table 2.7 Deep Neural Network Metrics on the Test Set
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4 Predicted class is based on the highest probability class for that particular object.
b Predicted class must have a >80% classification probability; sources that do not satisfy this constrained are classified as
contaminants.

Table 2.8 Number of UCDs Identified in the 3D-HST and WISPS Surveys

Initial Visually Confirmed

Selection M7-M9 LO-L4 L5-L9 TO-T4 T5-T9 Total
Index Selection 3,400 125 21 5 7 3 161
Random Forest (80% ) 143 62 13 4 7 3 89

Deep Neural Network (80% ) 537 101 15 4 7 3 128
Random Forest (50%) 550 120 21 5 7 3 156
Deep Neural Network (50%) 753 124 19 5 7 3 158
TOTAL (Any Method) . 128 21 5 7 3 164
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Figure 2.14 Spectra of UCD discoveries in order of Right Ascension. The top left panel
displays a cutout of the F110W, F140W, or F160W image of the field near the object;
the top right panel displays a cutout of the G141 dispersed spectral image centered
on the object; the bottom panel displays the 1D-extracted spectrum (solid black line),
compared to the best fit dwarf (yellow solid line), mild-subdwarf standard (d/sd; magenta
dotted line) and subdwarf (sd; dashed blue line) spectral standards. Note that d/sd and sd
standards do not extend into the T dwarf regime. In some panels, the 1D spectral axis is
extended to include G102 grism data, when available.

64



F160W = 21.0 Gla1 Fleow=210 Gla1 F160W = 20.7 Gla1

DS J02171640.0509133
Lop oo 10 OIS
A L 4/s0L0.0 STD U L \
08 {‘ ﬂh’r % ---- 5dM7.0 STD 08 ARl © 0| A

v v v

+ e + +

ool 10 W{’W MY 3 % 0.5 3

3 WM gt 3 L T i, 2 T
0.4} . 0.4} — UDSJUZI7Z!7B 0509209 ; N 0.4} — UDSJBZI71843 0514343

w oS ME oS

dsaM5.0 STD dsaMB.0 STD
H0-1  Jcont H0-2 H-cont CH| --=-/5dM9.5 STD. H0-2 H-cont CH] --=-/5dM7.0 STD. H0-2 H-cont CH]
095 12 13 12 5 6 °9% 12 13 1a 15 16 9% 12 13 12 s T6
Wavelength (um) Wavelength (um) Wavelength (um)
F160W = 20.9 Giat F160W = 21.2 Gia1 F160W = 21.7 G1a1
1 1. 1.
DS 02173221.0508120 —— UDS J02173525.0515329 —— UDS J02174068.0514209
Noise Noise Noise
10 M7.0 STD Lon M7.0 STD 108 M7.0 STD
X LA d/sdMs.0 STD d/saM5.0 ST d/saM5.0 ST
0.8| g === 5dM7.0 STD 0.8 ---- sdM7.0 STD 0.8 ---- 5dM7.0 STD
Yos by tos tos
x ; x x
E} il E} E} X
E Ssalfe iy 2 E fuid
0.4 0.4 0.4
02 02 02
H;0-1  Jcont Hz0-2 H-cont CH| H0-1  Jcont H0-2 H-cont CHJ H;0-1  Jcont H;0-2 H-cont CH]
U'll 12 13 14 15 16 D'i.l 12 13 14 15 16 D‘I.l 12 13 14 15 16
Wavelength (um) Wavelength (um) Wavelength (um)

i m'w.. Y P

"t W""m"' ‘

i
Gla1 F160W = 22.7 G

F160W = 21.8 G141

1. 1
— ups mz)azzm 0509095 — WISPS J03074119-7243574
100 7.0 51D
\ d/54Md.0 STD

0.8 i 4 ---- 5dM5.5 STD

——_l » 10 j"'lr'l\] Teos
\{" A 0 b
1. v 9
T +

g o " 0.6

i 2

| [— wisps J02465310-0104453 04
Noise
LLosTD

d/sdM6.0 STD 02
10 - sdMa.0. STD 4 l&qﬁ’[ Hecont_CH{
S

Wavelength lum)

F160W = 22.2 Gla1

— GO0DSS 03321819-2747466

Noise
10 8.0 STD
d1saM5.0 STD a/ aM8.0 STO
03] - sdMB.0 STD 08 SdM7.0 STD
+ i L +
Lo | H{\ W } L Lo g
0.4 | ’! il ok oa 17
I
02 L ,,,:r"l.a}‘ 02
H,0 - Icont 2| HO0-2 Hecont CH] | H0-1 pcont —— H0~2 HcontGil
o T s 15 T6 091 13 13 s 15 6
Wavelength (um) Wavelength (um) Wavelength (um)

Figure 2.14 Spectra of UCD discoveries in order of Right Ascension. The top left panel
displays a cutout of the F110W, F140W, or F160W image of the field near the object;
the top right panel displays a cutout of the G141 dispersed spectral image centered
on the object; the bottom panel displays the 1D-extracted spectrum (solid black line),
compared to the best fit dwarf (yellow solid line), mild-subdwarf standard (d/sd; magenta
dotted line) and subdwarf (sd; dashed blue line) spectral standards. Note that d/sd and sd
standards do not extend into the T dwarf regime. In some panels, the 1D spectral axis is
extended to include G102 grism data, when available (Continued).
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Figure 2.14 Spectra of UCD discoveries in order of Right Ascension. The top left panel
displays a cutout of the F110W, F140W, or F160W image of the field near the object;
the top right panel displays a cutout of the G141 dispersed spectral image centered
on the object; the bottom panel displays the 1D-extracted spectrum (solid black line),
compared to the best fit dwarf (yellow solid line), mild-subdwarf standard (d/sd; magenta
dotted line) and subdwarf (sd; dashed blue line) spectral standards. Note that d/sd and sd
standards do not extend into the T dwarf regime. In some panels, the 1D spectral axis is
extended to include G102 grism data, when available (Continued).
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Figure 2.14 Spectra of UCD discoveries in order of Right Ascension. The top left panel
displays a cutout of the F110W, F140W, or F160W image of the field near the object;
the top right panel displays a cutout of the G141 dispersed spectral image centered
on the object; the bottom panel displays the 1D-extracted spectrum (solid black line),
compared to the best fit dwarf (yellow solid line), mild-subdwarf standard (d/sd; magenta
dotted line) and subdwarf (sd; dashed blue line) spectral standards. Note that d/sd and sd
standards do not extend into the T dwarf regime. In some panels, the 1D spectral axis is
extended to include G102 grism data, when available (Continued).
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Figure 2.14 Spectra of UCD discoveries in order of Right Ascension. The top left panel
displays a cutout of the F110W, F140W, or F160W image of the field near the object;
the top right panel displays a cutout of the G141 dispersed spectral image centered
on the object; the bottom panel displays the 1D-extracted spectrum (solid black line),
compared to the best fit dwarf (yellow solid line), mild-subdwarf standard (d/sd; magenta
dotted line) and subdwarf (sd; dashed blue line) spectral standards. Note that d/sd and sd
standards do not extend into the T dwarf regime. In some panels, the 1D spectral axis is
extended to include G102 grism data, when available (Continued).
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Figure 2.14 Spectra of UCD discoveries in order of Right Ascension. The top left panel
displays a cutout of the F110W, F140W, or F160W image of the field near the object;
the top right panel displays a cutout of the G141 dispersed spectral image centered
on the object; the bottom panel displays the 1D-extracted spectrum (solid black line),
compared to the best fit dwarf (yellow solid line), mild-subdwarf standard (d/sd; magenta
dotted line) and subdwarf (sd; dashed blue line) spectral standards. Note that d/sd and sd
standards do not extend into the T dwarf regime. In some panels, the 1D spectral axis is
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Figure 2.14 Spectra of UCD discoveries in order of Right Ascension. The top left panel
displays a cutout of the F110W, F140W, or F160W image of the field near the object;
the top right panel displays a cutout of the G141 dispersed spectral image centered
on the object; the bottom panel displays the 1D-extracted spectrum (solid black line),
compared to the best fit dwarf (yellow solid line), mild-subdwarf standard (d/sd; magenta
dotted line) and subdwarf (sd; dashed blue line) spectral standards. Note that d/sd and sd
standards do not extend into the T dwarf regime. In some panels, the 1D spectral axis is
extended to include G102 grism data, when available (Continued).
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Figure 2.14 Spectra of UCD discoveries in order of Right Ascension. The top left panel
displays a cutout of the F110W, F140W, or F160W image of the field near the object;
the top right panel displays a cutout of the G141 dispersed spectral image centered
on the object; the bottom panel displays the 1D-extracted spectrum (solid black line),
compared to the best fit dwarf (yellow solid line), mild-subdwarf standard (d/sd; magenta
dotted line) and subdwarf (sd; dashed blue line) spectral standards. Note that d/sd and sd
standards do not extend into the T dwarf regime. In some panels, the 1D spectral axis is
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extended to include G102 grism data, when available (Continued).
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Figure 2.14 Spectra of UCD discoveries in order of Right Ascension. The top left panel
displays a cutout of the F110W, F140W, or F160W image of the field near the object;
the top right panel displays a cutout of the G141 dispersed spectral image centered
on the object; the bottom panel displays the 1D-extracted spectrum (solid black line),
compared to the best fit dwarf (yellow solid line), mild-subdwarf standard (d/sd; magenta
dotted line) and subdwarf (sd; dashed blue line) spectral standards. Note that d/sd and sd
standards do not extend into the T dwarf regime. In some panels, the 1D spectral axis is
extended to include G102 grism data, when available (Continued).
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Figure 2.14 Spectra of UCD discoveries in order of Right Ascension. The top left panel
displays a cutout of the F110W, F140W, or F160W image of the field near the object;
the top right panel displays a cutout of the G141 dispersed spectral image centered
on the object; the bottom panel displays the 1D-extracted spectrum (solid black line),
compared to the best fit dwarf (yellow solid line), mild-subdwarf standard (d/sd; magenta
dotted line) and subdwarf (sd; dashed blue line) spectral standards. Note that d/sd and sd
standards do not extend into the T dwarf regime. In some panels, the 1D spectral axis is
extended to include G102 grism data, when available (Continued).
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Figure 2.14 Spectra of UCD discoveries in order of Right Ascension. The top left panel
displays a cutout of the F110W, F140W, or F160W image of the field near the object;
the top right panel displays a cutout of the G141 dispersed spectral image centered
on the object; the bottom panel displays the 1D-extracted spectrum (solid black line),
compared to the best fit dwarf (yellow solid line), mild-subdwarf standard (d/sd; magenta
dotted line) and subdwarf (sd; dashed blue line) spectral standards. Note that d/sd and sd
standards do not extend into the T dwarf regime. In some panels, the 1D spectral axis is
extended to include G102 grism data, when available (Continued).

74



I l
F140W = 19.2 Gla1 F140W = 22.8 G141 F110W = 21.3 Gla1

1 1 12 .
T Wiss 115507299+3939298 K
Nase )'e
10 1ol ) oS Lofy If : .
vyl ol i 0 D d/sdM5.0 STD d
» |
o 0.8] o 0.8} $dM8.0 STO o L2 WISPS J15563316+2107548 !
*od < tos s Fosf— mrosm } I
3 Moy, Dysrorert] 2 WW“} ) dIsaMS.0 STD "F‘“’\‘)
0.4 —— WISPS J15451481+1155008 0.4/ oaf SdM7.0 ST
Noise
7.050
02 d/sdM5.0 STD 02 02
f:0-1  jco-— saM7.0 sTO cont CH. [0 =1 cont Ho-2 tecont_CH HiO =) con 02—~ Hcodt,
o. 12 13 14 15 1.6 o. 12 13 14 15 16 °. 0.9 1.0 11 12 13 14 15 16
Wavelength (um) Wavelength (um) Wavelength (um)
o |
! il 8|
.y \ ‘ o
| | e
1
| 1A
184 1 » A J IETIEL T “ II 1 100
FL40W = 22.2 ST FL4OW = 22.4 Gla1 FL40W = 22.0

. .mWM M, e

ity

: — wwsrnsmsezs +1446559 e ”pf
fo 4 fee e
E (M7 m standard 2 oo e

04 0.4 — wwsPsnsoAseunusst — WiISPS J16050161+1447002

Noise
02 02 5o 10.0STD
d/sdM8.0 STD /5dM8.0 STD
H,0 = Tfcont—H,0—2 H-contl ---- 5dM7.0 STD 2 Hieomtlf, ,0.- +-=- 54M7.0 STD '
OOGE™T6 T 12 13 14 15 16 OO s™ 1T 12 13 14 15 16
Wavelength (um) Wavelength (jim)
_u
F160W = 21.9 FLLOW = 21.7 G141 F160W = 21.4 G141
1 1. 1

— w\svsﬂauszus +2547388

10 L 7051
A ‘wﬂﬂ, asans0 57O

— WISPS J16252493+5721274
Noise

14.0STD
/5dL0.0 STD
- 5dl0.0 STD

f fl'ﬂ Noise
02 0.2 d/sdM8.0 STD 02
o 1.2 13 14 15 1.6 o 0.9 1.0 1.1 1.2 13 14 15 1.6 o 1.2 13 14 15 16
Wavelength (um) Wavelength (um) Wavelength (um)
SERELL T ERE 1
——— ‘
‘ ik 1 | il
.
Lol s J Wosto
S S, d/sdM5.0 STD
08 T flsﬁ - sam7.0 5T WT TJ
¢ _
x 0.6 Loy i ﬂ.
3 i
o 1.2 13 14 15 1.6 14 15 1.6 14 15 16
Wavelength (um) Wavelength (1m) Wavelength (um)

Figure 2.14 Spectra of UCD discoveries in order of Right Ascension. The top left panel
displays a cutout of the F110W, F140W, or F160W image of the field near the object;
the top right panel displays a cutout of the G141 dispersed spectral image centered
on the object; the bottom panel displays the 1D-extracted spectrum (solid black line),
compared to the best fit dwarf (yellow solid line), mild-subdwarf standard (d/sd; magenta
dotted line) and subdwarf (sd; dashed blue line) spectral standards. Note that d/sd and sd
standards do not extend into the T dwarf regime. In some panels, the 1D spectral axis is
extended to include G102 grism data, when available (Continued).
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Figure 2.14 Spectra of UCD discoveries in order of Right Ascension. The top left panel
displays a cutout of the F110W, F140W, or F160W image of the field near the object;
the top right panel displays a cutout of the G141 dispersed spectral image centered
on the object; the bottom panel displays the 1D-extracted spectrum (solid black line),
compared to the best fit dwarf (yellow solid line), mild-subdwarf standard (d/sd; magenta
dotted line) and subdwarf (sd; dashed blue line) spectral standards. Note that d/sd and sd
standards do not extend into the T dwarf regime. In some panels, the 1D spectral axis is
extended to include G102 grism data, when available (Continued).
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Figure 2.14 Spectra of UCD discoveries in order of Right Ascension. The top left panel
displays a cutout of the F110W, F140W, or F160W image of the field near the object;
the top right panel displays a cutout of the G141 dispersed spectral image centered
on the object; the bottom panel displays the 1D-extracted spectrum (solid black line),
compared to the best fit dwarf (yellow solid line), mild-subdwarf standard (d/sd; magenta
dotted line) and subdwarf (sd; dashed blue line) spectral standards. Note that d/sd and sd
standards do not extend into the T dwarf regime. In some panels, the 1D spectral axis is
extended to include G102 grism data, when available (Continued).
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2.7 Additional Late M Dwarf Discoveries

Here, we provide a table of 83 additional UCD candidates that were classified
earlier than spectral type M7 based on comparison to spectral standards, but matched to
high signal-to-noise UCD spectral templates classified M7 or later (Section [2.3.1]). These

sources were not included in the main sample, but are likely to be mid- to late-M dwarfs.
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Chapter 2] in full, is a reprint of the material as it appears in the Astrophysical
Journal 2022, Volume 924, Number 114, authored by Christian Aganze, Adam J. Bur-
gasser, Mathew Malkan, Christopher A. Theissen, Roberto A. Tejada Arevalo, Chih-Chun
Hsul, Daniella C. Bardalez Gagliuffi, Russell E. Ryan, Jr., and Benne Holwerda. The

thesis author was the primary investigator and author of this paper.
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Chapter 3

Population Scaleheights and Ages of
Ultracool Dwarfs in Deep HST/WFC3

Parallel Fields

3.1 Introduction

The spatial and kinematic structure, chemical composition, formation, and evo-
lutionary history of the Milky Way—an area of study known as Galactic archaeology
(Bland-Hawthorn & Gerhard, 2016)—is probed by its stellar components (Freeman,
1987} Ivezic et al., 2012). Recent advances in large-scale imaging, spectroscopic, and
astrometric surveys have allowed the characterization of our Galaxy at unprecedented
detail. These surveys have confirmed that the stellar population of the Milky Way is
grouped into four principal components: a young, metal-rich exponential thin disk; an
older exponential thick disk; a diffuse, old, and metal-poor halo; and a metal-rich central
bulge and bar (de Vaucouleurs & Pence||1978}; Bahcall & Soneira 19815 Juri€ et al. 2008;

Leggett et al.|1998; [Tolstoy et al. 2009; Haywood et al.[2013b). These main components
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contain various subpopulations and substructures, sculpted by major mergers such as
Gaia-Enceladus (Belokurov et al., 2018} [Helmi et al., 2018]), and interactions with satel-
lites such as Sagittarius (Price-Whelan et al., 2015} Laporte et al., 2019) and the Large
and Small Magellanic Clouds (Erkal & Belokurov, 2020). Other kinds of substructures
can be found in abundance and kinematic patterns, including distinct chemo-kinetic
populations in the halo (Helmi et al., 1999, 2018; Myeong et al., 2018; Koppelman et al.,
2019b; Naidu et al., 2020; [Yuan et al., 2020), spatial and velocity phase-space spiral
structure in the disk (Antoja et al.,|2018), and numerous stellar streams (Boubert et al.,
2018} |Malhan et al., 2018}; Shipp et al., 2018), all evidence of the complex and ongoing
dynamical interactions between the Milky Way and its satellites.

Galactic spatial, kinematic, and abundance structure is typically probed through
bright main sequence FGK stars and red giants, as these stars are intrinsically bright and
well-distributed throughout the Galaxy. Ultracool dwarfs (UCDs), which encompass
stars and brown dwarfs with T.<3500K, mass <0.1 M, and spectral classes late-M, L, T,
and Y (Kirkpatrickl 20035), offer an alternative and complementary approach for studying
the Galaxy’s formation history. UCDs constitute a significant fraction of stars in the
Milky Way, comprising at least 20% of all the stars in the vicinity of the Sun (Reyl¢ et al.,
2021}, Kirkpatrick et al., 2021). Stellar UCDs have stable main-sequence lifetimes that
far exceed the age of the Universe (>10'? years), while non-fusing substellar UCDs cool
continuously over time. The distinct evolution of stellar and substellar UCDs allows them
to serve as “standard clocks" in young stellar associations (Stauffer et al., [1998; Martin
et al., 2018)) and potentially in older globular clusters and the Galaxy at large (Burgasser,
2004; Caiazzo et al.l 2017; |Gerasimov et al., [2022)). Their fully-convective interiors
and cool, molecule-rich photospheres allow for sensitive measurement of metallicity
(Rojas-Ayala et al.| 2012; [Veyette et al., 2017; Zhang et al.,[2017), ideal for studies of

chemical enrichment history. Since UCDs are more numerous and longer lived than FGK
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stars and red giants, they potentially offer a higher phase-space resolution of ancient
spatial, kinematic, and abundance substructures, allowing us to study the early history of
the Milky Way in exquisite detail.

The challenge in using ultracool dwarfs for Galactic Archaeology is their intrinsic
faintness. UCD population studies based on wide-field imaging surveys have been largely
limited to the nearby Solar Neighborhood (d< 100 pc), and have focused on measuring
the local luminosity function and velocity dispersions (Cruz et al., 2007b; Metchev et al.,
2008} |Reyle et al., 2010; Bardalez Gagliuffi et al.| 2019} |Kirkpatrick et al., 2019, 2021}
Burgasser et al., 2015 Hsu et al., 2021)). Local studies also fail to sample the metal-poor
thick disk and halo population in sufficient abundance to measure population properties;
only few dozen nearby ultracool subdwarfs have been identified to date (Burgasser et al.,
2003;; ILépine & Scholz, 2008;; [Kirkpatrick et al., 2014; |Zhang et al., 2019; Schneider
et al., [2020).

In contrast, deep narrow-field surveys can reach more distant UCD populations,
enabling measurement of disk structure and a greater proportion of halo and thick disk
sources. The majority of deep surveys for UCDs (Table have been undertaken with
the Hubble Space Telescope (HST), as these objects often comprise a “foreground” to
extragalactic surveys. Early work in this area includes measurement of M dwarf number
counts in the HST Deep Field and Large Area Multi-Color Survey Groth Strip (Gould
et al.,|1997; Kerins| |1997; Chabrier & Mera,|1997)). Analysis of these samples determined
M dwarf thin and thick disk vertical scaleheights of ~325 pc and ~650 pc, respectively,
and ruled out very low mass stars as being an appreciable component (< 1%) of Galactic
halo dark matter. Ryan et al. (2005) performed one of the first deep photometric surveys
of distant UCDs, identifying 28 candidate L and T dwarfs in 135 arcmin? of deep imaging
data obtained with the HST Advanced Camera for Surveys (ACS) instrument, selected by

their i — z colors to a limiting magnitude of z < 25. They determined a thin disk vertical
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scaleheight of ~350 pc, similar to prior measurements of deep M dwarf star counts. Ryan
et al.[(2011) subsequently identified 17 candidate late M, L, and T dwarfs in 232 arcmin?
of HST/Wide Field Camera 3 (WFC3) imaging of the Great Observatories Origins Deep
Survey (GOODS; |Giavalisco et al.[2004) using optical and near-infrared color selection,
and determined a thin disk vertical scaleheight for these sources of 290 40 pc. Deep
ground-based surveys have also identified samples of distant UCDs. |[Kakazu et al.| (2010)
identified 7 late-L and T dwarfs in 9.3 deg? of optical and infrared imaging data from
the Subaru Suprime-Cam Hawaii Quasar and T dwarf survey to a limiting magnitude of
7 < 23.3, spectroscopically confirming several of the targets. From this small sample
Kakazu et al. (2010) inferred a thin disk vertical scaleheight of ~400 pc for brown dwarfs.
Sorahana et al. (2019) used the larger (130 deg?) and deeper (z < 24) Hyper Suprime-
Cam Subaru Strategic Program survey (HSC-SSP; Aihara et al.[|2018)) to photometrically
identify 3,665 L dwarfs, and inferred an average thin disk vertical scaleheight of 340—420
pc. [Carnero Rosell et al. (2019) used multi-band imaging data from the Dark Energy
Survey (DES; The Dark Energy Survey Collaboration|2005), combined with photometry
from wide-field imaging surveys, to photometrically identify and classify 11,745 LO-T9
dwarfs to a limiting magnitude of z < 22, and estimated a thin disk vertical scaleheight
of ~450 pc. Recently, [Warren et al.| (2021) compiled a sample of 34,000 M7-L3 UCDs
by searching over a large area of 3,070 deg” in the Sloan Digital Sky Survey (SDSS,
York et al.[2000) and UKIRT Infrared Deep Sky Survey (UKIDSS) down to J = 17.5,
and measured a scaleheight of ~ 270 pc. These last three studies, which comprise the
largest compilations of UCDs to date, use multiple colors to segregate UCDs from other
background sources (Skrzypek et al., 2016).

Deep imaging surveys, typically based on optical photometry, generally probe
scaleheights for only the most massive (stellar) ultracool dwarfs, and are subject to

significant contamination from Galactic and extragalactic populations studies. A com-
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plementary approach is to use deep spectroscopic surveys, which enable greater fidelity
in both the confirmation and classification of UCDs. [Pirzkal et al.| (2005) identified
18 M dwarfs and 2 L dwarfs in the Hubble Ultra Deep Field with ACS imaging data
and GRism ACS Program for Extragalactic Science (GRAPES, Pirzkal et al. 2004
spectroscopy. Using a single-component disk model and a halo population with a halo
fraction of 0.25%, they derived a thin disk scaleheight of 4004100 pc for their >M4
population. In a follow-up paper, Pirzkal et al.| (2009) found 203 M0-M9 dwarfs in the
Probing Evolution And Reionization Spectroscopically (PEARS) fields, based on ACS
spectra and additional photometry down to z = 25 (AB). They found that an exponen-
tial model with two disk components was required to reproduce the observed number
counts, and derived a thin disk scaleheight of 37Of2(5) pc for M4-M9O spectral types, a
thick disk scaleheight of ~1000 pc, and halo-to-thin disk and thick disk-to-thin disk
number ratios of 0.25% and 2%, respectively, values consistent with Sloan Digital Sky
Survey (SDSS) results (Juri€ et al., 2008). Pushing to lower temperatures, Masters et al.
(2012)) spectroscopically identified 3 late T dwarfs in the WFC3 Infrared Spectroscopic
Parallels survey (WISP; Atek et al.2010) based on the presence of strong CH4 and H,O
absorption features in 1.1-1.7 um HST/WFC3 spectra. This small sample was sufficient
to constrain the power-law index of the substellar mass function of the thin disk but not
its vertical scaleheight. In|Aganze et al. (2022a)) (hereafter Paper 1), we reported the
discovery of 164 late M, L, and T dwarfs in WISP and 3D-HST (Momcheva et al., 2016;
Brammer et al., [2012; Skelton et al., 2014) HST/WFC3 spectroscopic data. In this study,
we transform these data into the first measurement of vertical scaleheight as a function of
spectral type in the UCD mass regime.

