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ABSTRACT

We present a volume-limited, spectroscopically-verified sample of M7—L5 ultracool
dwarfs within 25 pc. The sample contains 410 sources, of which 93% have trigono-
metric distance measurements (80% from Gaia DR2), and 81% have low-resolution
(R ~ 120), near-infrared (NIR) spectroscopy. We also present an additional list of
60 sources which may be M7—L5 dwarfs within 25 pc when distance or spectral type
uncertainties are taken into account. The spectra provide NIR spectral and gravity
classifications, and we use these to identify young sources, red and blue J — Kg color
outliers, and spectral binaries. We measure very low gravity and intermediate gravity

fractions of 2.1799% and 7.8%11%, respectively; fractions of red and blue color out-

liers of 1.410%% and 3.67 5%, respectively; and a spectral binary fraction of 1.6702%.
We present an updated luminosity function for M7—L5 dwarfs continuous across the
hydrogen burning limit that agrees with previous studies. We estimate our complete-
ness to range between 69 — 80% when compared to an isotropic model. However, we
find that the literature late-M sample is severely incomplete compared to L dwarfs,
with completeness of 62153% and 8375°%, respectively. This incompleteness can be
addressed with astrometric-based searches of ultracool dwarfs with Gaia to identify

objects previously missed by color- and magnitude-limited surveys.

Keywords: astronomical databases: miscellaneous — infrared: stars —
stars: binaries (including multiple): close — stars: bina-
ries: general — stars: brown dwarfs — stars: fundamental
parameters — stars: late-type — stars: low mass — stars:
luminosity function — methods: observational — methods:
statistical — surveys — techniques: spectroscopic

* AMNH Kalbfleisch Fellow.
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1. INTRODUCTION

Ultracool dwarfs (UCDs) are the lowest-mass, coldest, and faintest products of star
formation, encompassing objects with masses M < 0.1 M, effective temperatures
< 2700K, and spectral types M7 and later (Kirkpatrick et al. 1991). UCDs in-
clude both very low-mass (VLM) stars that slowly fuse hydrogen for up to a trillion
years (Laughlin et al. 1997); and brown dwarfs, which have insufficient mass to sustain
hydrogen fusion in their cores (Mpp < 0.072 M, for solar metallicity; Kumar 1963;
Hayashi & Nakano 1963). Brown dwarfs never reach thermal equilibrium as they are
supported by electron degeneracy pressure, and thus continue to cool and dim over
time across spectral types M, L, T, and Y (Kirkpatrick et al. 1999; Burgasser 2002,
and Cushing et al. 2011, respectively). The absence of an internal energy generation
mechanism results in a degeneracy between mass, age and luminosity (and its proxies,
effective temperature, absolute magnitude, and spectral type). As a consequence, the
characterization of isolated brown dwarfs is challenging, but the population can be
evaluated statistically (e.g. Burgasser 2004; Allen et al. 2005; Metchev et al. 2008;
Burningham et al. 2010; Reylé et al. 2010; Day-Jones et al. 2013; Kirkpatrick et al.
2019).

UCDs are yardsticks of Galactic chemical evolution, as their minimal core fusion
mostly preserves their natal compositions. Their interiors are fully convective, al-
lowing measurement of both composition and products of fusion (i.e. Li depletion)
from their atmospheres. UCDs are ubiquitous, and include some of the closest
neighbors to the Sun, such as the L/T transition and flux reversal binary Luh-
man 16AB (Luhman 2013), and the coldest known brown dwarf, the 2Y2 WISE
J085510.83—071442.5 (T.;f ~ 250K; Luhman 2014), both at a distance of 2pc.
UCDs can host disks (e.g., Ricci et al. 2014; Testi et al. 2016) and exoplanets (e.g.,
TRAPPIST-1, Gillon et al. 2016, 2017; OGLE-2012-BLG-0358Lb, Han et al. 2013);
are found in binary and higher-order multiple systems (e.g., Burgasser et al. 2007c,
2012), and in young clusters and associations (e.g., Gagné et al. 2015a; Zapatero
Osorio et al. 2000); they are members of the Galactic halo (e.g., Burgasser et al.
2003; Kirkpatrick et al. 2014; Zhang et al. 2017); and have a broad range of mag-
netic activity (Schmidt et al. 2015; Gizis et al. 2000) including high levels of radio
emission (e.g., Kao et al. 2018; Berger 2006); among other distinct properties. Fi-
nally, while UCDs represent the low-mass tail of the stellar initial mass function (IMF;
e.g., Chabrier 2005), their formation mechanisms remain poorly understood, since the
Jeans mass in typical molecular clouds favors the production of objects with masses
M ~0.5 Mg (Jeans 1902). The dense regions that are necessary to produce UCDs
are difficult to model (e.g., Bate 2012).

Large area surveys in optical, NIR and mid-infrared (MIR) bands have been crucial
to the discovery and population characterization of UCDs. These include the Two-
Micron All Sky Survey (2MASS; Skrutskie et al. 2006), the Sloan Digital Sky Survey
(SDSS; York et al. 2000), the UKIRT Infrared Deep Sky Survey (UKIDSS; Lawrence
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et al. 2007), the Deep Near Infrared Survey of the Southern Sky (DENIS; Epchtein
1994), the Canada France Brown Dwarf Survey (CFBDS; Delorme et al. 2008), and
the Wide-Field Infrared Survey Explorer (WISE; Wright et al. 2010). Gaia (Gaia
Collaboration et al. 2016), whose second data release (DR2; Gaia Collaboration et al.
2018) has delivered 5-parameter astrometric solutions for 1.3 billion sources, has fur-
ther uncovered and characterized nearby UCDs (Gaia Collaboration et al. 2018; Reylé
2018).

A homogeneous and unbiased sample is key to understanding the essential mecha-
nisms, physical processes, and environmental conditions favorable to UCD formation
and evolution. The IMF is a consequence of formation, and ultracool IMF studies
indicate there are fewer brown dwarfs than stars (e.g., Luhman et al. 2000; Chabrier
2005). The incidence of rare subpopulations such as color outliers, young, and metal-
poor sources, and binary and higher order systems, all probe formation and evolution
mechanisms. The Solar neighborhood is the ideal region to measure these statistics.
Bearing in mind the location and motion of the Sun with respect to the Galactic cen-
ter, and the distinct kinematics and metallicity distributions of the thin disk, thick
disk and halo populations (Gilmore & Reid 1983), the local volume can be treated
as broadly representative of the Milky Way. Since brown dwarfs are intrinsically
faint (Mg 2 10mag; Faherty et al. 2013b), collecting data on the nearest sources
is particularly advantageous to building a well-characterized sample. Spectroscopy,
broad-band spectral energy distributions, kinematics, multiplicity, magnetic activity,
and excesses and variability attributable to weather, magnetic activity, and presence
of disks are best investigated with the nearest stars and brown dwarfs.

Previous studies of the nearby UCD population have already revealed some of the
statistical properties of these low-mass objects. Reid et al. (2003a) compiled the
northern sample of systems within 8 pc of the Sun in V-band magnitude, includ-
ing 142 main sequence stars, 3 brown dwarfs, and 8 white dwarfs, and estimated
~ 15% incompleteness. Cruz et al. (2003) compiled a volume-limited sample of 186
M7—L6 dwarfs within 20 pc using a NIR photometric color and magnitude selection
in 2MASS. Subsequently, Cruz et al. (2007) built the first UCD NIR luminosity func-
tion, finding number densities of n = 4.9 x 1073 pc~2 for M7—M9.5 and a lower limit
of n > 3.8x 1073 pc3 for L dwarfs!. Using the sixth data release of SDSS, Bochanski
et al. (2010) compiled luminosity and mass functions of field low-mass stars spanning
the M dwarf spectral class. Other studies have focused on the coldest brown dwarfs,
to eventually obtain the low-mass end of the substellar mass function. Metchev et al.
(2008) measured a T dwarf number density of n = (7.0732) x 1073 pc~3 based on
the detection of 15 T dwarfs in 2099 deg? sampled by 2MASS and SDSS. Reylé et al.
(2010) measured a late-L dwarf density of n = (2.019%) x 107 pc=3, and T dwarf den-
sities of n = (1.4153) x 1073 pc= for T0.5-T5.5 dwarfs and n = (5.3753) x 1073 pc =3

1 This study also converted an earlier luminosity function of the 8 pc sample in V-band from Reid
et al. (2003a) into J-band magnitudes.
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for T6-T8 dwarfs in CFBDS. Recently, Kirkpatrick et al. (2019) used a 20 pc vol-
ume limited sample of sources T6 and later and estimated a number density of
0.97 x 1073 pc=3 for objects with temperatures 900-1050 K or roughly T6 dwarfs,
increasing to 3.26 x 1073 pc=2 for objects with temperatures in the 300-450 K range,
roughly corresponding to Y dwarfs.

Despite these concerted efforts, source identification and follow-up has been inho-
mogeneous for the local 25pc sample, as evidenced by ongoing nearby discoveries.
The M7 dwarf 2MASS J154043.42—510135.7 at 5 pc (Pérez Garrido et al. 2014), the
M9.54+T5 binary system WISE J072003.20—084651.2 (Scholz 2014; Burgasser et al.
2015b), the L/T transition binary WISE J104915.57—531906.1 (Luhman 2013), and
the 250 K WISE J085510.83—071442.5 (Luhman 2014), all at distances of 6 pc or less,
show that the nearby sample remains incomplete. Given the availability of abundant
multi-epoch survey data and astrometry from Gaia, it is time to revisit the compila-
tion of UCDs in the local volume.