Measurement of the vertical scaleheight of UCDs as a function of spectral type
or temperature is a key step toward exploring both the formation history and evolution

of these objects. Vertical scaleheight is a proxy for population age (Bird et al., 2013;
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Mackereth et al., 2017), driven by the dynamical heating of stellar populations through
encounters with Galactic structures or dispersion induced by to satellite interactions
(Spitzer & Schwarzschild, 1953} Lacey, 1984} Sellwood & Binney, 2002; Hopkins et al.,
2008; Ma et al., |2017)). Because UCDs are a mixture of long-lived, stable stars and
cooling brown dwarfs, their ages, dispersions, and scaleheights are all predicted to
show complex trends with temperature depending on formation and evolutionary history
(Burgasser, 2004} Ryan et al., 2017). While kinematic trends can be discerned from the
local sample (Zapatero Osorio et al., 2007; Blake et al., 2010; Burgasser et al.,|[2015; |Hsu
et al., | 2021), variations in scaleheights requires a well-characterized, large sample of
UCDs out to kpc distances, including low temperature L, T, and Y dwarfs.

Section [3.2] describes the survey contents, including limiting magnitudes, dis-
tances, and effective volume probed. Section [3.2.1 describes the Monte-Carlo population
simulations used to model our star counts. Section summarizes the results of our
analysis, which places constraints on the scaleheights of late-M, L, and T dwarfs in the
Galactic disk population. Section [3.5]presents predictions for the surface densities of
UCDs that will be observed as part of the James Webb Space Telescope (JWST) Parallel
Application of Slitless Spectroscopy to Analyze Galaxy Evolution survey (PASSAGE,
JWST Cycle 1 GO-1571, PI Malkan, Malkan et al. 2021). We summarize our main

conclusions in Section
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3.2 Characterizing the HST /W F C3 Ultracool Dwarf Sam-
ple

Observational Data

The sources and data considered in this investigation are described in Paper I.
In brief, we analyzed spectral and photometric data of 164 late-M, L, and T dwarfs
identified in 0.6 deg? of slitless grism spectral data obtained with HST/WFC3 in the
WISP and 3D-HST surveys. The spectral data consist of low-resolution near-infrared
measurements primarily spanning 1.11 um < A < 1.67um at an average resolution of
AIA A =~ 130. The photometric data include measurements in the wide-band F110W
(0.8-1.4 um), F140W (1.2-1.6 um), and F160W (1.4-1.7 um) filters. We also used
the spectral calibration sample described in Paper I, a set of approximately 3,000 near-
infrared (0.7-2.5 um)low — resolution(A /AL =~ 75-120) spectra from the SpeX Prism
Library (Burgasser, [2014), 22 HST/WFC3 Y dwarf spectra from Schneider et al. (2015)),
and 77 HST/WFC3 UCD spectra from |Manjavacas et al.| (2019). These data and the

source properties are described in detail in Paper I.

Survey Limiting Magnitudes, Distances & Effective Volumes The number of stars
present in a given field of view is equal to the number density of stars as a function of
Galactic position integrated over the total volume along an observed line of sight. The
volume observed is determined by the angular area of the field and the limiting distance
probed, which depends on both the survey sensitivity and the intrinsic brightness of our
targets. Since the latter varies as a function of spectral type in different ways between
different imaging filters, it is necessary to compute these volumes as a function of spectral
type and filter, in addition to considerations of varying integration times, photometric

noise, and intrinsic variance in stellar brightness within a given spectral class, including
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unresolved multiplicity.

For the 3D-HST survey, |Skelton et al. (2014)) report the effective limiting magni-
tudes of each pointing based on the point-source selection criteria described in Paper 1.
For the WISP survey, while Atek et al.|(2010) does not provide a complete list of limiting
magnitudes for all pointings, they do report an average depth of F110W = 26.8 and
F140W = 25.0 across the survey. Given the additional selection criteria imposed on our
sample, and the differing exposure times between individual WISP and 3D-HST point-
ings, we chose to re-estimate the limiting magnitudes for each individual pointing and
imaging filter for the WISP data. These limits were determined for a subset of pointings
by fitting a Gaussian kernel density estimator (KDE, Parzen| 1962) to the distribution
of apparent magnitudes of point-sources with spectral J-SNR > 3 (see Paper I) in each
pointing and filter. This fitting procedure was applied to pointings that had more than 50
qualifying point sources (dense fields) to obtain a statistically robust limit, which was
estimated as maximum of the KDE distribution. Pointings with fewer than 50 qualifying
point sources (sparse fields) had faint magnitude limits estimated from linear relationships
between the limiting magnitude and the logarithm of the G141 spectral exposure time
from the dense pointings (see Table [3.6)and Figure [3.1). The faint magnitude limits for
all fields and filters are listed in supplemental tables. We also adopted a bright limiting
magnitude of 16 for all pointings and filters, based on the bright tails of the point source
magnitude distributions as illustrated in Figure [3.1]

In Paper I, we found that several of our UCD discoveries had apparent magnitudes
fainter than the defined limiting magnitudes, particularly among the late-L. and T dwarfs.
These “deep sources” arise from the redistribution of flux within each imaging filter by
strong molecular absorption from H,O and CHy, in contrast to the flat, featureless spectra
of most sources. The structured spectra imply that, at a given magnitude, a late-type

UCD has a higher peak spectral flux density and higher J-SNR than the equivalent
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Figure 3.1 (a) Distributions of magnitudes for sources in the WISP and 3D-HST surveys
across all pointings. Dotted lines show all sources, solid lines show point sources with
J-SNR > 3. Blue vertical dashed lines shows magnitudes limits of |Atek et al.| (2010) (b)
Estimation of the limiting magnitude for a select set of pointings. The smooth blue line
shows the KDE, while the vertical black line indicates the adopted faint magnitude limit
based on the KDE peak. (c) Faint magnitude limits for all pointings as a function of log
spectral exposure time, separated into dense (filled symbols) and sparse (open symbols)
fields. Linear fits between the dense field limits and log exposure time (black lines) were
used to estimate the limiting magnitudes for the sparse fields, taking intrinsic scatter into
account.

88




1.5 1.00 2.0
0.75 1.5
0.50 1.0
0.25 0.5

0.00 0.0

F110W Correction
@

F140W Correction

F160W Correction

0.0 -0.25 —05

M5 LO L5 TO T5 YO M5 LO L5 TO T5 YO M5 LO L5 TO T5 YO

Figure 3.2 Magnitude offsets as a function of spectral type assuming a fixed J-SNR
constraint. Black lines are fourth-order polynomial fits that take into account photometric

uncertainties.

background source. In effect, we are able to probe to deeper magnitudes (and hence
larger volumes) using a spectral, rather than photometric, selection criterion. To quantify
this effect, we determined a limiting magnitude offset that varies with spectral type using
the UCD template sample defined in Paper I. We scaled each spectrum to match the
median flux in the J-SNR window of a standard M7 spectrum, which was assumed to
have a negligible filter correction; then computed the relative magnitude in the F110W,
F140W, and F160W filters. Figure [3.2]displays these offsets with their corresponding
polynomial fits. Magnitude offsets increase with later spectral type, reaching up to ~1.5
mag difference among late T dwarfs in the F160W band. These offsets were added to

the limiting magnitudes per pointing and per spectral type in our subsequent analysis.

3.2.1 UCD Population Simulation

With the search volumes defined for each pointing, star counts can now be related
to the luminosity function (LF), the number density of stars as a function of luminosity,

brightness, temperature, or spectral typeﬂ and its spatial variation (Galactic structure).

'Luminosity functions reported in the literature are variously measured with respect to luminosity (dﬁ)%

with units of pc~3 dex 1), absolute magnitude (jWN with units of pc > mag™!), effective temperature (fT—NH
X €
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These functions in turn probe UCD formation mechanisms through the mass function
and birthrate; UCD thermal evolution, particularly important for brown dwarfs; and UCD
dynamical evolution in the Milky Way potential. All of these factors are interdependent;
hence, we follow the approach of |Burgasser (2004) in simulating UCD populations

through a Monte Carlo approach.

3.3 Simulating the UCD Luminosity Function

The luminosity function of UCDs in the immediate Solar Neighborhood (d <
20 pc), which largely samples the thin disk population, has been measured by several
groups (Reid, 2003} |Cruz et al., 2003; Cruz et al., 2007a; [Bochanski et al., [2010; Metchev
et al., 2008} Reyle et al., 2010; Kirkpatrick et al., 2012, 2019, 2021; Burningham et al.,
2013; Bardalez Gagliuffi et al., 2019). These studies reveal a UCD LF that declines
from the late-M to L dwarfs as we approach the hydrogen burning minimum mass; a
minimum among the mid- and late-L. dwarfs, composed primarily of warm and rapidly
cooling brown dwarfs; and a rise among the T and Y dwarfs as brown dwarf evolution
slows. A sharp peak in the observed LF at the L. dwarf/T dwarf transition reported in
Kirkpatrick et al.| (2019) may be a consequence of delayed evolution due to thick con-
densate clouds (Saumon & Marley, 2008) or blended-light binaries (Burgasser2007; see
below). Integrated space densities in these samples range from (12.6 + 0.6)x 1073 pc >
for M7-L5 dwarfs, (0.5 4+ 0.3)x 1073 pc’3 for L5-T6 dwarfs, and ~ 103 pc’3 for
T6-YO0 dwarfs (Kirkpatrick et al., 2012, 2021} Bardalez Gagliutfi et al., 2019). The
observed LFs are qualitatively and quantitatively consistent with population simulations
like those described here, albeit with continued uncertainty in the form of the underlying

mass function, age distribution, and role of binaries due to small samples and persistent

with units of pc =3 K~1), or spectral type (d‘é% with units of pc 3 subtype ') depending on implementation.
We clarify the form of the LF used with a subscript; i.e., LFspt = d‘é%.
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incompleteness, even in the local volume.

In this analysis, we explicitly simulate the observed LF using assumptions of the
mass function, age distribution, multiplicity, and evolutionary models. We note that Ryan
& Reid| (2016)) use an alternative parameterized form of the local LF in their predictive
study of UCDs in JWST pointings; however, this approach does not allow for evaluation
of dependencies of the LF on the mass function or age distribution, nor the coupling
between spatial and age distributions which can significantly modify the observed LF in
deep samples.

For our baseline LF model, we generated a sample of 10° objects from a single
power-law mass function parameterized by index o for masses nominally between Mgy,
=0.01 M and My;gp = 0.15 M©:

dN /N
P(M) = yIvAS (Z\T@) . (3.1)
We adopted o = 0.6 based on results from Kirkpatrick et al.|(2021) for the local field
population, which is also consistent with the mass functions of UCDs in young clus-
ters (Bastian et al., [2010). Masses were drawn from this distribution by inverting the

cumulative distribution function

M
CDE(M) = / P(m)dm (3.2)
Mlow

for M € [Mow, Mhign), such that M = CDF~!(x) for x € [0, 1]. We assigned ages using a
uniform age distribution spanning 0.1-8 Gyr, which reasonably encompasses the local
stellar population (Fouesneau et al., 2019).

To include the effects of multiplicity on our simulation, we assumed an overall

binary fraction of 20% (Basr1 & Reiners, 2006; |Burgasser, [2007; Fontanive et al., 2018)),

91



and mass ratios ¢ = M, /M, drawn from a power-law distribution

P(q) <q’. (3.3)

We adopted 7 = 4 based on the observed statistical distribution of resolved UCD binaries
(Burgasser et al., 2006b) with ¢ € [0,1]. The 20% of simulated sources identified as
binaries were assigned a secondary companion with mass M, = gM, and all binaries
were assumed to be are unresolved and coeval.

Present-day physical parameters of effective temperature (7. in K), luminosity
(log Lyo1/Ls), surface gravity (logg in cm s~2), and radius (R /Rc) were determined for
all simulated sources and secondary components using a logarithmic interpolation of six
evolutionary model grids: Burrows et al.| (1997, hereafter B97), Burrows et al. (2001,
hereafter BO1), Baratfe et al.| (2003}, hereafter BO3), the hybrid cloud models of [Saumon
& Marley| (2008, hereafter SM08), the Sonora models of Marley et al.| (2018, hereafter
M18), and the equilibrium chemistry ATMOS models of |Phillips et al. (2020, hereafter
P20). A summary of the model set assumptions and parameter limits is given in Table[3.3]
Note that some model parameter limits result in incomplete simulation samples (see
discussion below). All models considered assume solar metallicity, which is appropriate
given the dominance of field objects in our sample (Paper I).

Our observed sample is characterized by directly measurable quantities of spec-
tral type and apparent magnitude; hence, it is necessary to convert simulated physical
parameters into observable quantities. We used empirical relationships established from
local UCD populations, specifically the spectral type to effective temperature scale of
Pecaut & Mamajek (2013E| for objects earlier than LO; and that of Kirkpatrick et al.

(2021)) for L, T, and Y dwarfs. We accounted for the intrinsic scatter in these relations by

Zhttps://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK _colors_Teff.txt.
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Figure 3.3 Evolutionary model grids used in this work plotted as effective temperature
(Tefr) versus age, with evolutionary isomass tracks color-coded by mass. Parameter limits
of these models are listed in Table [3.3] Dashed lines show age limits for thin disk
populations from 0.1 Gyr to 8 Gyr

random sampling.

For binary systems, we determined composite spectral types following the method-
ology of Burgasser (2007). We generated a sample of 104,776 binary templates from our
SpeX template sample, scaling all spectra by their absolute MKO J magnitudes using
the Mj/spectral type relations from Dupuy & Liu|(2012) for M6-T8 dwarfs and from
Kirkpatrick et al.|(2021) for T8-Y 1 dwarfs. All possible pairs for which a secondary is
classified as late or later than the primary were added together. Each binary template’s
spectral type was then determined by comparing to spectral standards, as done for our
observed targets (see Paper I).

Figure 3.4 compares the mean primary, secondary, and composite classifications
based on this analysis. Composite spectral types are typically <0.5 subtypes later than
the primary type for most spectral types, with the notable exception of early T dwarf

composite systems, which are up to 2.5 subtypes later. This difference is the result of
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the well-documented 1 um “flux reversal” phenomenon at the L/T transition (Burgasser
et al., 2002; Liu et al., 2006; Looper et al., 2008).

To scale our simulated distributions to accurately predict sample numbers, we
compared our simulated effective temperature distribution LF; to that reported by [Kirk+
patrick et al.|(2021) for the local UCD population, sampling temperatures between 400 K
and 2000 K in AT ¢ = 150 K bins. We computed a scale factor () that minimizes the xz

residuals between simulated and observed LFs based on the observational uncertainties

OIF: )
T;,=2100 K LFT « LFT 7;,=2100 K LFT

o= Y —/ )Y = (3.4)
T,=450 K OiF 7,=450 K OLF
(cf. |Cushing et al.|2005).

Figure [3.5| compares the observed and scaled simulated LF7 distributions for
all six evolutionary models. There is general agreement between the models, with the
exception of an extra peak in the SMO08 models in the 1200-1350 K bin, which is detected
in the observed LF7 of Kirkpatrick et al. (2021)), as noted above. The absence of this
feature in other evolutionary models suggests it more likely attributed to delayed evolution
at the L/T transition than multiplicity. The simulations match the observed L dwarf and
late-T/Y dwarf source densities, but slightly over-predict the number of mid-type T
dwarfs (1000 K < T < 1500 K). We also compared the J-band absolute magnitude
luminosity functions (LF;) of our simulations to measurements from Cruz et al.| (2007b)
and Bardalez Gagliuffi et al.|(2019), after normalizing the simulations to the latter; and
to the parameterized LF; of Ryan & Reid (2016). Here we see significant differences
between the model predictions at the brightest magnitudes, My < 11 (corresponding to
spectral types <L0), largely due to parameter limits (e.g. the lack of stellar models in

P20); and at the faintest magnitudes, M; > 13, due to the restricted range of spectral

types included in the |Cruz et al. (2007b)) and Bardalez Gagliutfi et al. (2019)) samples.

3We denote simulated distributions with the LF notation.
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Figure 3.5 [(a) Comparison between our simulated luminosity functions as a function
of Ter (LF r) for different evolutionary models to the measured LF7 of |K1rkpatr1ck et al. |

(2021}, data points with error bars). Models correspond to Burrows et al. (1997, B97);
Burrows et al. (2001, BO1), Baraffe et al.| (2003}, BO3); Saumon & Marley| (2008, SM08);
Marley et al.| (2018, M18); and [Phillips et al.| (2020, P20). (b) Comparison between
our simulated luminosity functions as a function of absolute J magnitude (LF ) to the
observed LFys of [Cruz et al|(2007b, magenta points with error bars) and
Gagliuffi et al.| (2019, black point with erggy bars). The empirical relation of
is also shown as a dashed line.




Absolute F110W, F140W, and F 160W magnitudes were assigned to each simu-
lated source using the absolute magnitude/spectral type relations developed in Paper 1.
We accounted for scatter in these relations by including random offsets in the assigned
magnitudes following a normal distribution. For binary systems, we computed combined-
light magnitudes, by adding the fluxes of the individual primary and secondary to obtain

a combined magnitude in all filters.

3.3.1 Effective Volumes

The number of sources N(SpT) of a given spectral type detected in a field of
view can be expressed as the product of the local number density of sources, p(SpT),
and the effective volume of that field, V(SpT). The effective volume is defined here as
the density-weighted volume probed in a given radial direction based on the underlying
stellar density field p(7),

_p(
v po(SpT)

dinax (SpT) p (?)

2
————rdr, 3.5)
duin(SpT) P (SPT)

Veff(SpT) = dV =~ AQ /

where 7 is the galactocentric position vector
7= (X,Y,Z) = (Ro — rcos(b)cos(l),—rcos(b) sin(l), Ze + rsin(b)), (3.6)

with R; = 8300 pc and Z = 27 pc (Gillessen et al., 2009; Chen et al., 2001). AQ
is the (assumed small) solid angle of the imaged field, equal to 4.1 arcmin? = 3.47 x
10~ "radian? for each WFC3 infrared grism image; and r is heliocentric radial distance
in the direction of Galactic latitude b and longitude /. This line integral is computed
between limiting heliocentric radial distances dp,in(SpT) < r < dmax(SpT) which are

determined from the bright and faint magnitude limits of the image (Mpright faint; S€€ §@)
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and the absolute magnitude of the source, M(SpT), in a given filter:

dmi 1
log < Tg;ﬂj) (SDT) = < (Mighsaim —~ M(SPT)) G37)

with M(SpT) in F110W, F140W, and F 160W based on the relations derived in Paper I
(see above). We ignored reddening effects as all of the WISP and 3D-HST pointings are
at high Galactic latitudes (|b| > 15°). For each pointing, we adopted the smallest outer
distance limit among the imaging filters used in that pointing.

We adopted as our stellar density field a single-component, axisymmetric, expo-
nential disk model:

R—R Z—7
p(7) = p(R,Z) = poexp (— - ®> exp (—'H—@') 7 (3.8)

where R, Z are galactocentric cylindrical coordinates (R2 =X2+ YZ); and L and H are the
radial and vertical scaleheights, respectively. We adopted L = 2600 pc (Juri€ et al., 2008),
while stellar densities were computed for H = 100 pc, 150 pc, 200 pc, 250 pc, 300 pc,
350 pc, 400 pc, 450 pc, 500 pe, 600 pe, 800 pe, and 1000 pc. Figure[3.6]illustrates how
the total effective volume varies as a function of spectral type and vertical scaleheight.
With effective volumes computed for each pointing, spectral type, and vertical
scaleheight, we assigned specific pointings to each simulated source using Ve as a
weight factor. Specifically, we constructed cumulative distribution functions (CDFs) of
the pointings by rank ordering the Vs for each spectral type and vertical scaleheight
model. We conducted uniform draws from these CDFs to appropriately weight source
locations with pointings that had larger effective volumes; i.e., those with longer exposure

times (larger dmax) and lower Galactic latitudes (smaller |Z — Zg)|).
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Figure 3.6 These were constructed as a rank ordering of V¢, such that pointings with
larger effective volumes are toward the right of the distributions. The normalized forms
of these distributions were used to assign pointings to our simulated sources. Note that
the Y1 dwarfs show little Galactic scaleheight dependence as they are detected at close
distances (d < 10 pc). (b) Total effective volume over all WISP and 3D-HST pointings
as a function of spectral type for various vertical scaleheights.
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Distances were assigned using the likelihood function
P(r,b,1) = p(P)r?, (3.9)

which was initially evaluated over the range 0.5din < d < 2dmax for each pointing and
spectral type to account for sources scattered into the observed volume by photometric
uncertainty or unresolved multiplicity. For each pointing and scaleheight, samples of
N = 10° distances were generated by inverting the CDF associated with Equation
along a selected line of sight, which is equivalent to the normalized effective volume

given by
for.Sdmm P(r,b,l)dr

CDF(0.5d,i, < r < 2dmax, b, 1) =
(0-5dnin ma; 0,1) S P(r,b, )dr

(3.10)

With these distances,individual apparent F'110W, F140W, and F'160W magnitudes were
computed and assigned.

To account for measurement uncertainties, we fit a linear relation to the magnitude
uncertainties oy, of all the point sources in the WISP and 3D-HST surveys as a function

of filter magnitude (m) and log image exposure time (#7),

t
logGm:oc(m—mo) —Blog(TéOS>+10g60, (3.11)

where mop = 19 and @, B, and oy are fit parameters (Table . The magnitudes of
each simulated source in all three filters are then estimated by drawing from a normal
distribution with a spread equal to the appropriate magnitude uncertainty.

To appropriately model the observed spectra, we first determined a relationship

between the source photometric magnitudes, grism integration times (fG141), and J-SNR
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values (Figure [3.7):

1
logJ-SNR = a (m —mg) + blog % +logJ-SNRy (3.12)
A

where again my = 19 and a, b, and J—SNR( are the fit parameters. Here, m is the
simulated magnitude with uncertainty included (Eqn. [3.11)). Sources brighter than 15
mag were assigned a ceiling value of J-SNR = 500, while sources fainter than 25 were
assigned a floor value of J-SNR = 1, matching the properties of the data. We assigned
the minimum J-SNR value among the three imaging filters to each simulated source. The
simulated apparent magnitudes and J-SNR ratios were both used to evaluate selection

effects.

3.3.2 Selection Effects

Our selection of UCDs in the WFC3 sample using indices and line and spectral
template fits, and the criteria used to narrow down the sample for visual confirmation,
makes it likely that we rejected some fraction of UCDs present in the sample, particularly
those with low S/N data. To quantify potential biases in this selection, we applied
the selection criteria defined in Paper I to a sample of low-resolution UCD spectra of
varying S/N to measure the recovery fraction as a function of spectral type and apparent
magnitude. The simulation sample was generated from 20 of the highest S/N spectra (50
< S/N < 200) for each subtype between M7-T9 in our template sample. For Y dwarfs,
we used all templates without a S/N cut. We reduced the S/N of each spectrum by adding
uncorrelated Gaussian noise, creating 100 spectra per template with J-SNR > 3.

For each of these test spectra, we computed the same indices and fit statistics, and
applied the same selection criteria used to select UCDs from the WFC3 sample prior to

visual confirmation, as described in Paper I. With perfect selection, we would expect to
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Figure 3.7 (a) Fits (straight lines) to apparent magnitude uncertainties for point sources in
the WISP and 3D-HST surveys (black points) as function of magnitude for representative
exposure times of 100 s (green), 1000 s (turquoise), and 3000 s (dark blue), for F110W
(left), F140W (middle), and F160W (right) imaging data. (b) Fits (straight lines) to
J —SNR values for point source spectra (black points) as a function of apparent magnitude
for representative exposure times and the three filters (same color scheme as panel a).
The horizontal dashed lines indicate the minimum (J-SNR = 1) and maximum (J-SNR =
500) ranges over which the fits were made.
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recover all spectra down to J-SNR = 3; in practice, we expect to lose some fraction of
the noisiest spectra, which may depend on spectral subtype.

We defined a selection probability function () as a function of J-SNR and
spectral type as

N .
. (J-SNR;, SpT) = —2-, (3.13)

tot,i
where N ; is the number of test spectra selected in a given spectral type and J-SNR bin i
(bin sizes of 1 subtype and 2 steps in S/N, respectively), and N, ; is the total number
of test spectra in that bin. “Selection” in this case means that a source is selected as
any kind of UCD; e.g, a simulated M7 selected as an M9 was counted as a successful
selection. For the random forest and neural network models, we used the requirement of
80% classification probability to be selected (see Paper I).

Selection probability functions for the index-based, random forest, and neural
network approaches are illustrated in Figure [3.8] As expected, the highest S/N spectra
are selected across all spectral types, but we increasingly lose objects at lower S/N values
as indices become unreliable. This is particularly true for earlier spectral classes where
absorption features are weaker. Sources that did not reach any of the probability cutoffs
for UCDs in our selection contribute to the low-selection regions for our machine learning
methods. Note that a combination of selection criteria (as an “or” selection) reduces
selection biases considerably, although this may result in much greater contamination.

With a selection probability assigned to each simulated source based on its
estimated J-SNR and SpT, we computed the expected number of objects per spectral

type in given pointing as
Nim (SpT) = pe: (SpT) - Vetr(SpT) - )7 (J-SNR;, SpT) (3.14)

where the sum is over all values of simulated J-SNR for a given SpT.
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Figure 3.8 Selection probability functions for the index-based, random forest, and neural
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forest and neural network models, we assumed a classification probability of 80% is
required.
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We compare these predicted number counts to the observed numbers of UCDs
for each model and scaleheight in Figure[3.9] The observed number of UCDs in this case
is not the full sample of 164 reported in Paper I, but only those sources with magnitudes
brighter than the completeness limits of their respective fields in at least one of the
F110W, F140W or F160W filters, accounting for the spectral type-based correction
described in Section 2.2 and displayed in Figure [3.2] The resulting comparison sample is
composed of 98 UCDs, including 76 late-M dwarfs, 18 L dwarfs, and 4 T dwarfs, and

has the same selection criteria imposed as our simulated sample.

3.3.3 Contamination from the Thick Disk Population

Our population simulations are designed specifically for the thin disk population,
and hence will not account for thick disk or halo sources in the WFC3 survey data.
To assess the contribution of the thick disk population to our sample, we performed a
parallel population simulation, assuming the same mass range and distribution, a uniform
age distribution spanning 8—10 Gyr (Kilic et al., 2017), and a fixed vertical scaleheight
of H =900 pc (Juri¢ et al., 2008). While thick disk stars are typically metal-poor
and older than 10 Gyr (Gilmore et al., |1995; Haywood et al., 2013b; Hawkins et al.,
2015; Mackereth et al., 2017; Sharma et al., 2019)), we use these solar-metallicity BO3
evolutionary models and locally-defined empirical calibrations as a first-order assessment.
Scaling the local number density to be 12% that of the thin disk (Juri€ et al., [2008), we
estimate 36.7 M7-M9 dwarfs, 6.9 LO-L4 dwarfs, 0.3 L5-L9 dwarfs, and <1 T and Y
dwarfs in the WFC3 sample. We note that none of the UCDs identified in Paper I were
matched to metal-poor subdwarf templates ((M/H] < —1) in the index selection analysis,
although modest degrees of metal deficiency ([M/H] < —0.5) are likely undetectable
in these data (Aganze et al., 2016). The lack of proper motion information for the vast

majority of the sample also prevents us from assessing the thick disk contribution through
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kinematics (Bensby et al., 2003b)). Hsu et al. (2021) finds that the fraction of intermediate
thin-disk/thick disk objects for UCDs ranges from 3-8% based on the 3D-kinematics of
the nearby (d<20 pc) UCD sample. However, these data are limited to the local volume
and we expect to see a larger fraction of thick disk stars at larger distances and high
galactic latitudes. Pirzkal et al.| (2009) and ivan Vledder et al.|(2016) estimate a local thick
disk fraction of M dwarfs to be 5%—7.5% (Table 3.8]). Because of their small contribution
to the sample, we chose to account for potential thick disk contamination by statistically
removing these sources from our sample, rather than explicitly modeling in thick disk
stars. We also ignore the contribution of halo UCDs in our sample given that the local
ratio of halo to thin disk stars is smaller still (0.25%-0.75%; |[Pirzkal et al.|2009; van

Vledder et al.[[2016).

3.4 Results

3.4.1 Number Counts

Figure 3.9 compares the predicted number of ultracool dwarfs in the combined
WISP and 3D-HST samples for different evolutionary models and assumed scaleheights
to our observed number counts. The number counts for each subtype range is a result of
competing effects between the effective volume and luminosity function, as illustrated
in Figures[3.6|and 3.5 Number counts of earlier-type UCDs (late-M and L dwarfs) are
higher due to their greater limiting distances and larger volumes, while the number counts
of later-type UCD (T and Y dwarfs) are determined by their smaller volumes and the rise
in the luminosity function. The overall trend is a monotonic decrease in number counts
as a function of increasing spectral type, with a slight bump for early T dwarfs.

We see general agreement between the observed number counts and the predic-

tions from the various evolutionary models, particularly for the L and T dwarfs. For the
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Figure 3.9 Measured ultracool dwarf source counts in the combined WISP and 3D-
HST fields (points with error bars) compared to predicted counts from our population
simulations (histograms) for various evolutionary models (different panels) and assumed
scaleheights (color scale). Number counts of for our comparison sample of 98 UCDs with
magnitudes brighter than the field completeness limits are shown in black points, while
the full sample of 164 UCDs are shown as white points. In both cases, the estimated
number of contaminating thick disk objects, assuming a thin:thick ratio of 12%, has been
subtracted to focus only on the thin disk predictions. Models correspond to Burrows et al.

(1997, B97); Burrows et al.| (2001, BO1); Baraffe et al.| (2003, B03);/Saumon & Marleyl
(2008, SM08); Marley et al.| (2018, M18); and [Phillips et al.| (2020, P20)
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M7-M9 dwarfs, there are pronounced mismatches between the data and predictions from
some of the models, which can be attributed to model mass and temperature parameter
limits. Only the B97, BO1 and BO3 models encompass objects massive enough and hot
enough to fully cover this spectral type range, so we restrict our analysis of the M7-M9

subtype group to these models.

3.4.2 Vertical Scaleheight

To quantify estimates of the ultracool dwarf scaleheight, for each evolutionary
model and spectral type subgroup, we computed a mean scaleheight by convolving the
probability distribution of observed number counts with a monotonic interpolation of
scaleheight as a function of predicted number counts H(N), as illustrated in Figure [3.10]
The distribution of number counts was modeled as a continuous Poisson distributionf]
assuming the observed number of thin disk sources (Nyj,) to be an accurate estimate of

the expected number of sources (V):

exp(—N) (3.15)

where I" is the Gamma function.

Note that the observed number of thin disk sources N,;, is equal to number
of observed sample sources minus the predicted number of thick disk stars, N, =
Nyps — Nipicke (Section . Drawing 10° samples per model and spectral type subgroup,

we inferred the distribution of scaleheights as
P(H)=H(P(N)) (3.16)

The median values and 16% and 84% quantile uncertainties of these distributions are

4https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.gamma.html#scipy.stats.gamma
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Figure 3.10 Interpolation of predicted number counts as a function of scaleheight for
M7-M9 dwarfs. Predicted number counts are shown for the Burrows et al.| (1997, B97;
blue triangles), Burrows et al. (2001, BO1; orange triangles); and Baraffe et al. (2003,
BO03; green triangles) evolutionary models. The black line and gray band indicates the
measured number count of M7-M9 dwarfs and Poisson error.

given in Table [3.4] for each model and spectral type group. We also computed median
values for scaleheights per spectral type group across all models, with the exception of
the M7-M9 subtype group for which we combined only the B97, BO1 and BO3 models.

We observe overall consistency between model predictions, with differences
generally smaller than the Poisson uncertainties of the sample. One exception is the
P20 model predictions for LO-L4 dwarfs, caused by the substellar upper mass limit of
these models and corresponding absence of evolutionary tracks for Tig = 2000 K at ages
> 1 Gyr (Figure[3.3). These models were excluded in determining median values for
this spectral subgroup. We also find significant differences in the inferred values of the
M7-M9 dwarfs between the B97 and BO1 models and the BO3 models, which likely arise
from differences in the evolutionary models themselves, rather than parameter limits.

Since we have no a priori reason to prefer one model set over the other (however, see
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Section @[), we retain values from all three models, and our median values integrate
the systemic uncertainty arising from the model differences. Finally, although the local
luminosity function predicts a bump at 1350 K (early T subtypes) specifically for SM08
models, we see a small rise in numbers for all models, so this model-dependent effect
does not play a measurable role in the predicted scaleheights for our coarse subtype
groupings.

Comparing our results to previously reported measurements, for the M7-M9
dwarfs we infer a vertical scaleheight of H = 2491?“1g pc, which is low but statistically
consistent with values reported for late-M dwarf samples in deep HST fields by van
Vledder et al. (2016, H = 290+ 20 pc for 274 M dwarfs), Ryan et al. (2005, H =350+ 50
pc for >M6 dwarfs), Pirzkal et al. (2009, H = 370 + 60 pc for M4-M9 dwarfs), and
Holwerda et al.| (2014, H = 400 4100 pc for M5-M9 dwarfs). Our results are also
consistent with measurements from ground-based SDSS data reported in Bochanski et al.
(2010, H =300+ 15 pc for MO-M8 dwarfs) and SDSS-UKIDSS data reported in Warren
et al. (2021, H ~ 270 pc for 32,942 M dwarfs). One explanation for the lower values of
thin disk scaleheights for late-M dwarfs inferred in this study compared to other deep
HST fields is a potential overestimation of the local fraction of thick disk objects in
our sample. Additional constraints assuming a thick disk fraction of 5% are provided
Table ﬁ These latter values, averaging to 361" ig pc, are more in agreement with
previous deep HST field results, and indicates an inherent degeneracy between the thick
disk fraction and inferred thin disk scaleheight. We will see later, however, that a small
thick disk contamination is not favored in our age analysis, and for the remainder of this
study, we report results that assume a thick disk fraction of 12%.

Our overall scaleheight estimates for L dwarfs (H = 153f§8 pc) and T dwarfs (H
= 175229 pc) are considerably smaller than those previously inferred from deep HST

(H =3504£50 pc; Ryan et al.2011) and ground-based (H ~ 450 pc; Carnero Rosell
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Figure 3.11 Probability distributions of scaleheights inferred from our sample (red violin
plots) based on Poisson errors and scaleheight/number count relation. Median values
are indicated by vertical red bars and their 16% to 84% quantile range are displayed as
red horizontal bars. The extended shapes of these distributions for spectral types > L5
reflects the intrinsic sampling uncertainty from the small numbers of these bins.

2019) photometric surveys of these objects. Our results are in qualitative agreement
with the predictions of Burgasser] (2004) and Ryan et al.|(2017) who argued that brown

dwarf evolutionary effects would drive down the vertical scaleheight of late-L and early-T

dwarfs compared to late-M dwarfs. The large uncertainties on our scaleheights for these
cooler objects, driven by the small sample of L and T dwarfs identified, limit our ability

to explore these differences with this sample.

3.4.3 Velocity Dispersions

The scaleheight, velocity dispersion, and age of a stellar or substellar population

in the Galaxy are inter-dependent. Older stars tend to have larger kinematic dispersions
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and occupy a disk with a larger scaleheight (Sanders & Das) 2018; |Bovy, 2017). This
trend can be explained by cumulative dynamic interactions with structures in the Galaxy
such as giant molecular clouds or spiral arms (Spitzer & Schwarzschild, 1953} [Lacey,
1984} Sellwood & Binney, [2002), or dynamical heating due to past merger events (Toth
& Ostriker, |1992; Hopkins et al., 2008} Martig et al., 2014; Minchev et al., |2015; Ma
et al., 2017; Buck et al ., [2020).

To infer population ages for each of our spectral subgroups, we first converted
scaleheights into total velocity dispersions using a relationship based on the analytical
model of [van der Kruit/ (1988),

2
O
H= gnZ—ZO (3.17)
68

where 0y is the vertical velocity dispersion in units of 20 km s, Yeg is the surface
mass density of the Galactic disk in units of 68 M pc~2 (Bovy & Rix,2013), and {, is a

normalization constant based on the parametric form of the vertical mass density p(z):

Pn(z) =272/"py sech?/" <%> (3.18)

Our simple exponential disk corresponds to n = « and , = 435 pc (Ryan et al.,[2017).
Converting our scaleheights into velocity dispersions using these relations (Ta-
ble 3.4), we compared these inferred dispersions to dispersion measurements from
local UCD samples (d < 20 pc). Our median estimate of oy = 15.13:8 km s~!
for M7-M9 dwarfs is consistent with dispersions reported by Burgasser et al.| (2015,
ow = 13.8£0.3 km s!) and Hsu et al[ (2021, oy = 16.3£0.3 km s !). In contrast,
our median estimate of oy = 11.6f}:? km s~! for LO-L4 dwarfs is significantly lower
than the measured dispersion reported by Burgasser et al. (2015, o = 19.5+0.4 km

s~ 1) for this subtype group. In this case, there is evidence that the local population

of L dwarfs is significantly contaminated by older, thick disk sources, and Hsu et al.
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(2021) report a smaller thin disk L dwarf dispersion, o = 15.3 £0.3 km s~! which is
still higher than our estimate of oy = 11.8f%g km s~! for our overall L dwarf sample.
We find agreement between our median estimate of oy = 12.73:2 km s~! for T dwarfs
and the local measurement of oy = 13.3+0.4 km s~! by [Hsu et al.[(2021), albeit with

substantial uncertainties in our value due to small number statistics.

3.44 Ages

We transformed velocity dispersions into ages using a power-law age-velocity

dispersion relation (AVR) of the form;

B
ow (1) = 0o (M) (3.19)

Tmin + Tmax

where oy is the velocity dispersion at Tmax, Tmin and Tmax define the epochs of initial
and maximal velocity dispersions, and f3, is a power-law index that quantifies the rate of
dispersion increase. We used the best-fit model parameters from Aumer & Binney|(2009)
without a low-metallicity tail: (8,00, Tmin, Tmax) =(0.445, 23.831 km s~ !, 0.001 Gyr,
10 Gyr).

Inferred ages and associated uncertainty distributions (based on Monte Carlo
sampling) for each spectral subgroup and model are listed in Table [3.4] and illustrated
in Figure In the Figure, we also show the distribution of the median age from
the original simulations. To estimate this distribution, we randomly sampled N,
objects from the simulation for a given spectral type range and computed the median
age, where N,;;, corresponds to the observed sample N,;; minus the estimated thick
disk contamination N, (Tables and . This process was repeated 10* times to
estimate the sampling uncertainty in the simulated median age. Different evolutionary

models display similar patterns in age versus spectral type grouping, with M7-M9 dwarfs
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(mostly stars) and T5-Y1 dwarfs (all brown dwarfs) having near-uniform ages, while
L0-L4 dwarfs (mixed stars and brown dwarfs) are skewed toward younger ages.

To test more generally whether the distributions of simulated ages agree with age
distributions inferred from number counts, we computed the overlapping probability using
Kolmogorov—Smirnov (KS) test, which measures the probability that two distributions
are distinct. We find K§ values are generally <0.5, indicating good to modest agreement
between simulated and inferred age distributions. There are significant deviations between
simulated and inferred ages for M7-M9 and LO-L4 subtypes which may indicate errors
in the evolutionary models themselves, with some models having smaller inferred ages
compared to simulated ages (B03, SM03, M18) and others larger ages (B97, BO1, P20).
These systematic differences between the models are worse when a lower thick disk
fraction is considered (Table [3.5)), favoring a 12% fraction. We note that the largest
deviation between inferred and simulated ages occurs for the P20 models applied to the
LO-L4 dwarf sample, and for all models applied to the M5-M9 sample. We attribute these
mismatches to the parameter limits in the models, an incorrect assumption of the thick
disk fraction or systematic uncertainties in age-velocity dispersion relations. Nevertheless,
we find reasonable agreement between the inferred and the median simulated ages for L
and T dwarfs, albeit with significant uncertainties due to small number statistics among
the latest spectral class groups.

Our age estimates for UCDs based on scaleheights can be compared to kinematic
age estimates from the local population. Our median M7-M9 dwarf age estimate of
3.6J_r(1):g Gyr based on the |Aumer & Binney| (2009) AVR is consistent with kinematic
estimates from Burgasser et al.| (2015, 4.0+ 0.2 Gyr) and Hsu et al.| (2021, 4.1 £0.3 Gyr).

For LO-L4 dwarfs, our estimate of 2.0f8:2 Gyr is substantially lower than the
(likely contaminated) 6.5+0.4 Gyr kinematic age inferred by Burgasser et al.| (2015)),

and our age estimate for all L dwarfs, 2. 11“8:2 Gyr, is also significantly lower than the
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Figure 3.12 Comparison between the distribution of simulated median ages (blue shaded
regions on left) and the median age estimates for our HST ultracool dwarf sample based
on scaleheight determinations (olive shaded regions on right) and the Aumer & Binney|
AVR. Median values for each distribution are indicated by white and black circles,
respectively. Note that the SM08, M 18 and P20 number count predictions are unreliable
for M7-M9 dwarfs due to model parameter limits, and are not displayed.

kinematic age of thin disk L dwarfs of 4.2 +0.3 Gyr from|Hsu et al.| (2021)). Our estimate

of 2.4f%;g Gyr for T dwarfs is lower than but formally in agreement with the kinematic

age of 3.5£0.3 Gyr from Hsu et al. (2021)), albeit again with significant uncertainties.

The absolute kinematic ages reported here and in other population studies must
be considered carefully, as they are significant systematic issues to be considered when
mapping spatial or kinematic distributions to population ages. Generally, these arise
from the fact that populations formed in distinct environments and residing in different

regions of the Galaxy undergo different kinematic heating histories (Aumer et al., 2016;
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Bovy et al., 2012aj; Mackereth et al., 2019b; [Sharma et al., [2021). Relations connecting
quantities such as age, velocity dispersion, and spatial distribution measured locally may
not apply to populations located at large vertical distances from the Galactic plane or in
different radial zones. More succinctly, the AVRs derived from different stellar samples
do have significant variations. The AVR of |Aumer & Binney (2009), which is used in
prior UCD population analyses (Burgasser et al., 2015; Ryan et al., 2017; Hsu et al.,
2021)), is based on ~15,000 main-sequence stars with distances up to ~300 pc from
the Sun selected from the Geneva Copenhagen Survey (GCS, Nordstrom et al.|2004;
Holmberg et al.|2007)) and Hipparcos (van Leeuwen, |2007)) catalogs, with isochronal
ages based on the Bertelli et al.| (2008) models. We examined the AVRs of two other
stellar samples to examine systematic effects, both of which use a model of the same
form as Equation @ The AVR of Just & Jahreil3| (2010, J10) is based on a sample
of main-sequence GCS and Hipparcos stars, with additional sources from Jahreill &
Wielen| (1997), sampling distances up to ~200 pc from the Sun. Following a similar
method as A09, J10 model the observed number counts, kinematics, ages and metallicities
assuming an initial mass function, star formation rate, and metallicity distribution in a
fully-consistent model of the Galaxy, but with different parameterizations of the star
formation rate and gravitational potential. The resulting AVR best-fit parameters are
(B, 00, Tmin, Tmax)= (0.5, 29.9 km/s, 0.5 Gyr, 12 Gyr). The AVR of Sharma et al.| (2021}
S21) is based on a large sample of ~840,000 main-sequence turnoff and red-giant stars
out to distances of 2 kpc from the Sun (Sharma et al., 2018, [2019), with measurements
from GALAH (De Silva et al., 2015]), LAMOST (Zhao et al., 2012), APOGEE (Hayden
et al., 2015)), the Transit Exoplanet Survey Satellite (TESS, Ricker et al.|2014) catalog,
the High Efficiency and Resolution Multi-Element Spectrograph (HERMES, Sheinis
et al.2015), and the Kepler/K2 mission (Borucki et al., 2010; Howell et al., 2014). Ages

were derived from isochronal fitting and astroseismology, and the resulting AVR best-fit
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Figure 3.13 Comparison between the inferred age distributions for M7-M9 dwarfs in
our sample based on the AVRs of Just & Jahreil3| (2010, J10),/Aumer & Binney (2009,
A09), and Sharma et al.| (2021} S21). The J10 relations tend to predict the youngest ages
while the S21 relations tend to predict the oldest ages. These distributions are based on
the Baraffe et al. (2003) evolutionary models.

parameters are (3, 00, Tmin, Tmax )= (0.441£0.007, 21.14-0.2 km/s, 0.1 Gyr, 10 Gyr). As
indicated in Tables [3.4]and[3.5] and illustrated in Figure[3.13] the J10 relation consistently
yields ages that are older than A09 by ~1-1.5 Gyr while the S21 relation consistently
yields ages that are younger by ~0.5—-1 Gyr, implying an overall systematic uncertainty
on absolute ages of 1-2 Gyr. Despite this, all three relations predict the same relative
trends in inferred ages across UCD spectral subgroups; they all find that the late M dwarfs
are older than the L and T dwarfs. Thus, while absolute ages of UCD populations may

be uncertain, the relative age differences predicted by the simulations are confirmed by

our scaleheight measurements.

3.5 Predictions for the JWST PASSAGE Survey

In this series, we have examined the largest deep UCD spectral sample compiled
to date, composed of 164 late-M, L, and T dwarfs with 1.1-1.7 um low-resolution

spectra. While reaching to kpc distances for the warmest late-M and L dwarfs, this
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sample nevertheless provides relatively weak constraints on the scaleheights and ages
of the coldest brown dwarfs due to sensitivity and sample size limits. It is therefore
useful to explore how deeper surveys planned for the recently launched James Webb
Space Telescope (JWST) will improve upon these UCD population measurements. Ryan
& Reid| (2016) and Holwerda et al.| (2018]) have previously explored UCD source counts
and identification in deep JWST imaging surveys; here we explore the expected yield
from deep grism spectroscopic surveys, specifically the Parallel Application of Slitless
Spectroscopy to Analyze Galaxy Evolution survey (PASSAGE, JWST Cycle 1 GO-
1571, PI Malkan, Malkan et al.|2021)). This survey aims to study star formation across
cosmic time by obtaining slitless grism spectra and imaging data in the F115W (0.9-1.3
pm), F150W (1.3 — 1.7um), and F200W (1.7-2.2 pm) passbands using the Near Infrared
Imager and Slitless Spectrograph (NIRISS; Doyon et al.[|2012} |Willott et al.|2022) over
various pointings at high Galactic latitudes (|b| > 20?), with a goal of observing a total
area of 0.16 deg®. By increasing the depths to J = 27 (AB), this survey will produce a
substantially deeper UCD sample. Several proposed programs with JWST are expected
to reach comparable depths (Robertson, [2021)).

To simulate the expected number counts of UCDs in this survey, we followed a
similar procedure as outlined in Section[3.2.1] The PASSAGE survey pointings are yet
to be determined, so we chose a set of 124 random pointing at Galactic latitudes |b| >
20°. We computed absolute magnitude/spectral type relations in the JWST/NIRISS filters
using the methods described in Paper I (see Table[3.9)), and assume a limiting magnitude
of 27 (AB) in all three filters. We adopted the simulation parameters for the thin and thick
disk population detailed in Table [3.2] using two vertical thin disk scaleheights (200 pc
and 400 pc) that grid our results, and a common mass function between the thin disk,

thick disk, and halo populations.
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For the halo population, we assumed a flattened spheroid density distribution

Phalo = (Mﬁ)n

with parameters g=0.64 and n=2.77, a halo/thin disk density ratio of of 0.25% (Juri¢
et al.,|2008), and a uniform age distribution of 8-10 Gyr. Halo stars are typically older
than 10 Gyr (Jofré & Weiss, 2011b; Guo et al., 2019); however, models do not cover this
parameter range. Additionally, while both thick disk and halo stars and brown dwarfs are
metal-depleted compared to the thin disk, there is a lack of publicly-available metal-poor
evolutionary models for UCDs that span the late-M, L, T, and Y dwarf temperature range,
so we deployed the solar-metallicity models of BO1 and B03 to evolve our simulated
sources. We follow the same procedure outlined in Section [3.2.1]by accounting for the
binary fraction of UCDs, and the intrinsic scatter in the spectral type-temperature and
absolute magnitude-spectral type relations. We do not account for additional selection
effects; however, we require that all sources should be detectable in F115W and F150W
filters down to a magnitude limit of 27 (AB).

Figure [3.14] and Table [3.1| summarize the results of our simulation, showing the
surface density and maximum distances of UCDs in the full PASSAGE survey as a
function of spectral type. The sensitivity of JWST/NIRISS will allow us to detect late M
dwarfs to a limiting distance of ~40 kpc, L dwarfs out to 10-30 kpc and T dwarfs out to
1-10 kpc, offering a 10-fold increase in the limiting distances compared to deep UCD
samples observed with HST (Table [3.8). However, the total covered area in PASSAGES
is about 4 times smaller than WISP & 3D-HST, resulting in a comparably sized sample
as that examined here.

While not significantly improving overall sample statistics, PASSAGES will

substantially improve our assessment of the thick disk and halo UCD population, with
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surface densities of thin disk, thick disk, and halo objects being roughly constant from
late M dwarfs to early T dwarfs. The higher proportion of thick disk and halo stars is
due to the fact that JWST will easily reach the effective vertical edge of the thin disk. In
addition, the longer cooling times for old thick disk and halo populations will boost their
numbers among the late-L and T dwarfs. The exceptional distances probed results in a
strong dependence of thin disk UCD surface densities as a function of vertical scaleheight,
with a factor of 10 difference in L and T dwarf surface densities between H = 200 pc
and H = 400 pc. We also find that thick disk UCDs will outnumber thin disk UCDs
down to mid-T, and halo UCDs will outnumber thin disk UCDs among late-M and early
L dwarfs, depending on the thin disk scaleheight. Beyond spectral type T7, there is a
significant drop off in surface densities as the extreme faintness of the coldest brown
dwarfs restricts their detection to with a vertical scaleheight or less. Our simulations
predict < 1 Y dwarf in PASSAGE data, although the luminosity function of these objects
remains highly unconstrained (Kirkpatrick et al., 2021). We also note a small variation in
predicted number counts among the late-M dwarfs between the BO1 and BO3 models,
mirroring the discrepancies seen in our HST sample, and indicating an empirical path to
explicitly testing the models.

Overall, our simulation predicts at least one thin disk, thick disk, or halo UCD
per NIRISS imaging field (4.84 arcmin?), with (depending on evolutionary model and
scaleheight assumptions) 15-100 thin disk UCDs (cumulative surface densities 0.03-0.18
arcmin~2), 70-90 thick disk UCDs (cumulative surface densities 0.12-0.15 arcmin™2),
and 50-90 halo UCDs (cumulative surface densities of 0.09-0.15 arcmin~?2), all relatively
evenly distributed between late-M, L and (thin/thick disk) T dwarfs. For comparison,
Ryan & Reid| (2016) predict surface densities of 0.02-0.1 arcmin 2 for thin and thick disk
MB8-TS5 dwarfs in JWST imaging down to J = 27 (AB), with thick disk objects dominating

the sample. Our predictions indicate that UCDs in the PASSAGE fields will also be
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Figure 3.14 Surface density predictions in the PASSAGE survey for UCDs as function
of spectral type for thin disk (solid lines), thick disk (dashed lines), and halo populations
(dotted lines). We model two thin disk populations with H = 200 pc (thin solid lines) and
H =400 pc (thick solid lines). We show simulations based on the Burrows et al.| (2001,
BO1; blue lines) and Barafte et al.| (2003} BO3; orange lines) evolutionary models.

dominated by metal-poor thick disk and halo objects, so an appropriate simulation needs

to take into account metallicity effects in both evolution and spectral energy distributions.

A more complete study of these effects will be considered in a future study.

Table 3.1 Expected Surface Densities (arcmin—2) of M7-Y1 UCDs in the PASSAGE

Survey
Spectral Type Thin Disk Thick Disk Halo
Model = B0O1 Model = B03 Model = BO1 Model = B03 Model = BO1 Model = BO3
H=200 pc H=400 pc H=200 pc H=400 pc
M7-M9 0.00217 0.0174 0.00397 0.0316 0.0198 0.0428 0.0531 0.113
L 0.00588 0.0459 0.00677 0.0528 0.0302 0.0359 0.0280 0.0299
T 0.0171 0.110 0.0156 0.100 0.0658 0.0704 0.00454 0.00283
YO-Y1 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Total 0.0252 0.173 0.0265 0.185 0.116 0.149 0.0856 0.146

3.6 Absolute Magnitude/Spectral Type Relations

Table [3.9] lists absolute magnitude/spectral type relations for M5-Y1 UCDs

in WST/NIRISS filters. The derivation of absolute magnitude relations follows the
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Table 3.2 Summary of main parameters for population simulations

Quantity Parameterization  Parameter Range of Quantity
Mass (M) Power-law IMF a=06 001M;<M<0.15M*?
Thin disk age (7) Uniform SFH 0.1 Gyr <1t <8 Gyr
Binary fraction Constant 20% e

Mass ratio (g = Mp /M) Power law y=4 0<g<l1
Evolutionary models Grid interpolation ~ Various® - ©

Thin disk vertical scale height (H) Various e 100 pc < H <1000 pc
Thin disk radial scale height (L) Constant 2600 pct e

Thick disk age (Tihick) Uniform SFH e 8 Gyr < Tk < 10 Gyr®
Thick disk vertical scale height (Hp;ck) Constant 900 pc‘]l e

Thick disk radial scale height (Lhick) Constant 3600 pc?

Thick/Thin disk ratio Constant 12%95%*

2 Some evolutionary models do not cover the full mass range, see Table

b Evolutionary models included in this analysis are from Burrows et al.[(1997), Burrows et al.| (2001),
Baraffe et al.| (2003),[Saumon & Marley| (2008), [Marley et al.[(2018)), and [Phillips et al.| (2020).

¢ See Table [3.3]for quantity ranges of individual evolutionary models.

d Based on [Juri¢ et al.| (2008).
¢ Based on Kilic et al.[|(2017).

fAn average of the values reported by Pirzkal et al.[(2009)), |van Vledder et al. (2016), and [Hsu et al.[(2021)).

Table 3.3 List of available range of masses, T, ages, cloud treatment for evolutionary

models
Model Mass Age Tess Treatment
M) (Gyr) (XK)
B97 0.0005 Mo <M <0.237M; 0.0008 Gyr <1t <20Gyr 74K <Ty <4363 K  Cloud-free
BO1 0.0005 M, <M <0.2 M, 0.001 Gyr<7t<10Gyr 82K < Ty <4096 K  Cloud-free
BO03 0.0005 M <M <0.1 Mg 0.001 Gyr<7t<10Gyr 111 K< Ty <3024 K Cloud-free
SMO08 0.002 Mo, <M <0.09 M, 0.003Gyr<t<15Gyr 270K < T <2558 K Hybrid
MI18 0.0005 Mo <M <0.08 Mg 0.001 Gyr<t<15Gyr 91 K< Ty <2537K  Cloud-free
P20 0.0005 Mo, <M <0.075M; 0.001 Gyr<t<10Gyr 200K < Ty <3075K Cloud-free
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Table 3.4 Scaleheights, Velocity Dispersions, and Population Ages of HST Ultracool
Dwarfs

SpT Quantity BY7 BO1 BO3 SMo8 Mi18 P20 Nops®  Nipici®
M7-M9  H (pc) 260138 27773 76 36.7
6, (km/s) 155550 160708
Age (Gyr) (A09) 38108 41408
Age (Gyr) (J10) 32408 35707
Age (Gyr) (S21) 49408 53109
Median Age (Gyr) (Simulation) ~ 2.8705  3.070%
KS (A09-Simulation) 0.7 0.7
KS (J10-Simulation) 0.4 0.4
KS (S21-Simulation) 0.9 0.9 03 - - -
LO-L4  H (po) 175737 15613 132735 13705 141737 222718 16 6.9
Gy, (km/s) 12750 1204 noflY 2ty natld 143t
Age (Gyr) (A09) 24408 2700 18507 1stht  19f0y 32720
Age (Gyr) (J10) 1 8+82§ 1 5+016 1 2+014 1 3+oi4 1 3+015 2 6+211
2o Gy RS S - S - R s I
Age (Gyr) (S21) 31707 277 0% 22703 23704 24708 41777
Median Age (Gyr) (Simulation) ~ 2.371:6 24%15 2417 e 24t 13702
KS (A09-Simulation) 02 03 0.4 0.6 0.4 0.8
KS (J10-Simulation) 03 0.4 0.6 0.7 0.6 0.6
KS (S21-Simulation) 0.4 03 03 04 02 0.9 - : -
L519  H(po) 1257 76T st 16071 175t 174t mfID 2 03
+5.2 +35.8 +5.0 +4.4 +3.4 3.6 +5.3
Gy (km/s) ey 7Ll 7L it R ]2.6@213‘ 126153
Age (Gyr) (A09) 24128 24733 24720 22022 24120 24730 24730
Age (Gyr) (J10) 18550 1873 18758 L6753 18T 18753 18758
+3.7 +4.4 +3.6 +3.0 +3.9 +4.1 +3.8
Age (Gyr) (S21) o A S e £ T S e S i}
Median Age (Gyr) (Simulation) ~ 2.4%}% 26718 29118 275148 26717 27518 26718
KS (A09-Simulation) 02 02 0.1 02 02 02 -
KS (J10-Simulation) 02 02 02 03 02 02
KS (S21-Simulation) 03 03 02 02 02 02 - : .
TO-T4  H (pc) 178717 18T 180 173710 1910 1807 181T[YY 3 0.7
S +4.9 +5.4 +3.3 +4.6 +5.2 +4.9 +5.0
G, (kfs) 128533 129934 130533 126538 132432 12973 12913
Age (Gyr) (A09) 25158 25030 26t 24720 27730
Age (Gyr) (T10) 19128 19453 20033 18458 21%97
Age (Gyn) (S21) 31*% 32*%5’ 3.3*%% 3.0*%? 3,4+‘:‘f§
Median Age (Gyr) (Simulation) ~ 32%1-0 32718 3488 328 32008
KS (A09-Simulation) 02 02 02 02 0.1
KS (J10-Simulation) 03 03 03 0.4 03
KS (S21-Simulation) 0.1 0.1 0.1 0.1 02
T5-YO  H (po) 1837200 182722 18T 1967220 188Ty 1 03
6, (km/s) 13.0108 130104 3074 134764 131163
Age (Gyr) (A09) 2.6f1‘2i86 2.5ff2;§6 2.6#}2;37 2.sf?2;§9 2.6f?2;§7
Age (Gyr) (J10) 2000 LotRl 2000 2afd 20t
Age (Gyr) (S21) 33ty 2Bl 34700 asl o aatl
Median Age (Gyr) (Simulation) 41735 41728 4127 4320 41728
KS (A09-Simulation) 0.2 0.3 0.2 0.2 0.2
KS (J10-Simulation) 03 03 03 03 03
KS (S21-Simulation) 02 02 02 02 02
L H (pc) 173530 157y e 13613 14373 18 7
Gy (kin/s) 126117 12014 natly 2ty st
Age (Gyr) (A09) 24108 22108 18704 18704 19702
Age (Gyr) (J10) 1.8%0% 16108 12104 13704 14703
Age (Gyp) (S21) 3P0 gt o gH0d  p3i0E 54108
Median Age (Gyr) (Simulation) 214:?2 23t?§ 23t?; 271%? 23t?§
KS (A09-Simulation) 0.4 03 0.4 05 0.4
KS (J10-Simulation) 03 0.4 05 0.6 05
KS (S21-Simulation) 0.4 0.4 0.4 0.4 0.4 0.6 -
T H (pc) 1707535 17370 19F B 17Tl us3FRe 7071 17sTIP 4 0.4
+4.5 4.6 +4.8 4.3 +4.7 +45 +4.6
Gy (km/s) 125753 126938 12838 126%33 103 12537 127738
Age (Gyr) (A09) 23123 24T3d 25730 24737 25TR0 24731 2470
Age (Gyr) (J10) 17425 1.8+2¢ 19%57 L8t2d 19t 18t i
Age (Gyr) (S21) sofdh 30t k2t 3050 s2tS 30t
Median Age (Gyr) (Simulation) 36737 35039 37530 36038 36730 3750
KS (A09-Simulation) 03 03 02 03 02 03
KS (J10-Simulation) 0.4 03 03 03 03 04
KS (S21-Simulation) 02 02 02 02 02 02

A Median values computed by combining all samples obtained from all models, not by standard error propagation formula. For M7-M9 dwarfs, only B97, BO1, and B03
models are used; for LO-L4 dwarfs, the P20 models are excluded.

b The total number of UCDs in the magnitude-limited WISP and 3D-HST surveys analyzed in this study; simulations are compared to Nipin = Nops — Nynick- [¢] Estimated
number of thick disk contaminants; see Sectionm

d Estimated probability that the age distribution of the simulated sample and that inferred from our measured number counts are distinct, as assessed through the
Kolmogorov—Smirnov (KS) test. Values of KS >0.7 are considered significantly distinct.

Model notaton: B97. Buros 6l (1997): B! [Bartows o T 2001 BO3: Baraf o a7 003): SMOS: S &€ Marley| 2008): M 15 Vil G 20T8: P20:
Phillips et al.| (2020).
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Table 3.5 Scaleheights, Velocity Dispersions, and Population Ages of HST Ultracool
Dwarfs Assuming S-percent Thick Disk Fraction

SpT Quantity BY7 BO1 B03 SMo08 Mi8 P20 Median®  Np®  Nppior®
c +72 +108 +22 +112
M7-M9  H (pc) 385172 429109 240+3% 361t 76 153
Gy (k/s) 188717 199128 148%07 18275¢
Age (Gyr) (A09) 5.93}@ 6.6%3 3_4j§:§ . .. . 5_5% :i
Age (Gyr) (J10) 545f}:9 644%% 2‘9t8:§ 5'1%%
Age (Gyr) (S21) 7.71(,};2 8.73; 44107 e 7.1%38
Median Age (Gyr) (Simulation) ~ 2.8%0¢ 30707 36+(:0 27414
KS (A09-Simulation) 1.0 1.0 0.2
KS (J10-Simulation) 1.0 1.0 0.6
KS (S21-Simulation) 1.0 1.0 0.6
X +104 +59 +31 +35 +42 +23 +6.
LO-L4  H (po) 235118 199738 161%5¢ 168753 177757 34t sty 16 29
Gy (km/s) 135 2t ety st 17883 13077
+1.0 +0.5 +0.5 +0.7 +4.2 +1.0
Age (Gyr) (A09) 2,81(]]_8 2'218' 3 2'318' ; 2'418'3 5'21 i 2'5;?-8
Age (Gyr) (J10) 2.2;?:g 1.618:% 1.718:% 1.818:2 4'74:%:2 1.9;?:451
Age (Gyr) (S21) 367(1]:% 2487?:2 2'9*?:9 3'1’?:3 6.87%12 3,27?34,E
Median Age (Gyr) (Simulation) 2,5::0 2,4::0 3']t1:3 2.4::0 1.3t0:4 Z.Sfl:l
KS (A09-Simulation) 03 03 04 02 0.9 e
KS (J10-Simulation) 02 05 0.6 03 0.9
KS (S21-Simulation) 05 03 02 04 L0 s -
+210 +172 155 19T +202 +189
L5-L9  H (pc) 18316(50 1821(‘531 16615418 18116536 180 "o, 179165‘6 2 0.1
6. ! : ! X !
Gy (km/s) 1 3.0;32_55 12.9{22555 1 2.4{22‘51 1 2.9@2_15 1 2.8@235 1 2.8@214
Age (Gyr) (A09) 2.61 10 2.5I i 23;9% 2.5I i 2.5I i 2'5;932
Age (Gyr) (J10) 2‘0122 1‘9;8@ 1.71% 1'9;9-3 1'919'3 1'913'(1)
Age (Gyr) (S21) 337{% 327{% 2.97}:8 327}% 3,27}% 327}%
Median Age (Gyr) (Simulation) 26715 28718 27113 267135 26114 26714
KS (A09-Simulation) 02 0.1 02 02 02
KS (J10-Simulation) 0.1 02 03 02 02
KS (S21-Simulation) 03 02 02 02 02 s o s
F189 +215 +204 +169 212 +189 +197
TO-T4  H (pc) 191—6584 19777620 20277567 18876560 20978518 19577514 19777526 3 03
0y (km/s) 133737 135159 136f3y 131739 13973% 134737 13473%
Age (Gyr) (A09) a7 28Tt 28t 2630 30t 27F 2843
+34 +39 +37 +3.0 +39 +34 +316
Age (Gyr) (J10) z‘lli'? 2‘2;{% 2‘2;1‘_% 2.01%_(7, 2.41}1_% 2'1;}1-9 2,2;}‘_11
Age (Gyr) (S21) 3-47% 3.67;? 3'77%:? 3'47%:3 3'87% 3.575:41 3.5752?
Median Age (Gyr) (Simulation) ~ 2.9%39 29771 3210 30770 30470 32408 3.0%7¢
KS (A09-Simulation) 0.1 0.1 0.1 0.1 0.1 0.1
KS (J10-Simulation) 02 02 02 02 02 03
KS (S21-Simulation) 0.2 0.2 0.2 0.2 0.2 0.2
+247 +246 +277 +235 +238 +238 247
TS-YO  H (pc) 189737 18917618 19317735 204186'4 194 i 187 ‘o 193 i 1 0.1
oy (km/s) 132788 133t 7St 13478% 1atsd 133758
Age (Gyr) (A09) 264 278 2033 270 260 27t
+4.5 +5.2 +4.4 +4.4 +4.3 +4.5
Age (Gyr) (J10) 20;%-2 zllé_% 2.31%_% 2.11%_% Z'O;%’ 2'1;§-§
Age (Gyr) (S21) 3.47% 3'5*513 3.77%;; 3.57% 3.37% 3.57%%
Median Age (Gyr) (Simulation) 41438 41438 43171 42127 41137 41137
KS (A09-Simulation) 02 02 02 02 02 -
KS (J10-Simulation) 0.3 0.3 0.3 0.3 0.3
KS (S21-Simulation) 0.2 0.2 0.2 0.2 0.2
. +56 31 +33 4T +199 -+100
L H (pe) 198739 16215¢ 166753 17675, 313157 1907} 18 3
Gy (k/s) BsHE pofhl stz gt ety 1327
+0.9 +0.5 +0.5 +0.6 +3.4 +1.6
Age (Gyr) (A09) 248;8_8 2‘218? 2'318"5' 2'418'2 4,7; is 2,71?_9
Age (Gyr) (J10) 2,21(]]:g 1,618:g 1 '718:9‘ 1 .81823 4.2;11:g Z.Olg:?
Age (Gyr) (S21) 3 679% 2 87% 2 97% 3 17% 6 1%;‘[‘ 3 47%
Median Age (Gyr) (Simulation) 23138 23431 27539 23198 16133 22137
KS (A09-Simulation) 04 04 04 04 0.6
KS (J10-Simulation) 03 04 05 04 05
KS (S21-Simulation) 05 04 04 04 0.7 -
+183 +IY +164 10T +168 FI78
T H (pc) 1901%(,3 19717503 191 o 203 s, 189 ‘e 19316582 4 0.4
oy (km/s) 13.24:2266 ]3.4;32:I7 ]3’3@2:76 l3.7+32:28 13.2(22:85 13.3(22;)6
Age (Gyr) (A09) 2‘71% 9 2‘31 i 2.71 i9 2.91% 2 2,63 9 2,73 9
Age (Gyr) (J10) 2'011:8 2.21}? 2.11%;(6, 2.3141‘;% 2.01%;(7) 2.1;{%
Age (Gyr) (S21) 34 1 35 14 3'4’}6 3'7’%:3 3'4’%:3 3,47%;3
Median Age (Gyr) (Simulation) 35039 37134 36539 36559 37558 3.6559
KS (A09-Simulation) 02 02 02 02 02
KS (J10-Simulation) 03 02 03 02 03
KS (S21-Simulation) 02 02 02 02 02
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Table 3.6 Linear fits to the limiting magnitudes of WISP fields as a function of G141
exposure time. Limiting magnitudes per filter are computed as co+ ¢ logz /1000 s where
t is the exposure time in seconds. These relations do not account for the sensitivity

correction for late spectral types discussed in Section[3.2]

Filter co Scatter
FIIOW  18.06 1.26 0.23
F140W 17.14 1.50 0.29
FI60W  17.37 1.36 0.22

Table 3.7 Fit Parameters for Simulated Magnitude Uncertainties and Spectral S/N

Fit quantity = Dependent quantities Filter Best fit parameters

Om t7, m F110W (a, B, 0p)=(0.25, —0.35, 0.003)
Om t7, m F140W (a.,B, 00)=(0.26,—0.43, 0.007)

Om t7, m F160W (a,B, 0p) =(0.25,—0.35, 0.003)
log J-SNR tG141, M FI10W  (a,b, log J-SNRp) = (—0.22, 0.40, 1.32)
log J-SNR tgl41, M F140W  (a,b, log J-SNRy) = (—0.24, 0.23, 1.33)
log J-SNR tG141, M F160W  (a,b, log J-SNRg) = (—0.24, 0.39, 1.53)

methodology in |Aganze et al. (2022a). Magnitudes were measured by convolving
NIRISS filter profiles with low-resolution spectra of M5-T9 UCDs from the SpeX Prism
Library (SPL; Burgasser, 2014)). Additional WFC3 spectra of YO-Y1 were obtained from
from Schneider et al.| (2015)). We computed color corrections between magnitudes in the
NIRISS filters and magnitudes in either MKO J or 2MASS H filters, then applied these
corrections to the absolute magnitude relations of |Dupuy & Liu/ (2012) for spectral types
earlier than T8 and Kirkpatrick et al.|(2021)) for spectral types T8-Y2. We propagated
uncertainties by random sampling and derived polynomial coefficients by fitting a 6th-

degree polynomial, clipping 3 ¢ outliers.
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Table 3.8 Previous Deep Surveys for Ultracool Dwarfs.
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200 pc and one-component exponential disk model

4 The effective volume of disk stars detectable in the survey, a statistic which accounts for the spatial distribution of the sample. See Section| for further details.

b Using H

© This collection of surveys assumes limiting distances 400 pc to appropriately sample the vertical scaleheight of the thin disk.
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Table 3.9 Absolute Magnitude/Spectral Type Relations for M5-Y1 UCDs in NIRISS

Passbands.

1 cnX" where m is

L0, 30
m
n

L

MO, 20

b Empirical relations are computed as y

the power of the polynomial. Coefficients are written in decimal exponent notation.

 Decimal spectral type, with 10



Chapter [3]in full, is a reprint of the material as it appears in the Astrophysical
Journal 2022, Volume 934, Number 73, authored by Christian Aganze, Adam J. Burgasser,
Mathew Malkan, Christopher A. Theissen, Roberto A. Tejada Arevalo, Chih-Chun Hsu,
Daniella C. Bardalez Gagliuffi, Russell E. Ryan, Jr., and Benne Holwerda. The thesis

author was the primary investigator and author of this paper.
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Chapter 4

Predictions for Future Ground-Based

Facilities and Space Missions

4.1 Introduction

In previous chapters, we demonstrated how deep pencil beam surveys with
HST/WFEC3 provide a sufficiently-large sample of UCDs at distances of 1-2 kpc to
constrain M and L dwarf scaleheights. However, not large enough to constrain T dwarfs
nor detect significant numbers of halo objects. In this chapter, we explore possibilities for
the next generation of surveys, with a particular focus on the Vera Rubin Observatory, the
Euclid telescope, and the Nancy Grace Roman Space Telescope. We particularly focus
on prospects for constraining the star formation history and the kinematic heating history
of the Milky Way by measuring the stellar mass function index of the halo population
and thin disk scaleheights down to substellar masses.

Early work by Reid et al.|(1999) sought to constrain the substellar mass function
using a sample of 25 photometrically-selected L dwarfs with the DENIS and 2MASS

surveysThey incorporated evolutionary models by Baraffe et al. (1997) to simulate the
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expected distribution of L dwarfs within the solar neighborhood. Their results were
consistent with a power-law mass function of dN/dM « M~% 1 < o < 2, which ruled
out a large contribution of undetected brown dwarfs as dark matter. |Burgasser (2004)
extended these simulations to include low-temperature T dwarfs, and found that the
simulated luminosity function is sensitive to the age distribution of the population (among
other things). With the 2MASS, WISE and SDSS surveys, thousands of UCDs have
been spectroscopically confirmed Burgasser| (2014)), which has resulted in constraints
of the stellar mass function ( 0.5 < a > 0.7, Kirkpatrick et al.[|2012, 2019, 2021), the
binary fraction (< 20% (Gizis et al., 2003; Burgasser et al., [2003)), local kinematics
Faherty et al.| (2010); Hsu et al.|(2021), and the discovery and characterization of local
metal-poor UCDs (Burgasser et al., 2003; Zhang et al., 2017; Schneider et al., [2020).
Still, these studies only detect the local field population. Deep space-based surveys have
expanded to greater distances (100 pc-2 kpc) through photometric and spectroscopic
samples (Ryan et al.,|2005; Ryan et al., 2011;|Aganze et al., 2022b) but they are limited
by small samples and low spectral type precision.

The local population IMF down to substellar masses has been constrained down
to substellar masses in the solar neighborhood (<20 pc, |[Kirkpatrick et al.[ 2012, [2021)), it
remains unconstrained in the thick disk and halo (or generally metal-poor) populations.
Variations of the IMF include the suppression of the formation of UCDs in a young halo
due to the lack of metal coolants in progenitor clouds. However, the effects of metallicities
on star formation down to UCD masses remain unconstrained by observations (Bate
& Bonnell, 2005; Bromm, 2013). To constrain the IMF and the star formation history
of the halo down to substellar masses, samples of halo UCDs are needed. In both the
halo and old globular cluster populations, the cooling of brown dwarfs is expected to
produce a gap in the luminosity function and the color-magnitude diagram, between stars

and brown dwarfs (Burgasser, [2004; Gerasimov et al., |2022)), with variations caused
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by stellar abundance effects on brown evolution and star formation histories. This gap
provides a potential new age tracer for the halo and GCs. However, there are currently
< 20 known metal-poor UCDs with kinematics that are consistent with the galactic
halo (Lodieu et al.,[2015). Recently, L1 et al. (2023)) constrained the variation in stellar
mass function due to metallicity effects by using a catalog of 30,000 M dwarfs with
distances between 100-300 pc, covering masses of 0.1-0.3 solar masses and metallicities
between —0.8 and 0.4 using the LAMOST survey. They derived an IMF power law that
decreases with metallicity (dN/dM «< M~%; a between 1.3 and 2.3). While this study
explores metallicity ranges, the sample is local, and lacks cooler UCDs whose evolution
is sensitive to metallicity effects.

Large samples of UCDs can also constrain kinematic heating history in the
Milky Way disk. It is well-established that orbits of stars in the disk are disrupted and
kinematically heated with time by molecular clouds, spirals arms, bars or merger events
(Aumer & Binneyl, 2009). UCDs provide an additional low-mass tracer that has not been
fully utilized. A recent study by Medan & Lépine|(2023) used a sample of 250,000 K
dwarfs in the local neighborhood to re-discover kinematic substructure (clumps, ridges,
streams, etc.) in the disk that was previously discovered with higher-mass, main-sequence
stars. However, the dependence of these effects on solar mass and metallicity are yet to
be explored. Radial migration and heating are responsible for the metallicity spread as a
function of galacto-centric radius (Loebman et al., 2011])), but little work has been done
to characterize this effect down to substellar masses. Many spectroscopic surveys are
focused on measuring precise stellar abundances (RAVE, SEGUE, GALAH, APOGEE,
LAMOST) which combined astrometric information (Gaia) to provide a full chemo-
dynamic picture of the disk. However, these surveys lack UCDs. Kinematic heating and
radial migration result in age-scaleheight-velocity relations, and these relations vary with

metallicity (Sharma et al., 2021)). Additionally, the cooling and evolution of UCDs result
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in the dependence of population age with spectral type (Burgasser et al., 2004; Ryan et al.,
2017). In the absence of precise kinematic measurements, the spatial distribution of large
samples of disk UCDs over large distances provides a snapshot of the disk structure down
to substellar masses. Solano et al.|(2021) predicted that Euclid will detect over 2 million
L dwarfs and over 1 million T dwarfs, with variations up to a factor of 2 for vertical scale
heights varying between 250 pc and 450 pc. In this study, we test these predictions by
including metal-poor UCDs. Our primary goal is to generate specific predictions of UCD
detection for these surveys using various assumptions about the underlying Galactic
structure, UCD star formation history, and various evolutionary model considerations for
different Galactic populations. We also analyze optimal search strategies and strengths of
each survey to address fundamental science questions about UCDs, such as the relative
abundances of thin disk, thick disk, and halo UCDs; the mass function and star formation
history of the UCD halo; the effects of metallicity-dependent evolution in thick disk and

halo UCDs; the low-mass limits of thin disk, thick disk, and halo UCDs.

4.2 Surveys

4.2.1 Euclid

The Euclid mission is a space-based infrared survey launched on Saturday, July
Ist 2023 with the main goal of improving our understanding of dark energy and the nature
of dark matter. The telescope is equipped with optical and near-infrared photometric
and spectroscopic instruments (VIS, 0.5-1 micron; NISP 1.-2. micron), and slitless
spectroscopy capabilities between 1.25-1.85 microns. The telescope will have a large ~
0.7 sq. degrees field of view, with an image resolution of 0.1-0.3 arcsec. The telescope
is planned to be operational for 6 years. We discuss two surveys of interest: the Euclid

wide-field survey, and the deep survey as outlined by |[Euclid Collaboration et al. (2022)
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Euclid Wide Field Survey The Euclid Wide Survey will be the main program of
the Euclid telescope, covering an area of 15,000 sq. deg with a magnitude depth of
24 (AB mag). In their observing strategy for a given field, NISP grism, and VIS will
simultaneously take 570s exposures, then NISP images of 112s each will be taken,
in addition to calibration exposures. 95 percent of the survey will have at least three
VIS images, 90 percent will have NISP Y, J, and H band, 90 percent will have >3
spectroscopic images, and 50 percent will have 4 or more spectroscopic exposures
at different orientations to minimize cross-contamination between objects and orders.
The Euclid fields are chosen based on constraints from the spacecraft orbit, calibration
exposures, minimizing zodiacal light, and Galactic extinction and blinding stars. As VIS
is in the optical, these exposures and will be the most affected by Galactic extinction
(reaching 0.15 mag at central wavelength). With these constraints, most of the galactic

plane will be avoided || > 23degrees.

Euclid Deep and Auxiliary Fields In addition to the main wide survey, Euclid will
target well-known fields that have archival ground-based and space-based data. These
fields are the CDFS, COSMOS, SXDS, VVSS, CANDELS/AEGIS, CANDELS/GOODS-
N covering about 0.5-2. sq. deg. Additional observations of the CPC (completeness
purity calibration) field covering 20 sq. deg, deep observations of 10-20 sq. deg for
Euclid deep fields (EDF North, EDF South and EDF Fornax). In total, the Euclid deep

fields will cover over 40 sq. deg to a depth of 27 mag (AB).

4.2.2 Rubin Observatory & Other Ground-based surveys

The Rubin Observatory The Vera Rubin Observatory (previously known as the Large
Synoptic Sky Survey Telescope, LSST, LSST Science Collaboration et al.2009) is a

ground-based observatory located in Chile (first light August 2024). The primary goal
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of the Rubin Observatory is to conduct a synoptic survey of the sky which will probe
the nature of dark energy and dark matter, map bodies in the solar system, survey the
transient sky, and map the structure of the Milky Way. Its 6.7 meter telescope provides
a 9.6 sq. deg field of view, and operates at optical wavelengths (0.3-1 micron, ugrizy
filters). At full operation, the Rubin Observatory will deliver 15 TB of raw images per
night over the next 10 years, totaling over 50 petabytes of data.

The main Rubin survey will cover 18,000 sq. deg of the Southern sky to acquire
large samples of photometric redshifts for galaxies, discovering and characterizing su-
pernovae, and performing weak lensing measurements in galaxy clusters to constrain
cosmological models. These goals will require repeated and frequent observations prob-
ing various timescales in different optical filters. Additional astrometric measurements
are required for solar system science and Milky Way science. The main survey will reach
single visit depths of single visitof u =3.9,¢ =25.0,r=24.7,i =24.0,z=23.3,y=22.1
AB mag and the 10-year survey will reach depths of u = 6.3(70visits),g = 27.5(100),r :
27.7(230),1:27.0(230)z : 26.2(200),y = 24.9(200), and astrometric precisions of 3 mas
and 1 may/r at r = 24, but it will be possible to reach to 0.6 mas or 0.2 mas/yr for r = 21
all calibrated to the Gaia reference frame.

In addition to the main survey, the Rubin observatory will survey probe deep fields,
accounting for 10-20 percent of observing time with more frequent visits. These deep
fields will reach depths of u = 23.5,¢ =25.3,r =25.6,i = 25.4,7 =24.9,andy = 24.0
and they are located at the following Galactic coordinates: ELAIS S1 (1=311., b=-72.9),
XMM-LSS (171.2, -58.77), Extended Chandra Deep Field-South (1=224.07, -54.47),
COSMOS (1=236.83, b=42.09).

LSST DP0 As we use the LSST Data Preview data (DPO) to validate our simulations

for the Rubin survey, we briefly describe it here. The DPO data was released in 2022
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by the Rubin DESC collaboration, with the goal of providing simulated catalogs and
images and testing the Rubin pipeline. These simulations include galaxies and stars in the
Milky Way using large-scale N-body simulations, galaxy models, and Milky Way stellar
populations models that account for dust extinction. For the Milky Way populations,
they used the luminosity function and the stellar density model by Juri€ et al. (2008]),
extrapolating the luminosity function r =~ 27. As a validation test, they their compared
numbers to the Besancon model (Robin et al., [2003)). Proper motions and 3D-kinematics
were modeled based on Bond et al. (2010). To estimate magnitudes of individual sources,
they convolved stellar SEDs by |[Kurucz| (1993) for main-sequence stars and giants, and
they used M L, T dwarfs models and spectra from Cushing et al.| (2005); Bochanski et al.
(2007); Burrows et al. (2006)Finally, they simulated Rubin observations (including the
cadence) by generating mock images and processing them the Rubin pipeline. Here, we

only use the final generated point-source catalog.

4.2.3 Nancy Grace Roman Telescope

The Nancy Grace Roman Telescope (Schneider et al., 2015) is expected to launch
in 2025, its main goals are to explore the nature of dark matter and dark energy and
to constrain theories about the formation of exoplanets. Many observing programs are

proposed, but here we will only focus on the two relevant surveys.

The High-Latitude Wide-Area Survey (HLWAS) The main goal of this survey is to
measure redshifts for galaxies early in the universe (z=1-3, look back times of 8-11 billion
years) to constrain cosmological parameters. The Survey will consist of 1,700-2,000 sq.
deg at depths of 25.8-26.7 (AB, depending on the filter) using the Y106, J129, H158,
F184 filters, and Grism. Most of the surveyed areas (while not fully determined yet) will

be at high galactic latitudes to avoid Galactic extinction.
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Figure 4.1 Luminosity function of ultracool dwarfs in 150 K bins inferred from the DPO
dataset (blue histogram) compared to the measured luminosity function within 20 pc
Kirkpatrick et al.| (2021). The DPO sample includes “stars” with i —z > 1 and z < 22,
assumes the i — z/SpT and SpT/M; relations of Best et al. (2018), and is constrained to an
estimated (volume-complete) distance of 30 pc. While the luminosity functions are in
agreement down to 1500 K, these distributions diverge significantly in the cooler T and
Y dwarf regime (note the log scale).
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Figure 4.3 Model spectra by Gerasimov et al. (2022) for two objects with T¢=1000 K
with metallicities of 0 and -1.5 showcasing the sensitivity of molecular absorption features
of UCDs to metallicity effects. Filter profiles

The High-Latitude Time Domain Survey (HLTS) The main goal of HLTS is to
detect bright high-z supernovae to constrain cosmological parameters. The survey will
constitute 25 percent of all Roman observing time over two years. It will cover 5-20 sq.
deg with filters that are yet to be determined and the Prism instrument. Each region will
be re-imaged every 5 days, and while the locations of the fields has been confirmed, it

will survey high galactic latitudes to minimize effects due to galactic extinction.

4.3 Methods

4.3.1 Population Simulations

Atmosphere and Evolutionary models

To model the disk population, we used the set of evolutionary models provided by
the Sonora grid (Marley et al.,[2021). The Sonora models are solar metallicity, spanning
effective temperature (7 ) range of 200 K to 2400 K, surface gravity (logg) range from

2.5t0 5.5 cm/s?, (C/O) ratios ranging from -0.5 to 1.5 solar, and masses ranges 0.5 to 85
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Jupiter masses. These utilize the latest set of molecular opacities to accurately capture
atmospheric properties. We also used solar-metallicity atmosphere models by Line et al.
(2014)). For subsolar metallicities, we used the atmosphere and evolutionary models
Gerasimoyv et al.| (2022) models, which use the PHOENIX code (Hauschildt et al., [1997).
Gerasimov models encompass a comprehensive set of physics, incorporating clouds
based on BT-Settl (Allard et al., 2012; Helling et al., 2008)They also include 500 gases
and 200 condensates, allowing for a detailed treatment of atmospheric composition.For
our study, we focused two populations of metallicities ranging from -0.5 to -1.5 with

[alpha/Fe]= 0.3, to model the thick disk and halo populations respectively.

Absolute Magnitude-Spectral Type Relations To transform model parameters to the
observed properties of the sample, we constructed absolute magnitude relations based on
a combination of empirical and theoretical spectra and photometry. Previous studies have
devised absolute magnitude relations for subdwarfs, but they are usually not extended
to the low-temperature regime due to the lack of parallax information for these faint
objects. To address this issue, we collected spectral templates and photometric data for
known dwarfs and subdwarfs in the literature. We used dwarf template spectra for dwarfs
from the SpeX Prism Library (Burgasser, 2014) B> 2,000 M5—TS8 spectra, and their
compiled 2MASS J, H, and K magnitudes. Additionally, we collected Gaia DR2 parallax
information and Pan-STARRS photometry for > 7,000 M0O-T9 objects compiled by Best
et al.| (2021). We also used additional optical and infrared spectra by Lodieu et al.| (2010)
and |Zhang et al. (2018))

For sources with parallax information, we computed Pan-STARRS g, r, i, z, y
the 2MASS J, H, K and SDSS g, r,i,z absolute magnitudes. To magnitudes we first

computed the color difference between filters and the closest-matched SDSS, PS1 or

Uhttp://www.browndwarfs.org/spexprism/
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2MASS filters, by convolving spectral templates (including subdwarfs) with filter profiles.
We then fitted a 4th-degree polynomial to the absolute magnitude vs spectral type for all
filters. Due to the lack of spectral templates for late-type objects, we used solar-metallicity
atmosphere models by (Line et al., |2014) and metal-poor models by |Gerasimov et al.
(2020), restricting the templates to log g= 4.5 or 5.0 to exclude young sources. For
these models, we estimated spectral types based on spectral type-temperature relations
by \Gonzales et al.| (2018]) and |Pecaut & Mamajek! (2013). Absolute magnitudes were
scaled to the SDSS z-band to account for any-zero point offsets. We report the absolute

magnitude-spectral type relations in Table [4.3]

Simulating a Population Our method closely follows the process in derived Chapter 2.
We modeled a Galactic population, assuming that all thin disk sources are dwarfs with
solar metallicity, and thick disk sources are classified as sd or d/sd with [Fe/H]= —0.5,
and all halo sources are classified as esd with [Fe/H]= —1.5.

We simulated 10 stars by drawing their masses a power-law initial mass function
(dN /dM = M~ based on Kirkpatrick et al.|2021). We assumed uniform age distribution
of 0—8 Gyr for a thin disk population, 8—13 Gyr for a thick disk population, and 10-
14 Gyr for a halo population (Juri€ et al., 2008; Jofré & Weiss, 2011a; [Kilic et al.,
2017). To account for binaries, we simulated masses of secondaries from a mass ratio
(q = My /M) distribution P(q) =g* with and q€[0, 1]. These parameters are based on
the statistical distribution of resolved binaries (Burgasser, [2007)). We estimated effective
temperatures (7¢r) using evolutionary models by Marley et al.[(2021) for thin disk sources
and (Gerasimov et al.| (2020) for thick disk and halo objects. The resulting temperature
distribution to the measured luminosity function of |[Kirkpatrick et al.| (2021).

Our goal is to model the expected counts, color, and proper motion selections

in these surveys. To model wide-area surveys accounting for galactic structure, we
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simulated distances assuming an exponential thin disk with a scale height of 300 pc, an
exponential thick disk with a scale height of 900 pc, and a flattened spheroid halo based
on Juric et al.| (2008])

We assigned absolute magnitudes based on our pre-computed absolute-magnitude
vs spectral type relations. We then assigned apparent magnitudes from distances and
absolute magnitudes. While the intrinsic scatter in our relations varies, we used a scatter
of 0.1 for all our relations. We further discuss the limitations of these simulations below.
Distances are assigned by randomly sampling from the integrated cumulative density of
stars as a function of distance along a line of sight (/, b). To simplify these computations,
we chose 1,000 random lines of sight from the positions of all candidates, sampling a

given survey’s footprint.

Simulating Kinematics We assigned heliocentric UVW kinematics for the thin disk,
thick disk, and halo populations. For the thin disk, we drew UVW velocities as normal
distributions, with the median velocities and the velocity dispersions given by the age-

velocity dispersion relations by |Aumer & Binney| (2009):

B
T+ Tmin
o0 = o) @b
(U,V,W) o< Normal ((Uy, Vp,Wp);0(7)) 4.2)

where 0y is the velocity dispersion for population of age T between Tmax, Tmin and Tmax =
10Gyr and B is a power-law index that quantifies the rate of dispersion increase. We used
the best-fit model parameters from Aumer & Binney|(2009) without a low-metallicity
tail, for oy velocities (8, 0o, Tmin) =(0.307, 41.899 km s~1,0.001 Gyr), (0.43,28.823 km
s~1,0.715 Gyr) for oy and (0.455, 23.381 km s~ !, 0.001 Gyr). We used (Up, Vo, Wo )=
(0 km/s, —65/74 km/s, 0 km/s) based on the same study. For the thick disk, we used
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a constant velocity dispersion of (oy,oy,ow) = (67,38,35) km/s and (Uy, Vo, Wo) =
(0,46,0) km/s based on Bensby et al.|(2013)). For the halo we used the multiple halo mod-
els of (Carollo et al.[(2007) where (oy, oy, ow) = (58,52.5,38) km/s and (Uy, Vo, W)=
(—2.5,—-31,2) km/s for galactic heights (|z|) < lkpc; (oy, oy, ow)= (136, 105,78) km/s
and (Uy, Vo, Wp)= (—10,—181,—4) km/s for (1 < |z| < 2kpc); (oy,0v,0w) =

(163,121,95) km/s and (Uy, Vo, Wo)= (—29,—209,4) km/s for (2 < |z| < 3kpc); and
(ou,ov,ow)= (152,136,109) km/s and (U, Vo, W)= (—37,—237,2) km/s for (|z| >
3kpc. We then computed the reduced proper motions in respective filters from each
object’s positions and 3D kinematics.We also computed reduced proper motions H given

a magnitude m in each respective defined as
H=m+5x1log;,(n)—10 4.3)

Number Counts To predict the expected counts in each survey, we first needed to
estimate the effective volume, by accounting for the densities and selection effects along
a given line of sight. We divided each survey footprint into small angle pointings. The
total expected number of stars per spectral type and in a given Galactic direction (/, )
was then computed by integrating the local density, corrected by the selection function

. as a function of spectral type and direction as

dmax
N(SpT,1,b) = /1 pc p(SpT,1,1,b).7((SpT, 1, b)r2drdQ (4.4)

where dn,x 1s the maximum distance for a given spectral type (based on 1.5 times the
distance obtained from the magnitude limits). As defined in Chapter 3, the local density
from Kirkpatrick et al. (2021)), and the total density is obtained by adding the thin disk
density, thick disk and the halo. dQ is the total angular area of the pointing which is

assumed to be sufficiently small that the integral elements are independent of the areal
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coverage in a given pointing. . We simulated 100 random pointings (except for the Euclid
survey where the pointing is specified) at high Galactic latitudes (>20 degrees).

To compute the selection function (SpT,[,b) for a given spectral type and di-
rection, we computed the fraction of sources within the selection criteria (including
magnitude cuts, color and proper motion selections) compared to the number of the
simulated population. We report the resulting number counts in the upcoming sections.
We applied three basic “baseline surveys” for each observatory/facility that we simulated
in our analysis (Summarized in Table 4.1). For the Rubin survey, we simulated the
10-year depths, and the single-visit depths, including our color selection and requiring a
proper motion cut of > 1 mas/yr as described by the survey. For Euclid, we simulated
the wide-fields survey and the deep fields, and for Roman, we simulated the HLTDS and

the HLWAS survey.

Table 4.1 Table of Simulated Surveys

Survey Area (sq. deg) Simulated footprint Selection

Rubin single visit 18,000 Decl.< 0 deg. i<24.0,
7<233,y<22.1,i—z>0.7
i—-y>1,z—y>0.5
Rubin 10 year 18,000 Decl.< 0 deg. <254,
1<24.9,y<24,i—2z>07,i—y> 1
z—y>0.5,u > Imas/yr,7 > 3mas

Roman HLWAS 2,000 [B] > 20 deg F087=26.7, F106=26.7 F129=26.7
F158=26.7, F184=25.8
Roman HLTDS 20 |B] > 20 deg F087=26.7, F106= 26.7
F129=26.7, F158=26.7, F184=25.8
Euclid wide area 15,000 [B] > 20 deg NISPY, J, H=24
Euclid deep fields 40 R.A=189.2 deg, Decl.=62.2 deg Y,J,H=27

4.4 Results

4.4.1 Prediction for Future Surveys

Color and Proper Motion Selection To design selection criteria for UCDs in Rubin

surveys, we computed synthetic colors by convolving relevant filters with the Low-Z
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Table 4.2 Population simulation parameters

Evolutionary grid
Density
Local density

Population Parameter Distribution Reference

All IMF Power law (a=-0.6) Kirkpatrick et al.7(202lr

Thin disk Age Uniform (0, 8) Gyr Juri¢ et al. (2008)7 B
Metallicity solar Mackereth et al.|(2019a)

Exponential disk

Evolutionary grid

Metallicity [Fe/H]=-1.5 Mackereth et al.|(2019a)
Density Spheroid Juri¢ et al.| (2008)

Local halo fraction 0.0025 Juri¢ et al.| (2008)
Kinematics Gaussian

Kinematics Gaussian (as a function of age)  |Aumer & Binney|(2009)
Thick disk Age Uniform (8, 10) Gyr Kilic et al. (2017)7 |
Evolutionary grid - Gerasimov et al.[(2020)
Metallicity [Fe/H]=-0.5 Mackereth et al.|(2019a)
Density Exponential disk Juric et al.| (2008)
Local thick disk fraction  0.12 Juri¢ et al.| (2008)
Kinematics Gaussian Bensby et al.|(2013)
Halo Age Uniform (10, 14) Gyr Jofré & Weiss| (201 laﬁ

Marley et al.|(2021)
Juric et al.| (2008)
Kirkpatrick et al.|(2021)

Gerasimov et al.|(2020)

Carollo et al.|(2007)

and |Gerasimov et al.| (2022) atmosphere models, without accounting for instrumental
uncertainty. To design selection criteria for Rubin surveys, we compared the combination
of g—2z,z—y,r—z,i—z,and g — r colors of the models to the DP0O data. We did not
account for the spread in colors due to binarity or uncertainties, but we used a broad set
of criteria that distinguish most of the colder objects from the DPO population. Hence,
we required z—y > 0.2,i —y > 1,i —z > 0.7 for both the Rubin single visits and the
Rubin 10 year survey. For the 10 year survey, we required parallaxes to be < 1 mas and

3 mas/yr cut for proper motions.

Expected Yields The Euclid wide area survey will find > 10° UCDs, with a nearly
equal number of stars in the thin disk, disk. For the halo, we expect a similar number of

UCDs at earlier types (< L0), but the number of halo L and T dwarfs drop to 10* — 10°.
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Figure 4.4 Color selection of UCDs in the Rubin Observatory. DP0O data are shown in
black, metal-poor models are shown as crosses, and solar metallicity models are shown
as circles.
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Figure 4.5 Expected number counts of UCDs for the baseline Euclid surveys for different
Galactic populations
For the deep fields, we expect thousands (per type) of thin disk and thick disk sources
and hundreds of halo L and T dwarfs. Our expected counts for the Euclid surveys are
in agreement with Sharma et al. (2021). Additionally, as UCDs subdwarfs are typically
intrinsically brighter, we expect to detect halo and thick disk UCDs in larger volumes at
the same magnitude limit. Also, the deep fields probe volumes where the thick disk and
halo sources dominate over thin disk sources as thin disk sources have a small scaleheight.
For the Roman survey, the wide-field survey will cover a smaller area compared
to Euclid by a factor of ~ 7, but 2-3 magnitude deeper (see Table of surveys). Hence,
our simulations predict nearly a similar number compared to Euclid (i.e > 10° per type)
of late M dwarfs in the thick disk and halo. There is a drop in the L/T transition and
a peak back towards T dwarfs. Note that as we simulated both surveys have to have
the same depths, hence the HLTDS survey expected counts show the same trend. Note
that Roman surveys will detect more thick disk and halo objects compared to thin disk
sources. Additionally, with proper motion information, it will be possible to separate

thick disk, thin disk and halo objects in reduced proper motion -vs color space.
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Figure 4.6 Expected number counts of UCDs for the baseline Roman surveys for different
Galactic populations

Similarly, for the Rubin survey will predict > 10® >MS objects but these numbers
are suppressed towards T dwarfs reaching tens of objects per type for the thin disk. For
the thick and halo, we still expects to detect thousands of sources, which is an at least
2 orders of magnitude improvement on the current number of known T subdwarfs. We
also simulated the 10 year survey by applying the astrometric selection criteria shown in
Figure We find that the 10 year survey will detect thousands of subdwarfs (halo
and thick disk) with detectable parallaxes and proper motions.

Finally, we examine the possibility to constrain the disk scaleheight and the
halo mass function with these samples. Figures 4.8 and [4.9]show the expected number
counts for thin disk scaleheigths between 100 pc—400 pc and the halo mass function
power-law between -2.3-2.3. Roman and Euclid will provide sufficiently-large samples
to differentiate the scaleheight with a precision < 50 pc. Rubin will provide millions of
samples due its large but it is still unable deep in the halo and the disk. However, Rubin
will provide precise parallaxes and proper motions, which will independently constrain

the kinematics of the disk.
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Table 4.3 Absolute magnitude and color vs spectral type relations used in this work.
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Figure 4.7 Expected number counts for the thin disk, thick disk and halo populations
with the LSST baseline survey (left) and the full 10 year survey (right). While the 10
year survey is expected to have more UCDs, we imposed additional proper motions and
parallax cuts on the 10 year. Overall, we should expect > 10° > M5 dwarfs with precise
parallaxes and proper motions.
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Chapter 5

Prospects for Detecting Gaps in
Globular Cluster Stellar Streams in
External Galaxies with the Nancy Grace

Roman Space Telescope

5.1 Introduction

Large-scale cosmological simulations with cold dark matter (ACDM) predict
hierarchical formation of dark matter halos and the existence of substructure at all scales
(White & Rees, [1978; Blumenthal et al., |1984; Bullock et al., 2001} [Springel et al., 2008};
Fiacconti et al., 2016)). To test ACDM predictions at small scales, previous studies have
uncovered satellite galaxies around the Milky Way and dwarf galaxies in the local group
with stellar masses down to 103 Mg (Willman et al., 2005; [Simon & Geha, 2007} Martin
et al., 2008; Koposov et al., 2009; Willman et al., 201 1; McConnachiel, 2012; Bechtol

et al., 2015} Drlica-Wagner et al., 2015}; \Geha et al., 2017; | Mao et al., 2021). However,
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in ACDM models, galaxies with halos of masses < 103M,, are more dominated by
dark matter compared to higher-mass galaxies, which makes their detection difficult
(Efstathiou, |1992; |Okamoto et al., 2008} Bullock et al., |2000; |Sawala et al., [2016)). Other
dark matter models differ from ACDM in their predictions for the masses and number
densities of dark matter subhalos (subhalo mass functions). For instance, warm dark
matter models (WDM, Bode et al.[2001]) predict a similar hierarchical collapse at large
scales, but this collapse is strongly suppressed at lower masses (< 10°M,, depending on
particle mass), resulting in a smaller fraction of low-mass subhalos (Bose et al.,|[2017).
Similarly, some fuzzy cold dark matter models (Hu et al., 2000; Hui et al., 2017), predict
a sharp cutoff at low masses (< 10'M®). Self-interacting dark matter (SIDM) models
produce halos with pronounced cores with different tidal evolution, masses and densities
compared to CDM halos (Spergel & Steinhardt, 2000; Rocha et al., 2013} Tulin & Yu,
2018; Glennon et al., 2022). Even in ACDM simulations, the survival and the properties
of low-mass subhalos within a larger halo are poorly understood. The tidal field of
the central galaxy, pre-existing substructure in the halo, and deviations from a smooth
spherical halo density profile can all affect the tidal evolution of accreted subhalos
(Garrison-Kimmel et al., [2017). On the other hand, analytical calculations, N-body
simulations and high-resolution hydrodynamical simulations show that the central cores
of subhalos are likely to survive for long periods of time, or even indefinitely (van den
Bosch et al., 2018; van den Bosch & Ogiya, 2018}, |[Errani & Penarrubia, [2020).

All of these differences between different dark matter models can, in principle,
be tested by statistical surveys of nearby low-mass subhalos. The key challenge is how to
detect these invisible dark subhalos. Strong gravitational lensing offers an opportunity
to validate predictions of dark matter models (Dalal & Kochanekl [2002; |Amara et al.,
2006; |[Nierenberg et al., 2014} [Hezaveh et al., 2016; |[Nierenberg et al., 2017} |(Gilman

et al., 2019). However, this technique probes all subhalos along the line of sight up to the
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lensed luminous source, which complicates the inference of dark matter properties.

Globular cluster (GC) streams provide a complementary approach for detecting
and measuring the spectrum of low-mass subhalos in the local volume (Johnston et al.,
2002; Yoon et al., 2011; Bovy, 2016; Bovy et al.,|2017). As GCs orbit the host galaxy,
internal evolution and tidal stripping leads to the escape of stars from the central cluster,
forming thin, elongated stellar streams which persist for billions of years (Johnstonl [1998};
Helmi & Whitel [1999). These streams can subsequently be perturbed by a free-floating
dark matter subhalo, which can create a gap-like feature inside the stream (Yoon et al.,
2011)). Numerical and analytical calculations predict the morphology and frequency of
these features in various types of GC streams (Yoon et al., 2011} |Carlberg, 2012} |[Erkal
et al., 2016; Sanderson et al., 2016; [Koppelman & Helmi, 2021)).

Photometric and spectroscopic surveys have identified and characterized ~100
stellar streams in the Milky Way, with the majority being globular cluster streams
(Odenkirchen et al., 2001; Newberg et al., [2002; Majewski et al., 2003; |Odenkirchen
et al., 2009; Newberg et al., 2009; \Grillmair & Carlin, |2016; [Shipp et al., 2018; Mateu
et al., |2018; [Ibata et al., | 2019; [L1 et al., [2022; Martin et al., [2022; |Mateu, 2023). A few
of these GC streams show evidence of gap-like features that are predicted in numerical
simulations of dark matter subhalo encounters (de Boer et al., 2018, [2020; Bonaca et al.,
2020; Tavangar et al., 2022). In particular, Price-Whelan & Bonaca (2018) identified a
spur and a gap in GD-1, which Bonaca et al.| (2019) attributed to a likely encounter with
a 10°~107 dark matter subhalo ~8 Gyr ago, after ruling out other types of perturbers.

Gaps in GC streams can be created through other processes, however. Previous
studies have shown that baryonic matter perturbers (galactic bars, molecular clouds, black
holes, spiral arms) can create similar features in GC streams (Amorisco et al., 2016;
Hattor1 et al., 2016; [Price-Whelan et al.| 2016} [Erkal et al.| [2017; [Pearson et al.| 2017}

Banik & Bovy, 2019; | Bonaca et al., 2020), which makes gaps difficult to decipher, even
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when they are detected. Moreover, since these streams have intrinsically low surface
brightnesses, the detection of gaps has been limited to the Milky Way, which has resulted
in relatively small samples.

Detecting gaps in globular cluster streams in external galaxies offers a new
window into testing dark matter models by increasing the number and diversity of stream
gaps. Previous studies have observed streams in external galaxies arising from tidally-
disrupted satellites (Martinez-Delgado et al., 2010; | Martinez-Delgado et al., 2021). While
several candidate GC streams have been proposed in M31 (Pearson et al., 2022), these
candidate detections require more sensitive and higher resolution data to be confirmed,
and to eventually map both the streams and gap structures.

The upcoming Nancy Grace Roman Space Telescope (Spergel et al.|20135]) will
have a large field of view, high angular resolution and deep-imaging sensitivity. Pearson
et al.[ (2019, 2022) demonstrated how this combination allows the detection of very
low-surface brightness GC streams out to a couple of Mpcs. In this work, we examine the
plausibility of detecting gaps in Pal 5-like GCs formed from interactions with dark matter
subhalos by extending the predictions of |Pearson et al. (2019). The paper is arranged as
follows: Section[5.2]describes our methodology for simulating isolated, evolving streams
with gaps; Section [5.3] discusses our simulations of mock observations with Roman
including foreground and background star fields; and the feasibility of visual inspection
to confirm gaps in simulated star count data. Section [5.4] discusses the application of
an automatic gap-finding pipeline, FindTheGap (Contardo et al., 2022), to find gaps in
simulated data. Section [5.5discusses the implications and limitations of this work. We

summarize our findings in Section [5.6]
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5.2 Simulating Globular Cluster Streams with Gaps

Our goal is to simulate observations of gaps in GC streams, starting with the
Palomar 5 stream (hereafter, Pal 5;|0Odenkirchen et al.[|[2001, [2003)) as a test case, defined
to have a present-day mass of 10* M® (Ibata et al.,[2017). Our work closely followed
a similar methodology as |Pearson et al. (2019), with additional modifications that are
described herein. We conducted all numerical calculations with the gala package (Price+
Whelan, 2017), which implements numerical integration techniques to model the orbits

of stars in a pre-specified static potential.

5.2.1 Gravitational Potentials

In our analysis, we used M31 as the external host galaxy. Many groups have
estimated the total mass and the potential of M31 by modeling the kinematics of satellites
(Watkins et al.,|2010); constraining the rotation curve (Chemin et al., 2009); modeling the
velocity distributions using tracer particles such as stars, globular clusters, and planetary
nebulae (Kafle et al., 2018)); dynamical modeling of the giant southern stream (GSS) in
M31 (Fardal et al., [2013); and the local group timing argument (Gonzalez et al., 2014;
Chamberlain et al.| 2022). Additional references and trade-offs from these techniques are
summarized by Fardal et al. (2013) and Kafle et al. (2018).

To set up an M31-like potential, we used the model by Kafle et al.| (2018]) com-
posed of a central bulge, a disk, and a halo. The bulge potential follows a Hernquist

profile (Hernquist, |1990) given by:

GM,
Dy (r) = —r+2 5.1)

with a scale length (¢) of 0.7 kpc and a bulge mass( M) of 3.4x10'© M. The disk
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potential follows a Miyamoto-Nagai density profile (Miyamoto & Nagai, |1975) given by:

Dy(R,2) = — OMa (5.2)

(R2 + (a+ (22 +b2)§)2) "

with a scale length (a) of 6.5 kpc, a scale height (b) of 0.26 kpc and a total disk mass

(M) of 6.9 x10'°M,,. These parameters for the disk and the bulge were adopted from a
compilation of literature values (Bekki et al., 2001}; [Font et al., 2006} |(Geehan et al., 2006
Seigar et al., 2008; |(Chemin et al., [2009; Corbelli et al., 2010; Tamm et al., 2012). We

assumed a Navarro-Frenk-White (NFW) profile (Navarro et al., 1996) for the halo given

by:
M, In(1 ;
Oy (r) = G My n(l+r c/rv,r)’ 5.3)
gle)r
with g(¢c) =In(14c¢)—c/(1+c¢), (5.4)
4r
M, = ?rgirAPCa (5.5)
dp.= 3H§ (5.6)
and pe = 811G '

Where M,;;, is the virial mass, r,; is the virial radius, c is the concentration parameter,
A is the virial overdensity parameter and p,. is the critical density of the universe. As
many of these parameters are interrelated, we used best-fit values for the halo virial mass
at A = 200 of My = 0.7 x 10'2M,, and logc = 1.5 based on the inferred posterior
distribution by |[Kafle et al.|(2018). We note that the concentration parameter was poorly
constrained in this work. We also assumed Hy = 67.7 km/(Mpc s) based on Planck
results (Planck Collaboration et al., 2020).

For the dark matter subhalo, we again assumed a Hernquist density profile with

masses (M},) and radii (r;,) determined by the scaling relation from [Erkal et al. (2016):
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M, 0.5
r, = 1005 pc x (IOSMQ) . 5.7)

5.2.2 Stream Progenitor Coordinates

As there are no currently-known globular cluster streams in M31, we used a
Pal 5-like stream as an example. In the Milky Way, the Cartesian Galactocentric
coordinates of Pal 5 are (X,Y,Z) = (6.1 kpc,0.2 kpc,14.7 kpc) and (Vx,Vy,Vz) =
(—49.7 km/s,—119.4 km/s,—11.4 km/s) (Price-Whelan et al., 2019; Vasiliev, 2019ﬂ
Our goal is to test the observability of gaps in streams located at various locations in
galactic halos, hence, we also simulated streams to galactocentric radii of 35 kpc and
55 kpc. For simplicity, to simulate equivalent streams at 35 kpc and 55 kpc, we used
positions that give approximately the desired Galactocentric radii, and we assumed that
the velocities of the stream at 35 kpc and 55 kpc were the same as the velocity at 15 kpc.
We used the same velocities (Vy, Vy, V) for all streams, but we note that this process
results in different orbits compared to the stream at 15 kpc. These coordinates, along

with additional parameters of our simulations are all summarized in Tables[5.1]and [5.2]

5.2.3 Generating a Gap in the Stream

We generated model streams using the “particle-spray" method described by
Fardal et al.|(2015) and implemented in gala. We assumed a uniform mass loss history
and a progenitor mass (1m,) of 5x 10* M, based onBonaca et al.| (2020). We simulated the

direct impact of a dark matter subhalo and a stream using gala; specifically, the function

"'We assumed that our GC progenitor lies at the present-day heliocentric equatorial coordinates of Pal
5, (a, 6) = (229022, —0112) at a distance of 22.5 kpc; and has a proper motion vector (Lg cosd, ()
= (—2.736 mas/yr, —2.646 mas/yr) and radial velocity of —58.60 km/s. We assumed a galactocentric
coordinate system with the local standard of rest velocity Visr = (8.4 km/s, 251.8 km/s, 8.4 km/s) and the
Sun radial distance of 8.275 kpc from the Galactic center based on (Schonrich et al, 2010 Bovy et al.
2012b; |\ GRAVITY Collaboration et al., [2019).
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MockStreamGenerator which models the orbits of stars influenced by a massive body
within an external potential. Throughout these calculations, individual stream stars
were treated as non-interacting massless particles, and we did not include the stream’s
progenitor potential.

To ensure a direct impact between stream and subhalo, we first needed to deter-
mine the initial coordinates of both components given their positions and velocities at the
moment of collision. We backward-integrated the present-day coordinates of the stream
progenitor to a time ¢, initiated a stream at these coordinates, and then forward-integrated
by Af;. At this point, the collision position was assumed to be at a position Ax away
from the progenitor position. We adjusted the coordinates of the subhalo to achieve a
fixed relative velocity (|V;el|) between the stream stars and the subhalo perpendicular to
the impact location. After we determined the position and velocity of the subhalo at the
collision point, we backward-integrated its orbit by Az, again to set the subhalo’s initial
conditions.

With the initial positions and velocities of the stream and subhalo determined, we
forward-integrated the system for At,, computing the stream particle/subhalo interaction
using the gala DirectNBody routine, with an additional Az3 time period to allow the
subhalo to pass completely through the stream. At this point, we removed the subhalo
from the simulation to avoid potential multiple interactions, allowing for a more direct
analysis of the observability of well-defined gaps in streams. We then forward-integrated
the stream stars for the remaining ¢; — (A, + At3) to observe the growth of the gap over
time.

These timescales (71, At, and Arz) were chosen to allow the stream to have similar
lengths as that of Pal 5 in M31 (7-12 kpc at Rgc=15-55 kpc, based on estimates by
Pearson et al.[2019). Additionally, after the subhalo encounter, we continued releasing

stars into the mock stream to ensure that there isn’t a gap at the location of the progenitor.
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Figure 5.1 Results from our simulations of a gap in a stream at Rgc= 15 kpc. The total
number of stars in each stream is ~ 80,000 and the mass of the stream is 50,000 M. Left
: Gaps are induced by collisions with dark matter subhalos of masses of 2 — 10 x 10° M.
Each stream is offset by a constant displacement in the y-direction for display purposes
and the relative velocity between the stream stars and the subhalo is 50 km/s. For
comparison, we show an unperturbed stream of the same mass and trajectory. Arrows
indicate the location of the gap, and we label the mass of the perturber. Right : Linear
density of stars along the x-direction in each stream. In both plots, under-densities in
perturbed streams can be identified by eye for subhalos with masses > 2x10° M.

We later re-sampled the stream to match the number of stars observed in Pal 5 in the

Milky Way based on [Bonaca et al| (2020). Table [5.2] summarizes all parameters for

streams at 15 kpc, 35 kpc and 55 kpc.

5.2.4 Quantifying the Size of the Simulated Gap

To estimate the size of the simulated gap, we fit a Gaussian near the visually-
identifiable gap. To account for the density variation along the stream and the decrease in
density near the wings of the stream, we measured both the density ratio and the density
difference between the perturbed stream (with a gap) and an equivalent unperturbed
stream. By averaging the full width at half maximum of the Gaussian fits to both the
density ratios and density difference, we obtained gap sizes of 1.4 kpc, 1.8 kpc, and
1.8 kpc, at Rge= 15 kpc, 35 kpc and 55 kpc, respectively for subhalo masses of 5 x 10°

M. We note that in our stream integration procedure, the orbits of the stream and the
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subhalo, the total integration times, and the impact velocities were chosen to achieve the
desired lengths (7-12 kpc) of the stream and to obtain approximately the same gap sizes
at all galactocentric values.

Figure[5.1]depicts three simulated Pal 5-like streams at Rgc= 15 kpc with gaps
induced by dark matter subhalos with masses of 2 x 10°M, 5 x 10°M, and 10’M.
The size of the gap increases with the mass of the subhalo, as previously shown by
analytical and numerical simulations (Yoon et al., 2011} Erkal & Belokurov, [2015)). Our
results are consistent with numerical simulations by Yoon et al. (2011), who found that
gaps induced by 10°— 107°M, subhalos can be visually identified in Pal 5-like streams,
although they used a higher relative impact velocity (>100 km/s), a single galactocentric
radius (Rgc~ 25 kpc) and a longer integration times after the impact (= 4.34 Gyr). In
their simulations, they found that subhalo masses > 10° M, induce gaps with physical
sizes of ~ 1 kpc (visually), comparable to the observed gaps in our simulations. However,
we note that even when using similar impact parameters and integration times, centrally-
concentrated halo profiles (e.g NFW profiles) will result in larger gaps (Sanders et al.,

2016).

5.3 Generating Mock Observations of Streams with Gaps

in M31 and Other External Galaxies

In order to model the observability of both streams and gaps, we need to generate
mock observations of our streams in external galaxies as they will appear with Roman, by
taking into account sensitivity, resolution, and contamination from Milky Way foreground
and the host galaxy halo background stellar populations. To address contaminant popula-
tions, we followed a method similar to Pearson et al. (2019) as applied to observations

of the halo of M31. In these simulations, we assumed all stars are resolved down to our
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assumed magnitude limits.

5.3.1 Simulating Mock Observations with Roman

We obtained M31 data from the Pan-Andromeda Archaeological Survey (PAn-
dAS, McConnachie et al.|[2009; Martin et al.[2016; [McConnachie et al.|2018, Ibata et
al., private communication). The PAndAS survey provides wide-field imaging data for
the Milky Way, M31 and other nearby galaxies over a total area of 300 deg?, with the
3.6-meter Canada-France-Hawaii Telescope (CFHT) MegaPrime/MegaCam camera in
the optical and infrared u, g, r, i, and z filters. We used extinction-corrected CFHT AB
magnitudes (denoted by g¢ and iy) based on the corrections by [Ibata et al.| (2014)). We
selected three patches with projected areas of 10 kpc x 10 kpc at the distance of M31 at
radial separations of 15 kpc, 35 kpc, and 55 kpc from its center, corresponding to regions
of ~0.5 deg? on the sky. To generate mock Roman observations, we assumed a total
field of view of 0.28 deg? (not simulating the shape of the detector) and limiting Vega
magnitudes of Z(F087) = 27.15 for 1000s exposures and Z(F087) = 28.69 for 1-hour
exposuresﬂ As in|Pearson et al. (2019), we limited our analysis to R(F062) and Z(F087)

bands.

Simulating Milky Way Foregrounds

We simulated foregrounds along the line of sight of M31 assuming a central
coordinate of R.A.= 0.57 deg and decl.= 43.1 deg based on the central coordinates
of the M31 PAndAS field. We used a Kroupa power-law initial mass function (IMF)
(Kroupa, 2001) for stellar masses between 0.1 M® and 120 M, isochrones from the
PAdova and tRieste Stellar Evolution Code (Bressan et al., 2012, PARSEC) spanning

ages of 4 Myr-13 Gyr, and metallicities —2.0 < [Fe/H] < 0.2 that realistically encompass

Zhttps://roman.ipac.caltech.edu/sims/Param_db.html
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the Milky Way thin and thick disks and halo populations. We sampled 10° stars with
masses from the IMF, assigned ages and metallicities based on uniform distributions, and
computed CFHT g and iy and Roman R and Z absolute magnitudes by interpolating in
initial mass—absolute magnitude space for every combination of metallicity and age.

We assigned distances drawn from a galactic density model composed of a thin
disk, thick disk, and a halo based on Juri€ et al.|(2008)). The total stellar density is given
by:

P = Pthin disk T S0 X Prhick disk T J1 X Phalos (5.8)

where fy and f; are the relative fraction of thick disk and halo stars to the thin disk
population at the position of the Sun, set to 0.12 and 0.005 respectively. Stellar densities
for the disk were assumed to follow exponential profiles parameterized by a scale height
(H) and scale length (L):

R—R —Z
Pdisk = P €Xp (—TQ) exp (—‘ZH—QI) (5.9

For the thin disk, we assumed H = 300 pc and L = 2600 pc. For the thick disk, we
assumed H = 900 pc and L = 3600 pc. We also assumed R = 8.3 kpc and Z; =
0.027 kpc (Juri€ et al.l 2008). While the scale height of a population varies with its
main-sequence lifetime (Bovy, |2017), and dynamical evolution leads to asymmetries
in the density profile (Reylé et al., 2009; |Liu et al., 2017; |[Nitschai et al., 2021]), these
simple assumptions provide a reasonable first-order estimate of the broad stellar densities
of present-day Milky Way stellar populations. For the halo stellar density, we used a

flattened spheroid profile:

R "
Phalo = ( 1 ) (5.10)
(R*+(z/q)%)?
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with ¢ = 0.64 and n = 2.77. We drew distances from a probability distribution function
P(d) = d? x p(R,z) out to 100 kpc.

After we estimated the distance distribution of Milky Way stars, we computed
their observable apparent magnitudes. To model the magnitude uncertainty, we fit the
magnitude dependence of the uncertainty (dmag) for CFHT g¢ and i filters based on
the McConnachie et al.[ (2018) point sources ﬂ We then assigned apparent gg and iy
magnitudes for the simulated population by drawing from a normal distribution with
a scatter equal to the standard deviation of the estimated dependence. For all Roman
magnitudes we assumed a constant uncertainty of 0.1 mag; but the true uncertainty will
likely vary with magnitude and exposure time.

Finally, we determined the total number of stars that are observable by Roman
at a given magnitude limit by scaling the simulated Milky Way foreground distribution
to the observed PAndAS data within the region of the color-magnitude diagram bound
by 2 < go —ip < 3 and 18 < iy < 21. This region in the color-magnitude diagram is
predominantly covered by Milky Way foreground isochrones, which makes it ideal for
scaling our total number of foreground stars. We then applied the magnitude limit cut
corresponding to 1 hour and 1000s exposure. While this scaling does not take into
account exact selection effects, it provided a first-order estimate for the number of stars
that can be observed by Roman. We obtained an agreement between our simulations and
both the color-magnitude diagrams and the final gg-band luminosity function from the
PAndAS data in Figure and we further discuss limitations in our foreground and

background simulations in Section[5.5.2]

3We selected point sources from the McConnachie et al.|(2018) catalog by restricting the morphology
flags in the g and i bands to -1. The catalog can be accessed at https://www.cadc-ccda.hia-1tha.nrc-cnrc.gc.
ca/en/community/pandas/query.html
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Simulating Background Stars in M31 and Other External Galaxies

We selected PARSEC isochrone tracks that span ages of 5 Gyr to 13 Gyr and
metallicities —2.0 < [Fe/H] < 4-0.5 to cover the approximate range of ages and metallic-
ities of stars in the halo of M31 (Brown et al., 2003} Ibata et al., [2014). Similar to the
Milky Way simulation, we assumed a Kroupa initial mass function for stellar masses
between 0.1 Mg and 120 M©®, a uniform age distribution, and a uniform metallicity
distribution in chosen patches of 10 kpc x 10 kpc at galactocentric radii (Rgc) of 15 kpc,
35 kpc and 55 kpc. The PAndAS survey and other previous studies have characterized
the metallicity and abundance distributions (e.g. Escala et al.|2020) of small regions of
M31’s stellar halo in detail. As our goal is to estimate stellar number densities, assuming
a general set of old and metal-poor stellar populations in all regions of the stellar halo
was deemed sufficient. Throughout, we assumed the distance to M31 to be 770 kpc
(distance modulus of 24.4, [Ibata et al.[[2014).

To assign distances to stars in the halo of M31, we modeled the stellar density as

a flattened spheroid profile based on |Ibata et al. (2014)). The 3D stellar density is given

) (5.11)

(ct. Eqn. , where R and 7 are the cylindrical radius and height starting from the center

by:

=

ovist — ((iéz T+ G/e))

of M31, in the plane and perpendicular to its disk respectively, with g =1.11, and n = —3.
We drew distances assuming that the halo of M31 extends to ~ 100 kpc (Chapman et al.,
2006) and we assigned projected distances to M31 halo stars as d = 770 kpc +z, where 7
is the randomly-drawn cylindrical galactocentric height for simplicity.

Finally, we assigned apparent magnitudes and magnitude uncertainties in a similar
manner as for Milky Way foreground stars. To obtain the correct normalization for the

number of stars, we scaled the total number of stars to the observed number between
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0.5 < go—ip<2and?21.5 <ip< 23.5in the PAndAS data as there is a significant drop-
off in the PAndAS magnitude completeness to below ~ 70% for iy, go > 23.5 (Martin
et al..|2016)). As a final check, we examined the simulated luminosity function (number of
stars as a function of magnitude) in the CFHT g-band based on our CMD-based scaling,
luminosity function inferred from PAndAS data.

Figure[5.2]the combined CHFT g — band luminosity function of both components
(M31 population and the Milky Way foregrounds) compared to the observed luminosity
function from the PAndAS data, and it shows the simulated Roman color-magnitude
diagram. This illustrates that Milky Way foreground stellar populations are dominated by
sources with Z < 25, while M31 includes stars with Z > 20. In real Roman observations,
it will be possible to separate most Milky Way foreground stars from M31 stars based
on their positions on the CMD (R — Z vs Z space, see Figure [5.2)). We note that low-
mass stars and brown dwarfs are lacking in our simulated foregrounds, hence they may
introduce an additional source of contamination in the real data. Nevertheless, we found
a general agreement between the simulated and the observed luminosity function in the
CFHT bands. We further show a comparison between our simulations and the PAndAS
data in Appendix[5.7} While the region corresponding to the Milky Way disk is reasonably
well-matched, we could not reproduce all of the structures in the CFHT CMDs, perhaps
due to an underestimation of the halo and thick disk fraction along this line of sight.

To further validate our methodology for simulating stellar populations, we com-
pared our surface densities to the CFHT data and predictions of Pearson et al.| (2019).
For 1-hour exposure with Roman, we obtained stellar densities of 3.1 x 103 stars/degrees2
at Rge= 55 kpc, 3.1x 107 stars/degrees? at Rge= 35 kpc and 2.9 x 10° stars/degrees? at
Rgc= 15 kpc for the halo of M31. These densities are ~ 10 times higher than the densi-
ties obtained by Pearson et al.| (2019) at the same radial distances and a similar Roman

magnitude cut. We note that our methods for estimating the foregrounds significantly
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deviate from the original methodology by Pearson et al. (2019), by incorporating a stellar
density model and by scaling the stellar density to the brighter regions of the CMD where
the PAndAS survey is most complete. In contrast, within the magnitude limits of the
PAndAS data (g, ig ~ 26), our simulated densities of 2.0x 10* stars/degrees?, 2.2x 10*
stars/degrees” and 9 x 10* stars/degrees” at Rgc=55 kpc, 35 kpe, and 15 kpc, respectively,
are in agreement with the observed densities in PAndAS at the same galactocentric radii.
The agreement between our simulation and the observed data validates our assumptions
about the background and foreground populations. We further discuss the limitations of

our simulations in Section

Simulating Observed Stars in Pal 5

We simulated the stream population in a similar manner to the backgrounds, but
in this case, scaling to the observed properties of Pal 5. We generated a sample of 10°
stars assuming a power-law IMF (dN /dM o« M=%, |Grillmair & Smith/2001; Ibata et al.
2017). We then assigned CFHT g and Roman R, Z absolute magnitudes by interpolating
the PARSEC isochrones for an age of 11.5 Gyr and [Fe/H]= —1.3. We applied a distance
modulus corresponding to Pal 5 (dy,og= 16.85; Pearson et al.|2019), and then determined
a population normalization factor by comparing the distribution of simulated CFHT g
magnitudes to the 3000 stars with 20< g < 23 that are known members of the Pal 5
stream (Bonaca et al., 2019). With this normalization factor, we computed the number
of stream stars detectable in a given host galaxy based on the corresponding distance
modulus and Roman magnitude limit. Our number count predictions for Pal 5 match the
predictions of |Pearson et al. (2019).

To generate a final simulated Roman image, we re-sampled the simulated streams
described in Section [5.2.3] drawing only the expected number of detectable stars for our

Roman Z-band limits as a function of distance. We also drew foreground and background
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Figure 5.2 Colors and magnitude distributions of our simulations compared to the
data. (a): CFHT go mag luminosity function based on the PAndAS data (blue filled-in
histograms) and our simulations (black) for populations at Rgc= 35 kpc. The simulations
are further divided into Milky Way foregrounds (light green) and M31 stars (orange).
We are able to reproduce the CFHT g-band luminosity function based on our scaling
to the CFHT CMD ( more details in Appendix (b): Simulated color-magnitude
diagram for Roman R and Z bands at Rgc= 35 kpc. CMD regions that are dominated
by M31 stars or Milky Way foregrounds are labeled in blue text. The horizontal dashed
and solid lines show the magnitude cuts for 1000 s and 1 hr exposures, respectively.
With these magnitude cutoffs, the M31 halo population will be primarily dominated by

horizontal-branch stars and

giants.
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stellar fields at the same Z-band limits, the latter sampling the three galactocentric radii
from M31 PAndAS data, as well as different host galaxy distances. For simplicity, the
positions of background and foreground stars were assumed to be uniformly distributed
for a given 10 kpc by 10 kpc patch. As most background halo stars are of similar stellar
populations as the stellar stream stars, the detection of these streams and their gaps
depends mostly on density contrasts. We, therefore, focus our analysis on star count maps
of these fields, rather than simulated images that incorporate brightness and instrumental
point spread function effects. Figure shows examples of our simulations of streams
in M31. Henceforth, we will use “mock observations" or “density maps" to describe the

results of our simulations.

5.3.2 Gap Identification by Visual Inspection of Density Maps

We now turn to examining gaps and quantifying their detection with distance and
exposure times. Pearson et al.[ (2019, 2022)) developed methods for finding Pal 5-like
streams in Roman observations. Our primary goal is to investigate the detection of gaps,
assuming the stream has already been identified. We present the visual inspection of
gaps from simulated streams in M31 (Figure [5.3)) and other external galaxies (Figure
5.4)), centering the density maps on the gap region. For simplicity, we only considered
gaps from interactions with subhalos of 5 x 10° M, as this mass is in the appropriate
range for testing different dark matter models (Bullock & Boylan-Kolchin, 2017); and
gaps that resulted from these interactions are clearly visible in mock streams (Figure [5.I)).
In all of our simulated observations, we applied a photometric metallicity constraint of
[Fe/H]< —1, as GC streams are typically metal-poor (e.g. Martin et al., 2022)), allowing
us to reduce the number of background stars. In real Roman images, selecting low-
metallicity stars will require fitting the foreground populations of a given galaxy to

synthetic isochrones.
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The angular lengths of Pal 5 streams for galaxies within a ~ 1.2 Mpc volume
are larger than the field of view of the Roman telescope; hence, only a portion of the
stream will fit inside a Roman field for these distances. For an M31 distance of 770 kpc
(dmoa= 24.4, Ibata et al.2014), the projected angular distance is 13.4 kpc/degree, making
the angular size of Pal 5-like streams in M31 (lengths of 7.8—-12 kpc, Pearson et al.
2019) equal or larger than the expected 0.52 degree x 0.52-degree Roman field of view.
Visually, the density contrast between the stream and background stars increases with
galactocentric radius and with exposure time. Pearson et al.| (2019) estimated that the
width of a Pal 5-like stream in M31 would vary between 0.053 kpc—0.127 kpc at a
galactocentric radius (Rgc) of 15 kpe—55 kpc, and the length would vary between 7.8 kpc
and 12 kpc. We could best identify the gaps in the density maps for 1-hour exposure,
otherwise, visual identification of the stream and gaps is difficult (see Figure [5.3).

To simulate streams in other external galaxies with distances spanning 0.5 Mpc to
10 Mpc (assuming a similar stellar composition and tidal field as M31), we offset the M31
background population in the Roman CMD space to the appropriate distance modulus,
retaining the same Milky Way foreground populations. The number of stars in Pal 5 was
re-sampled to match the pre-computed number of stars at the new galactic distance. We
applied the same magnitude cuts as our simulated foreground and background models.

Figure [5.4] compares the simulated streams, all placed at a fixed galactocentric
distance of 35 kpc. We display a fixed area in physical units of 7 kpc x 4 kpc in the figure
(7 kpc is ~ half the length of the stream), which corresponds to smaller angular scales in
the total Roman field of view at larger distances. We display the streams at Rgc= 35 kpc
because the combination of the density contrast and the thickness of the stream makes
it easier to visually detect the gap in these mock observations compared to images at
15 kpc and 55 kpc. As the distance to the host galaxy is increased, the density of both

background stars and the stream decrease. We note that the background stellar densities

174



Rgc= 15 kpc, Z = 27.15 mag Rgc= 35 kpc, Z = 27.15 mag

Rgc= 55 kpc, Z = 27.15 mag

18 3 38 | 3 58
n 16 A i 36 raM‘ n 56 rvH
o o o
= = =
> 14 > 34 > 54
10 Arcmin 10 Arcmin 10 Arcmin
12 52
12 14 16 18 52 54 56 58
x (kpc) x (kpc)
Rgc= 15 kpc, Z = 28.69 mag Rgc= 55 kpc, Z = 28.69 mag
18 - ;

< 16 o
(o o
4 4
o o
> 14 ; >
10 Arcmir
12 _ o : :
12 14 16 18 32 34 36 38 52 54 56 58
x (kpc) x (kpc) x (kpc)

Figure 5.3 Simulated stellar density maps for a full Roman field of view of 0.28 deg?
with M31 background stars and Milky Way foregrounds. The gap in the stellar stream is
caused by an interaction with a subhalo with a mass of 5 x 10® M, and only a portion
of the stream is shown here. The streams are injected at galactocentric distances of
15 kpc, 35 kpc and 55 kpc, and exposure times are 1000s (Z = 27.15, top panels) and 1 hr
(Z = 28.69, bottom panels). We display these maps in physical coordinates to highlight
the scale of the gap, indicated by curly brackets.The projected x and y coordinates in
kpc were computed by assuming the distance to M31 is 770 kpc (an angular scale of

13.4 kpc/degree). We can visually see the gap for 1-hour exposure, otherwise, it becomes
more obscured by the background population.
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fall off faster than the density inside the stream with galaxy distance, due to the choice of
isochrones and the metallicity cuts that we are applied to the data. We caution that in
real observations, other external galaxies will have different sizes, and their halos will
have a different composition compared to M31. All these caveats are further discussed in
Section

Through a visual inspection of streams with gaps in host galaxies spanning a
distance of 0.5 to 10 Mpc, we find that the gap is visible by eye in external galaxies at

distances out to ~ 1.5 Mpc (see Figure [5.4)).

5.4 Automating the Detection of a Gap

Visual confirmation alone can result in biased assessments of stream and gap
detection, hence we now turn to quantifying detection using an automated tool. In

Sections [5.4.1and [5.4.2] we lay out methods for defining the gap and the stream region,

and in Sections[5.4.3][5.4.4] and[5.4.5|we outline a procedure for quantifying the detection

of each gap and we provide a detection limit as a function of distance using a large sample

of simulated mock streams.

5.4.1 Density Estimation and Detecting Gaps

Previous studies have developed algorithms to find and characterize stellar streams
in the Milky Way (e.g., Mateu et al., [2017; Malhan & Ibatal 2018}; |[Shih et al., 2022,
2023) and in external galaxies (e.g., Hendel et al., 2019; |Pearson et al.,[2022). Once such
algorithms have determined a stream’s presence, location, extent, and orientation, we can
then search for gaps. We used the gap-finding tool (Contardo et al., 2022, FindTheGap),
which is designed to evaluate under-densities in multi-dimensional data. Gaps, just like

streams, can be detected by eye, but this tool provides an automated approach and serves
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Figure 5.4 Mock observations of streams with gaps in a segment of the full Roman field
of view. To generate these mock observations, streams were injected into pre-computed
backgrounds. Stars are plotted with the same symbol size to facilitate comparison at
various galaxy distances. The sizes of the images are 7 kpc x 4 kpc (about half the length
of the stream), which would correspond to different angular sizes on the sky depending
on the distance of the observed galaxy. The horizontal bar shows the scale of 5 arcmin
(or 1/6 of the 32 arcminx32 arcmin full Roman field of view). We show the halo of
the galaxy at Rgc = 35 kpc, assuming an exposure time of 1 hour (Z = 28.69) and a
perturbation in the stream from 5 x 10° M, subhalo. We can see gaps to a distance of ~
1.5 Mpc.
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as an additional method for confirmation or rejection in conjunction with visual detection.
FindTheGap uses the projection of the second derivatives (Hessian, H) of the
density estimate onto the orthogonal subspace of the density gradient vector (g), denoted

as [1HTI, where I is a projection matrix defined as:

T
m=1-88_ (5.12)

g'g
The maximum eigenvalue of IIHII can then be used as a statistic to estimate if a point in
the data space is “in a gap”. Conversely, the minimum eigenvalue of IIHTI can be used to
highlight ridges and overdensities. The density estimation depends on a free parameter,
the bandwidth, which relates the estimated density to the spacing between data points. In
addition to the bandwidth, the stability of the gap detection also depends on the number
of data points.

To apply this tool to simulated observations, we started with simulated density
maps (Figures and [5.4), making a cutout centered on the visually-identified gap.
We did not use the full Roman field of view as the angular size of the stream becomes
progressively smaller at larger galaxy distances, making it more difficult to identify gaps.
We then created a grid of 50 by 20 points along each cutout with uniform spacing, cover-
ing an area of 5 kpcx2 kpc that includes the main track of the stream and surrounding
foreground and background stars.

The accuracy of this method relies on the choice of bandwidth. Large bandwidths
tended to smooth over structures in the data, including the gap, but small bandwidths
introduced gaps and other small-scale structures that were not necessarily present in
the underlying true density. Additionally, the density estimation in FindTheGap assigns
lower densities to regions near the edge of the simulated mock observations. To avoid

these edge effects, we first ran an estimation of the stellar density and the values of ITHTI
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on a slightly larger dataset, incorporating stars beyond the specified grid. Specifically, we
required the data bounds to be larger than grid bounds to a factor of twice the bandwidth.
For example, we used a 9 kpc by 6 kpc region for a bandwidth of 1 kpc, given our fixed
grid size of 5 kpc by 2 kpc. After we fit the density estimator to the data, we predicted the
values of density and ITHTI on the smaller 5 kpc by 2 kpc grid (see Figure[5.5]). To ensure
the fidelity of each gap detection and to remove spurious gaps, we ran this estimation
five times for every simulation, choosing the same number of randomly selected stars for
each estimation (bootstrap re-sampling). In each iteration, the density, and the minimum
and maximum eigenvalues of ITHII were scaled to span values of 0 and 1 to maintain
a consistent range across bootstrap samples. We then computed the final ITHII map by
taking the median over all bootstraps. Figure[S.5shows the result of the application of
this tool for simulated observations at a distance of 1 Mpc. The map of ITHII eigenvalues
reliably locates the gap and the stream. We further discuss our determination of the

optimal bandwidth in Section [5.4.4]

5.4.2 Further Outlining the Stream and Gap Regions with Indicator

Points

In principle, it is possible to determine the stream path from the minimum
eigenvalues of the ITHTI matrix as the stream represents an overdensity. Nevertheless,
our focus was solely on the detection of gaps within a stream. We constrained the
stream region inside the density maps by fitting a second-degree polynomial to the pre-
determined positions of the injected stream. To define the stream track, we fixed the size
of the stream to be 0.2 kpc, which exceeds the real width of the stream (visually and
based on analytical calculations by Pearson et al. 2019). This is to ensure that there were
enough grid points to cover the full stream region. This step also allows us to measure

the density of stars inside the stream, later discussed in Section We note again that
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our assumption is that the stream has been observed, and the approximate stream region
is therefore known.

To outline the gap region, we selected points on the grid falling within the top
95-percentile of the distribution of minimum eigenvalues of ITHII. We will refer to
the regions on the grid that match this criterion as “gap indicator points". As shown in
Figure [5.5] this criterion provided a first-order estimation of the location of the gap. We
then further constrained the gap region to be centered around the median position of gap
indicator points, with a width equal to the size of the stream region and a length equal to
the gap size (see Section[5.2.4). This definition of the gap region along with gap indicator
points was later used to develop metrics for distinguishing successful detections from
noise.

Figure[5.5]illustrates the gap detection procedure. As all the mock observations
were converted to physical projected coordinates, this assumption yielded consistent
gap identification with galaxy distance. We further discuss our quantification of the

breakdown of the gap identification procedure in the upcoming sections.

5.4.3 Defining Metrics for Gap Detections

We now turn to discuss our application of the gap detection method on a sample
of mock streams in an automated fashion. We created an automatic pipeline using
the methods described in Section [5.4.1] to search for gaps in simulated mock streams,
and two metrics to quantify the detections. First, we computed ITHII maps and their
eigenvalues for mock observations spanning distances between 0.5 Mpc and 10 Mpc and
using bandwidths between 0.1 kpc and 2 kpc for all three Rgc values. We restricted the
bandwidth range to 2 kpc as the metrics discussed below did not improve beyond this
range. Ultimately bandwidths between 0.5 kpc and 1 kpc were optimal in finding the

gap region. For each step, we repeated the generation of the stream, the generation of
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Figure 5.5 Illustration of the gap detection tool with a fixed bandwidth of 0.8 kpc applied
to a stream at Rgc =35 kpc and a distance of ~ 1 Mpc for a 1000 s exposure. Note that
we assume all stars are resolved. Top Left: Black dots show the stream and uniformly-
distributed background stars in the vicinity of the stream. We used a fixed grid of 5 kpc
by 2 kpc indicated by black lines. Top Right: Contours show the stellar density which
clearly shows an underdensity near the gap region and a decrease in density towards the
edge of the stream. The density estimation is applied over the full range of the data to
avoid edge effects at the end of the grid (see text for discussion). Bottom Left: Contours
show a map of the maximum eigenvalues of ITHII , which are maximized near the gap.
We used this map to indicate the location of the gap along the stream. Botfom Right: Gap
indicator points are shown in blue as defined to be where the maximum eigenvalues of
IIHTI are in the top 95 percentile. This procedure can locate underdensities inside the
stream.
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background populations, and the gap detection process to account for the scatter in the
detection metrics at low stellar densities. This process resulted in 81,795 independent
mock observations.

We used three metrics to quantify the significance of each detection. To quantify
the uncertainty in the gap detection, we defined the spread of all the gap indicator points
(-7¢) as the range of their x-positions (max-min). As a reminder, “gap indicator points"
were defined as points on the grid in the top 95 % of maximum eigenvalues of ITHII. We
anticipate that a robust gap detection has low .7, values, as these gap points would be
concentrated around one point near the stream (see blue markers in the lower right panel
of Figure [5.5)).

We then computed the median value of the absolute difference between the x-
positions of gap indicator points to the center of the density maps denoted by A, computed
for each stream separately. As we designed each simulated observation to be centered
around the gap, we expect optimal detection to have a small value for A. Nevertheless,
we show in Appendix [5.8.3] that our pipeline can also identify gaps located away from
the center. After we defined Yg and A per stream, we used these metrics to determine

which bandwidths were optimal for detecting gaps.

5.4.4 Determining the Optimal Bandwidth

The effects of bandwidth choice on the gap detection metrics as a function of
distance are shown in Figure[5.6] We found that bandwidths between 0.5 kpc and 1 kpc
resulted in the lowest values for the spread of gap indicator points (-#,) and the deviation
of the location of the gap from the center of the density maps (A). For large bandwidths,
the estimated density on the grid is centrally concentrated and features are washed out.
For small bandwidths, the stellar density was fragmented into small groups of spurious

gaps, which also resulted in large values for ./, and A. We illustrate these effects in
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Figure 5.6 Distribution of detection metrics for a gap from a subhalo of mass equal to
5x10% M. Left: Distribution of the spread of gap indicator points () defined as the
range (max-min) of their x-values. There is an island of best bandwidths between 0.5 kpc
and 1 kpc where this metric is the lowest, which defines our optimal set of bandwidths.
Right: Map of the median deviation of gap indicator points with respect to their true
location (A). The combination of A and ., values show that the optimal bandwidth for
locating the gap is between 0.5 kpc and 1 kpc.

Appendix [5.8.2] We inferred a middle value of =~ 0.8 kpc as our optimal bandwidth.

To further evaluate the performance of the gap-detection tool and to ensure that
our pipeline was robust, we also applied the gap-finding tool to mock observations with
an intact stream (without a gap from an interaction with a subhalo) using our described
methodology. As shown in Appendix [5.8.3] we could identify the drop off in density
towards the edge of the stream, but we could not identify any gaps inside the track of
the unperturbed stream for a bandwidths ranges of 0.5 to 0.9 kpc, further validating
our method. In practice, when applying this tool to real Roman images, the optimal
bandwidth may depend on the scale of underdensities in the backgrounds and a positive
detection would require further characterization. Our goal in this study is to provide an

additional methodology for detecting gaps in conjunction with visual inspections. While

our pipeline could lead to false positives, it is unlikely to miss any real gaps in the data.
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5.4.5 Distance Limits for Gap Detections

To determine a tentative detection limit, we used both the density of stars inside
the gap region and the location of the gap region as a reference. We estimated the
stellar density inside the stream and the gap by counting the number of stars inside each
region and dividing this number by the physical area (in kpc?) (see Section for the
definition of the gap and stream points/regions). To determine the area of the stream
region, we multiplied the total area of the grid (10 kpc?) by the fraction of grid points
that fell within each respective region. Because the stream track did not follow a simple
straight line, this procedure allowed us to obtain a more accurate measurement of each
region’s area. For the gap region and the background region, we approximated the area
as a rectangle. For the gap, we used a width equal to the width of the stream, and the
pre-computed length; and for the backgrounds, we used a width of 0.5 kpc and a length
of 5 kpc.

Figure|5.7|shows the surface densities (number/kpc?) inside the stream region, the
gap, and the background for a fixed optimal bandwidth of 0.8 kpc. There is a monotonic
decrease in the surface density inside the stream, inside the gap, and in the background
with increasing galaxy distance, as expected. The stream density is generally higher than
the gap density and the background. Additionally, streams at smaller Rgc values are
denser than streams at larger Rgc values. However, it was still difficult to determine the
detection limits from these densities alone.

To establish a tentative detection limit for our pipeline, we examined the evolution
of the gap location with distance. We plot the median value of the location of gap points
(A) for 5 random streams for each distance step in the bottom panels in Figure Our
expectation is that for robust detections of gaps, the central gap location will remain
stable across several iterations. While there was a systematic offset between the center

of the stream from the true center, we observed this “flaring" for the value of A at larger
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distances. For both 1000 s and 1 hour exposure times, this effect translates to distance
limits of 2 Mpc-3 Mpc. In Appendix [5.8.1] we show examples of gap detections in mock
streams at Rgc=35 kpc which also indicates that the location of the gap inside the stream
becomes progressively uncertain beyond these distance limits.

To summarize, we used the tool (FindTheGap) developed by [Contardo et al.
(2022)) to evaluate the detection of gaps beyond a simple visual inspection and to quantify
the distance limit with exposure time. We applied this tool to a set of > 80,000 mock
observations for galaxy distances between 0.5-10 Mpc with M31-like stellar populations
as background stars. For each mock observation, we defined “gap indicator points"
based on gap statistic provided by FindTheGap. The gap detection method relies on the
bandwidth as an additional parameter to compute the density of stars on a pre-defined grid.
By changing this parameter uniformly between 0.1-2 kpc, we determined that the optimal
bandwidth for detecting gaps was ~0.8 kpc. We then evaluated the effectiveness of each
detection by estimating the central location of gap indicator points with galaxy distance.
Results from this procedure pipeline suggest that gaps from subhalos of 5 x 10° M, in
the halo of M31-like galaxies will be detectable to 2-3 Mpc for exposure times between

1000s and 1 hour.

5.5 Discussion

In this Section, we revisit assumptions in our numerical simulations (Section
[5.5.1), the observational limitations (Section [5.5.2), their implications, and how they
affect our results. We also discuss future prospects of using extragalactic streams for dark

matter science (Section[5.5.3).
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Figure 5.7 Testing the stability of gap detections with distance using the optimal band-
width of 0.8 kpc. First row: Variation in the distribution of stellar densities inside
the stream and the gap with distance. Gaps were created from subhalos of masses of
5x10% M. The density of stars in kpc—2 for the stream region is shown with solid
lines, the gap is shown with dashed lines, and the background is shown with dotted
lines a 1000 s (left) and 1-hour exposure (right) for galactocentric radii of 15 kpc (blue),
35 kpc (black) and 55 kpc (orange). As a general trend, the density inside the stream is
higher than the gap, and the background density but it is difficult to establish a detection
limit from densities alone. Last 3 rows : Value of the absolute difference between the
x-positions of gap indicator points and the center of the density maps (A) as a function
of distance for a 1000 s exposure (left) and 1-hour exposure (right). The color scheme
follows the same pattern as the top panels. We defined our gap-detection limits to be
where the median value of A starts to fluctuate, which corresponds to 2—-3 Mpc.
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5.5.1 Limitations in Our Simulation of a Gap

In our simulations, we have assumed that the galactic potential is smooth and
static. However, previous studies of the Milky Way have shown that inhomogeneities
in the global potential, including giant molecular clouds, galactic bars, streams, other
globular clusters, and spiral arms can perturb GC streams (Amorisco et al., 2016} Hattor1
et al., 2016} |Price-Whelan et al.| [2016; |[Erkal et al., 2017; [Pearson et al.| [2017; [Banik &
Bovy, 2019; |Doke & Hattori, 2022). To mitigate this effect, we can search for streams
located at large galactocentric radii in external galaxies, and where the contrast between
the stellar stream and background is more dramatic (see Figure [5.3). In addition, at
large galactocentric radii, bars, spirals, and molecular clouds are less likely to cause
dynamical perturbations in streams. Furthermore, with larger sample sizes we will be
able to determine the frequencies, sizes, and locations of underdensities in streams, which
gives us the ability to statistically evaluate signatures of perturbations from dark matter
subhalos.

Global potentials in galaxies are also deformed by mergers and satellite interac-
tions (Weinberg, |1998}; Garavito-Camargo et al., 2019), and observations suggest that
M3, in particular, has been largely shaped by a possibly recent minor (or major) merger
(D’Souza & Bell, 2018}, [Escala et al., 2021; Dey et al., 2022; Bhattacharya et al., 2023)).
Merger events and interactions with satellites can distort present streams (Erkal et al.,
2019b; Shipp et al., 2021; [Lilleengen et al., [2023)) and contribute to the accretion of new
globular clusters that will eventually form streams (Kruijssen et al., 2020). The details of
the formation and disruption of GC streams have not been extensively explored in large
cosmological simulations.

Throughout this work, we have only considered one encounter between the stream
and the subhalo. Old GC streams can undergo multiple collisions with subhalos, creating

multiple observable density fluctuations and perturbations to the stream morphologies. In
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fact, multiple under-densities have been observed in several Milky Way streams such as
GD-1, (Bonaca & Hogg, 2018) and Pal 5 (Erkal et al., 2017). We do not further explore
the effects of multiple encounters here, but based on our analysis of the detectability of
a gap from a single subhalo encounter, we expect that streams, which have undergone
multiple interactions with subhalos to have multiple observable gaps that can be detected
using our methodology. Using realistic galaxy simulations that include baryonic physics,
Barry et al.| (2023) predicts that Pal-5-like streams in the Milky Way could undergo 2-3
interactions/Gyr with subhalos of masses > 10% M, before dissolution.

In our analysis, we limited our investigation of the observability of gaps with
Roman to subhalo encounters between GC streams and dark matter subhalos with Hern-
quist profiles (Hernquist, |1990). Cuspier profiles for the dark matter subhalo can result
in larger gaps for the same encounter properties (Sanders et al., 2016). Additionally, as
gaps grow with time, the initial size and the growth of gaps will depend on the collision
parameters, such as the mass and scale radius of the subhalo, the relative velocities of the
subhalos to the stream, the impact parameter, the stream orbit, the time of the collision,
the impact position, and others. These parameters have been extensively explored in
numerical and analytical work (Yoon et al., 2011} |[Erkal & Belokurov, 2015; Sanders
et al.l 2016; Koppelman & Helmi, 2021). In external galaxies, these effects will be
difficult to disentangle given the lack of kinematic information. However, large statis-
tical sample sizes of observed gaps will allow for rigorous comparisons to predictions
of gaps in streams evolved within various dark matter frameworks (e.g., warm, fuzzy,

self-interacting).

5.5.2 Limitations in Our Simulation of Mock Observations

In this work, we have generated mock Roman observations to mimic stellar halos

of external galaxies at various distances without accounting for observational biases due
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to crowding, extinction, or star/galaxy separation. |Pearson et al. (2019) discussed several
of the limitations and considerations to take into account for such mock observations. In
particular, they concluded that crowding effects will not affect the detection of thin GC
streams in external galaxies with Roman. We can further minimize crowding effects by
observing external galaxies with sight-lines pointing away from the Milky Way’s galactic
plane. Our method relies on estimating the underlying density of stars, thus measuring the
density contrast between stream stars and background stars is the determining factor in
the success of gap detections. Additionally, the effect of dust extinction will be minimal
for the halo of M31 at infrared wavelengths (Dalcanton et al., 2015).

In addition, Pearson et al.[(2019) evaluated the feasibility of star/galaxy separation
detection on the detection limits of GC streams with Roman. They used the Space Tele-
scope Image Product Simulator (STIPS) to inject known galaxy catalogs into simulated
fields and applied quality cuts based on source shape. They concluded that including
background galaxies would limit the detection of Pal 5 in M31-like galaxies to 1.1 Mpc—
1.8 Mpc for an exposure time of 1 hour. There are ~115 galaxies in this volume based on
Karachentsev & Kaisinal (2019), and gaps will be detectable to these distances based on
the methodology presented in this work. Assuming “perfect” star/galaxy separation and
investigating GC streams with 5 — 10 times more massive than Pal 5, they estimated that
thin GC streams could be detected in host galaxies out to 6.2 — 7.8 Mpc with a 1-hour
Roman exposure. This volume contains ~ 660 galaxies (Karachentsev & Kaisina, [2019)),
with 25 galaxies that are 10% more luminous than the Milky Way; and the vast majority
of galaxies within the 7.8 Mpc limit are dwarf galaxies. While we did not include such an
analysis in this paper, we expect the feasibility of star/galaxy separation to have a similar
effect as the predictions by Pearson et al.|(2019) on the detection of gaps as the detection
of streams because background galaxies will be randomly spread out throughout the

image. We note that the formation of GC streams in dwarf galaxies has been explored
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in simulations (e.g. |[Penarrubia et al.|2009)), but more work is needed to estimate their
observability.

Finally, future large observing programs dedicated to searching for gaps in streams
in external galaxies can extend to longer exposure times, which would allow for larger
sample sizes and potential detection of GC streams in dwarf galaxies. Optimistically,
it is likely that a full program that is dedicated to observing these gaps with Roman
would extend over several hours of observing time, allowing the stacking of images from

multiple visits to reach depths beyond our estimates.

5.5.3 Inference of Dark Matter Properties and Expected Sample

Sizes

Our focus throughout this paper has been on the detectability of underdensities in
extragalactic GC streams. Previous studies have explored pathways to isolate dark matter
effects from baryonic effects and to infer dark matter properties (e.g. particle mass) from
observations of gaps in streams. Using linear perturbation techniques, Bovy et al. (2017)
constrained the number of dark matter subhalos of masses between 10%3 and 10° M,
within 20 kpc of the Milky Way’s galactic center by modeling Pal 5 data (see also |Banik
et al.| 2021). Banik & Bovy (2019) provided a powerful method for disentangling under-
densities caused by dark matter subhalos from baryonic perturbers (e.g. bars, molecular
clouds, and spiral arms) in Pal 5 by computing the various perturbers’ contributions
to the stream’s density power spectrum. They concluded that the contribution from
spiral structure to Pal 5 substructure is low but that giant molecular clouds can create
small-scale under-densities comparable to those from dark matter subhalos (Amorisco
et al., 2016). Recently, Hermans et al.[|(2021) showed that simulation-based inference
techniques with machine learning that map observed densities in streams to simulations

can help constrain dark matter structure. They found that GD-1 stream data can be
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used to constrain warm dark matter particle masses and distinguish between CDM and
WDM models. [Lovell et al.| (2021)) confirmed that the structure in GD-1 and Pal 5 can
place limits on the fraction of WDM vs CDM subhalos within a 40 kpc distance from
the Galactic center (see also discussion by Pearson et al.|2019, [2022). Searching for
streams in the halos of external galaxies far from the bar and star-forming regions will
increase the likelihood of finding gaps induced by gravitational perturbations from dark
matter substructure, which can be compared to expectations from various dark matter
candidates.

Even though we have shown that Roman will not be able to detect gaps in GC
streams in external galaxies further than 2-3 Mpc away, in M31 alone there are ~ 450
GCs (Gallet1 et al., |2006, [2007; Huxor et al., 2008, 2014} |Caldwell & Romanowsky,
2016} Mackey et al., 2019), which is a factor of 3 more than the number of known GCs
in the Milky Way (Harris, |1996, 2010). It is not unreasonable to assume that there is also
a factor of 3 more, yet to be detected, GC streams in M31 than the ~ 100 GC streams
observed in the Milky Way (Malhan et al., 2018} |[Mateul, [2023; Martin et al., 2022)) We
know that GCs are also prevalent in other external galaxies (Harris et al.,[2013)). Thus,
M31 and other galaxies could provide a diverse set of GC streams with gaps that can
be used to constrain substructure within various frameworks of dark matter (Bovy et al.,
2017).

While the full survey parameters of Roman is yet to be determined, the proposed
high latitude survey (HLS) is expected to image high-latitude fields (Akeson et al., 2019).
The WFI instrument can reach depths of ~ 28 mag (AB) in R,Z,Y bands for exposure
times of 1 hour. Furthermore, the instrument has slitless spectroscopic capabilities
that cover (0.6 © m-1.8 u m), which will be beneficial in identifying resolved stellar
populations, albeit at much shallower 1-hour sensitivity. Compared to previous M31

surveys with HST (e.g. the Panchromatic Hubble Andromeda Treasury Dalcanton
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et al.|2012)), Roman will offer an opportunity to observe M31 at higher efficiency and
sensitivity.

Finally, in addition to the Nancy Grace Roman Telescope, other imaging and
astrometric surveys, such as the Vera C. Rubin Observatory, will also help detect new
gaps from dark matter subhalos down to ~10° M, in dozens of streams in the Milky
Way (Drlica-Wagner et al., 2019). These detections will offer the possibility to constrain
cold dark matter models at a 99 % confidence level, opening up an exciting era for using

both Galactic and extra-galactic streams to constrain dark matter models.

5.6 Summary

5.7 Comparing Simulated Populations to PAndAS data

In Figure [5.8] we show the simulated color-magnitude diagram in CFHT g
and iy bands compared to the reddening-corrected PAndAS data, which reproduces a
significant portion of the range of colors and magnitudes covered by the data. We also
show the regions of the CMD that were used to scale the simulation to the data. While
our simulations are a reasonable match to the data, we did not reproduce overdensities at
go—ip ~ 1 and ip > 22 which were labeled as Milky Way halo stars by [Ibata et al.| (2014),
pointing to perhaps an underestimation of the fraction of Milky Way disk to halo stars in
our simulations. Additionally, our simulations assume magnitude completeness down
to the magnitude limits, which is not the case for the real data. As reported by Martin
et al.[|(2016), the completeness of the PAndAS survey drops below 70 percent for iy > 23.
Nevertheless, as discussed in the main text, this scaling provided a robust estimation of
the CFHT g-band luminosity function and the total stellar density within the PAndAS

fields.
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Figure 5.8 Comparison between simulated stellar populations and the PAndAS data. Left:
Color-magnitude diagram of the CFHT data from the PAndAS survey covering distances
3040 kpc from the center of M31. We used the regions shown by the dashed rectangles
to scale the number of the Milky Way foreground stars, and the regions shown in solid
rectangles to scale the total number of stars in our simulations. Right: Similar to the left
but here, we show the simulated populations. Our simulated CMD reasonably matches

the PAndAS observations.
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5.8 Additional Checks for Gap Detection Pipeline

5.8.1 Visual Inspections of Gap Detections with Distance

Figure [5.9]shows additional examples of the density of stars in mock observations
as a function of distance, and the identification of the gap. Here, we only show streams at
Rgc= 35 kpc and 1 hour exposure time as the gaps are easier to detect (see discussion of
Figure [5.7). The location of the gap is shown by arrows which become scattered beyond

2-3 Mpc, which indicates our detection limit.

5.8.2 Examples of Non-Detections of Gaps

We demonstrate where the detection of gap breaks down for a set of mock
observations Rgc= 35 kpc and for 1 hour exposure times by showing three cases in
Figure[5.10; (a) a case where the gap was detectable by eye but the bandwidth was much
larger than our optimal bandwidth (b) a case where the bandwidth was much smaller
than 0.8 kpc, and (c) a case where the bandwidth was optimal but the stellar density in
the stream was low. For the first case and second cases, the spread in the location of gap
points () was large. In the last case, the deviation of gap points (A) from the center

was large.

5.8.3 Comparing Streams with Gaps to Intact Streams and Back-

grounds

We compare the performance of the gap detection tool to simulations of an intact
stream with no perturbation from the dark matter subhalo for a bandwidth of 0.5 kpc and
0.8 kpc, and a stream with an off-centered gap with a bandwidth of 0.8 kpc in Figure[5.11]

To generate mock observations, we followed the same methodology as highlighted in the
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Figure 5.9 Additional simulation of a gap from a 5x 10°M, subhalo at various distances
of the host galaxy and for Rgc=35 kpc. Each panel is a composite of 10 mock observa-
tions, and all panels are centered around the gap. Contours show the distribution of the
top 95 of the maximum eigenvalues of IIHIIvalues based on our density estimator with a
bandwidth of 0.8 kpc. Simulated stars are shown as black points. Vertical arrows show the
center gap area based on our pipeline for each iteration. Successful identifications of gaps
were characterized by a centrally-located gap. Our method successfully identified gaps
when the density of stars inside the stream was relatively high (distances ~ 2 — 3 Mpc).
We discuss our characterization of potential failure modes of our pipeline in Appendix
5.8.2
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Figure 5.10 Illustration of different modes of failures for our detection pipeline. All
images are for 1 hour exposures. In the left panels, we show the simulations. In the center
panels, filled-in contours show the map of the density and the maximum eigenvalues of
ITHII that we used to locate gaps. In the right panels, we show gap indicator points based
on our percentile cuts. (a) Simulation of a stream at a distance of 0.8 Mpc using a large
bandwidth of 1.5 kpc. The stream can still be identified, but the method could not detect
the central gap. Using our pipeline selection metrics, this detection would be rejected
on the basis that the spread in the location of gap points is large and that the absolute
deviation of the predicted gap location from the center is large, consistent with our A
metric (see Section[5.4.4). (b) Simulation of a stream at a distance of 0.8 Mpc using a
bandwidth of 0.1 kpc. In this case, the predicted median location of gap points is close to
the true location of the gap, but there are also spurious gaps in the background. Using our
metrics defined in Section[5.4.4] this detection would have a small value for A, but a large
value for .%,. (c) Simulation of a stream at 6.5 Mpc with a bandwidth of 0.8 kpc. Due to
the very low density in the image, the gap-finder tool detects an off-centered gap but it
does not detect the real gap. This outcome motivates our claim that the gap detection
pipeline works for distances < 3 Mpc.

196



7536 ~ 36 ~ 36
B 2 L i
= X (] %
>34 >34 ; >34
32 34 36 38 32 34 36 38 32 34 36 38 32 34 36 38
x (kpc) x (kpc) x (kpc) x (kpc)
[ — ]
0.0 0.5 1.0 0.0 0.5 1.0
Density Max Eigenvalue of ITHTI
<36 < 36 - y G 3
a a a
= = &
>34 >34 ’ 4 >34
32.5 35.0 37.5 32.5 35.0 375 325 35.0 37.5 32.5 35.0 37.5
x (kpc) x (kpc) x (kpc) x (kpc)
[
0.0 0.5 1.0 0.0 0.5 1.0
Density Max Eigenvalue of TTHTI
< 36 5 36 T 36
3 g ~ g
= = =
> 34 > 34 > 34
32.5 35.0 375 32.5 35.0 37.5 32.5 35.0 37.5 32;5 3500; 37.5
X (kpc) X (kpc) X (kpc) X (kpc)
[ — ]
0.0 0.5 1.0 0.0 0.5 1.0
Density

Max Eigenvalue of ITHII

Figure 5.11 Additional tests of the gap detection tool on intact streams for a bandwidth
of 0.5 kpc (a) and a bandwidth of 0.8 kpc (b). We also show a stream with off-centered
gap (c), as an additional validation that our pipeline does not depend on the position of
the gap. All simulated streams are at 1 Mpc at Rgec= 35 kpc, for 1000 s exposure.

main text. Spurious gaps were persistent in the backgrounds, but these detections can be

ruled out by careful visual inspection. Additionally, the tool is able to detect off-centered

gaps.
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Table 5.1 Summary of simulation parameters for the stream and the subhalo

Parameter Description Range of Values

Stream m, progenitor mass 5 x 10* M,

- number of particles ~ 80,000
Subhalo M, mass 2x10° M-10" M,

I scale radius 0.14 kpc—0.32 kpc

- potential Hernquist?
Galaxy - potential Hernquist bulge +

Miyamoto-Nagai disk +
NFW halo °
Hernquist| (1990).

Profiles based on Miyamoto & Nagai| (1975) and Navarro et al.| (1996))
with parameters based on Milky Way measurements by McMillan
(2017).
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Table 5.2 Summary of the stream, subhalo coordinates and resulting gap sizes

8’1 8’1 1l (ody) des oy jo az1s Jnsax
80 L0 <)) (ody ‘xy) 191u9d woij joedwr Jo dURISIP
o ¢0 S0 (I£D) “€2y7) UOISI[[0O FuLINp W)
¢l L'l L0 (1£D U7y ) UOISI[[0D 910J9q W)
0S 0L 0S s/uny ‘[ P4 | UOISI[[0D
€ € Z (1D ¢17) owry uoneI3ANUI [B)0)
G- p6ll-"L6b) B I1-"p6l1-"L'6v) (W 11-"v'6ll-‘L6v) (s la) e Kroojea soyusdold
(Lyy ‘LIET9) (LYE TO'T9) (LY1TOT9) (ody *Lx) 13 e uontsod 1ojuagord fentuy
ody g¢ =99y ody g¢ =99y ody g1 =J9y uondidsa(] pue JejoweIe

199



Table 5.3 Summary of Simulations Parameters for Resolved Stellar Populations

Population Quantity Distribution Reference
Foregrounds & backgrounds IMF Kroupa® Kroupa| (2001
Milky Way Thin Disk age Uniform (0, 8) Gyr Juri¢ et al.| (2008
[Fe/H] Uniform (-1,0.5) Mackereth et al.|(2019;
spatial density  Exponential H= 350 pc, L= 2600 pc) Juric et al.| (2008
Milky Way Thick Disk age Uniform (8, 10) Gyr Kilic et al.| (2017
[Fe/H] Uniform (-1,0.5) Hawkins et al.| (2015
spatial density ~ Exponential (H= 900 pc, L= 3600 pc) Juric et al.| (2008
Milky Way Halo age Uniform (10, 13) Gyr ofré & Weiss| (201 1a
[Fe/H] Uniform (-2.5, -1) [Mackereth et al.| (2019
spatial density Spheroidi(n= 0.64, q=2.77) Juri¢ et al.| (2008
M31 Halo age Uniform (5, 13) Gyr Ibata et al.[(2014
[Fe/H] Uniform (-2.5, 0.5) Ibata et al.| (2014
spatial density Spheroidfn=1.11, q= 3) Ibata et al.[(2014
Pal 5 age 11.5 Gyr Ibata et al.| (2017
[Fe/H] -1.3 Ibata et al.| (2017
IMF dN/dM= M 03 Grillmair & Smith/ (2001

dN/dM= M~%*, with oc = 1.3 for masses between 0.08 M, and 0.5 Mg, & = 2.3 for masses > 0.5.

Exponential profile defined in Equation[5.9]
Spheroidal profile defined in Equation[5.10}
Profile given by Equation[5.11]
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Chapter [5| has been submitted to the Astrophysical Journal and is currently in
review, authored by Christian Aganze, Sarah Pearson, Tjitske Starkenburg ; Gabriella
Contardo; Kathryn Johnston, Kiyan Tavangar, Adrian Price-Whelan, Burgasser, Adam J.

The thesis author was the primary investigator and author of this paper.
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Chapter 6

Summary

Chapter 2: Findings Distant UCDs in Deep HST Fields

e We have identified 164 late-M, L, and T dwarfs in 0.6 deg? of HST/WFC parallels
grism spectra from the 3D-HST and WISPS samples. These objects were selected
from over 250,000 sources using a combination of imaging morphology, spectral

indices, template fitting, and visual confirmation.

e We evaluated three different methods for source identification: traditional spec-
tral index-based selection, random forest classification, and deep neural network
classification. The latter two provided a substantial reduction in source contamina-
tion while missing only a small number of late-M dwarfs, and provide a superior

approach to the discovery of rare sources in large spectral samples.

e Spectral classification and empirical relations allow us to map the distances of
these sources to up to 3 kpc, including many of the most distant spectroscopically-

confirmed brown dwarfs currently known.

e The lack of detection of clear subddwarfs and/or Y dwarfs in the sample is expected

due to the rarity of these populations and small area coverage of these surveys
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This chapter provides an expansion of previous deep spectroscopic surveys,
limited to only a handful of sources with d < 1 kpc. Nevertheless, the sample of distant L.
and T remains small. Fortunately, forthcoming wide-field spectral surveys achieved with
the James Webb Space Telescope (JWST,|Gardner et al.|2006), SPHEREXx (Doré et al.,
2014), and Nancy Grace Roman Telescope (Spergel et al., 20135)), and deep multi-epoch,
multi-color photometry and astrometry with the Vera Rubin Observatory (Ivezic et al.,
2019) and the Euclid telescope (Laureijs et al., 2011)), will allow us to probe to be greater
depths (J ~ 27) and broader fields of view. Ryan & Reid (2016) has predicted a mean
UCD surface density of ~ 0.3 arcmin~2 (or 1080 deg~2) in JWST down to a depth
of J = 24. The recently-approved JWST Parallel Application of Slitless Spectroscopy
to Analyze Galaxy Evolution survey (PASSAGE, Cycle 1 GO-1571, PI Malkan) will
obtained slitless grism spectra over a total area of 7.5 deg? down to F115W & F200W ~
27 in a manner similar to 3D-HST and WISPS. We expect this survey to detect of order
10*-107 thin disk UCDs, thousands of thick disk UCDs, and hundreds of halo UCDs out
to distances of 10 kpc, with full 1-2.2 um spectra enabling more robust segregation of
contaminants and characterization of discoveries. In Paper II, we use this sample and a
set of Monte-carlo simulations incorporating assumptions about the stellar mass function,
star formation history, UCD evolutionary models and Galactic structure constrain the

Galactic scale-height and population ages for these distant UCDs.

Chapter 3: Constraining Scaleheights and Population

e We attempted to reproduce the observed number counts in a deep spectral sample
of UCDs from the WISP and 3D-HST HST/WFC3 surveys with Monte-Carlo
population simulations that combine assumptions for the star formation history,
mass function, local luminosity function, and spatial model of the Galactic UCD

population.
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e By comparing between simulations that varied the thin disk vertical scaleheight
and choice of evolutionary model, we inferred the scaleheight distribution of UCDs
as a function of spectral subclass, a proxy of population age and hence the star

formation and evolutionary history of our mixed stellar and substellar sample.

e We found a late-M dwarf scaleheight of 2494_“‘6“1S pc, a value smaller than but consis-
tent with prior deep HST imaging samples and ground-based survey measurements.
We also found an L dwarf scaleheight of 1531“28 pc and a T dwarf scaleheight of
1754:;;;9 pc, both considerably smaller than prior space-based and ground-based

deep imaging surveys.

e Using transformations between scaleheight, velocity dispersion, and age, we de-
termined population ages of 3.6J_r(1):(8) Gyr for late-M dwarfs, 2.1f8:g Gyr for L
dwarfs, and 2.4f5:§ Gyr for T dwarfs. While there is some variance between these
spatially-based ages and velocity dispersion-based ages measured in the local UCD
population, and systematic effects in age-velocity-scaleheight transformations con-
tribute significantly to the uncertainties in the absolute ages (1-2 Gyr), the relative
drop-off in age measured between late-M dwarfs and L and T dwarfs is consistent

with predictions based on brown dwarf population simulations.

e We used our simulations to predict the expected UCD yield in the deep JWST
PASSAGE spectral survey, which will reach distances of ~40 kpc for late-M
dwarfs, 10-30 kpc for L dwarfs, and 1-10 kpc for T dwarfs. The smaller area of
PASSAGES compared to WISP and 3D-HST results in a comparably-sized spectral
sample of 135-280 UCDs, but dominated by thick disk and halo objects. Thus,
metallicity effects in evolution and observable properties will be more important in

JWST surveys than HST equivalents.

This series provides a first glimpse into the utility and limitations of using deep
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spectral samples of UCDs for investigations of the Galaxy at large. While the HST
sample examined here greatly expands upon prior deep spectral surveys, and has far
greater fidelity than comparable image-based surveys, sensitivity limits nevertheless
restrict both the sample size (particularly for late-L, T and Y dwarfs) and accessibility
to major Galactic populations (halo and thick disk subdwarfs). We also find important
systematic differences between current evolutionary models, particularly for late-M and
early-L dwarfs, which sample the largest distances in our survey. Hence, while our
determinations for the scaleheights and ages of UCDs aligns with prior deep imaging and
local kinematic studies, our uncertainties remain sufficiently large to limit our ability to
critically assess evolution-induced age variations and explore star formation parameters
in detail. Fortunately, larger and deeper spectral surveys are planned in the forthcoming
space missions JWST, SPHEREx (Doré¢ et al., 2014), the Nancy Grace Roman Space
Telescope (Spergel et al., 2015), and the Euclid telescope (Laureijs et al., 2011} Solano
et al., [2021). Our analysis of the JWST PASSAGE program predicts a UCD spectral
sample extending to tens of kpc in distance, with a majority of thick disk and halo sources.
For comparison, Solano et al. (2021)) have predicted millions of UCDs in the Euclid wide
field survey in multiple imaging filters, while the ground-based Vera Rubin Observatory’s
Legacy Survey of Space and Time (LSST; |Ivezic et al.|2019) is expected to detect > 1
million UCDs with multi-epoch and multi-color photometry and astrometry. With these
near-term improvements in sample size and fidelity, the full potential of UCD tracers for

Galactic archaeology studies will be realized.

Chapter 4: Predictions for Euclid, Rubin and Roman In this chapter, our aim was
to predict the expected number counts of UCDs and to design selection criteria with
the Euclid Telescope, the Vera Rubin Observatory and the Nancy Grace Roman Space

Telescope by incorporating the latest models of metal-poor thick disk and halo sources.
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e Euclid will find millions of UCDs with spectral types > M5, with nearly similar
number of the thin disk, thick disk and halo detectable in the NISP Y, J and H
bands.

e The Roman high-latitude surveys will find a similar number of objects as Euclid,

detectable in the Z, J, H and F bands.

e Rubin will find millions of late-M dwarfs but only thousands of L. and T dwarfs
with precise parallaxes and proper motion measurements are detectable over the

next 10 years in the i,z and y bands.

e Samples from each individual survey are sufficient to constrain the thin disk
scaleheights and to constrain the halo mass function (for power law IMFs between

-2.3 and 2.3)

The combination of these surveys will allow us to study UCDs in the Galactic

context.

Chapter 5: Prospects for Detecting Gaps in GC Streams with Roman In this
chapter, our aim was to quantify the detection prospects of gaps in globular cluster
streams in external galaxies with the Nancy Grace Roman telescope as tracers for dark
matter structure. To do this, we simulated mock Roman observations of gaps in extra-
galactic Pal 5-like streams produced by their interaction with dark matter subhalos. We
generated mock streams and we simulated a direct encounter with dark matter subhalos
with masses between 2x 10°M., and 10’M.,. Additionally, we simulated realistic mock
observations of background of stars in the halo of M31 at galactocentric radii of 15 kpc,
35 kpc and 55 kpc, taking into account contamination from Milky Way foregrounds.
To mimic observations of galaxies at distances that are further than M31, we moved

the simulated M31 population to distances of 0.5—-10 Mpc, retaining foreground Milky
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Way populations. To search for gaps in the stream, we first visually inspected mock
observations, then applied an analysis with the gap detection tool from Contardo et al.
(2022), deriving several metrics to quantify the reliability of our detections with galaxy

distance.

e We find that gaps formed by 5x10% M, subhalos gaps will be visually obvious in

1000 s and 1-hour photometric exposures in the halo of M31.

e Mock observations of the same stream at various distances from the Milky Way

indicate that gaps can be seen out to distances of ~1.5 Mpc by visual inspection.

e With the automated detection tool, we confirmed that gaps formed from 5x 10°
M, subhalos can be identified to distances of 2-3 Mpc, a volume which includes

~ 200 galaxies.

While our analysis was limited to gaps from in Pal 5-like streams embedded in
M31-like halos, it points to the potential of Roman to build a large and diverse set of
GC stream gaps in multiple galaxies, which will contribute to constraining various dark

matter models.
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