In this paper we present a new volume-limited sample of M7—L5 ultracool dwarfs
within 25 pc, accompanied by NIR spectra homogeneously acquired with the SpeX
spectrograph (Rayner et al. 2003) on the NASA Infrared Telescope Facility (IRTF).
We follow a similar analysis to those of Cruz et al. (2003) and Reid et al. (2008) by
creating an unbiased, homogeneous, NIR spectroscopic sample of M7—L5 dwarfs se-
lected from multiple sources in the literature. Section 2 describes the sample selection
and construction of our 25 pc and 410 samples. Section 3 describes the construction
of the spectral sample, which is analyzed in Section 4, for spectral and gravity clas-
sifications, color outliers, low gravity sources, spectral binaries, and resolved binaries
and higher order multiples previously identified in the literature. In Section 5, we
estimate our biases, the completeness of the observed sample, and compute its se-
lection function through a population simulation. We present an updated infrared
luminosity function of ultracool dwarfs and compare it to previous work. Conclusions
are summarized in Section 6.

2. LITERATURE SAMPLE CONSTRUCTION
2.1. Compilation of UCD Targets from the Literature

Targets for the sample were drawn from a number of literature sources, including
surveys and previous compilations, each designed for its own scientific purposes and
with a variety of follow-up. We attempt to average over the various biases from the
original surveys by compiling as many sources as possible. Some of the known biases
include a red J — Kg color bias (e.g., Cruz et al. 2003; Lépine et al. 2013, identified
by Schmidt et al. 2015); incomplete compilations (e.g., Gagné et al. 2015b) or partial
sky coverage, e.g. Sloan Digital Sky Survey (SDSS; Ahn et al. 2012; Alam et al. 2015),
Deep Near-Infrared Southern Sky Survey (DENIS; Epchtein 1994), UKIRT Infrared
Deep Sky Survey (UKIDSS; Lawrence et al. 2007); and targeted surveys (e.g., young
objects, Shkolnik et al. 2009; wide binaries, Deacon et al. 2014; high proper motion
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Table 2. Cuts leading to the final sample

Cut Targets remaining
Initial compilation 16,322
Deletion of duplicates 12,711
Optical, NIR or “photometric” spectral type between M7—L5 6,226
Estimated distance < 50 pc 1,664
Compilation of photometry, recalculation of spectrophotometric distances
Deletion of non-stellar sources, giants, compact and young stellar objects 1,571
Estimated Distance < 30 pc 833
Compilation of Gaia astrometry, recalculation of trigonometric distances
Objects with literature optical, NIR, or SpeX spectral type within M7—L5 (including photo-types only) 595
Objects with trigonometric or NIR spectrophotometric distance < 25 pc 4354:3(1];;1
Objects with trigonometric or NIR spectrophotometric distance < 25 pc+1o 470":3%3
Final samples
25 pc sample of M7—L5 dwarfs 410'7*3(1)a
25 pc plus 1o sample of M7—L5 dwarfs 4701@?5‘

@Uncertainties based on Poisson statistics.

surveys, i.e. SUPERBLINK, Lépine & Gaidos 2011). We believe biases due to proper
motion selection are negligible due to the completeness of the photometric selection
surveys. While proper motion surveys tend to be more incomplete, they also are
less likely to scatter distant objects into the sample. Table 1 lists the literature
sources used to consolidate a database of ~ 16,000 candidate nearby UCDs. Table 2
summarizes the sequence of cuts leading to our final samples.

Duplicate sources were removed with TOPCAT (Taylor 2005) through an internal
match that organized sources in near-neighbor groups with a matching radius of 15”,
large enough to catch binary components before deletion. This step reduced the
number of entries to ~ 12,700. We applied a spectral type cut requiring optical or
NIR spectral types or photometric spectral type estimates (e.g., Skrzypek et al. 2015;
Theissen et al. 2017) to be in the M7—L5 range, shrinking the database to ~ 6,200
sources. A rough distance cut eliminating objects farther than 50 pc, trimmed this
list to 1,664 sources.

Galaxies, giants, T-Tauri stars and other non-UCD sources as reported in the lit-
erature were identified using SIMBAD and removed, reducing the sample to 1,571
sources. After compiling photometric and astrometric data and recalculating spec-
trophotometric distances (see below), another distance cut at 30 pc was applied for
those sources with astrometric parallaxes, yielding 833 sources.

2.2. Photometric and Astrometric Data

Photometry from the 2MASS (Skrutskie et al. 2006), SDSS DR9 (Ahn et al.
2012), AUWISE (Wright et al. 2010; Mainzer et al. 2011), UKIDSS-LAS (Lawrence
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et al. 2007), and Gaia DR2 (Gaia Collaboration et al. 2018) catalogs were collected
for all sources, selecting the closest match up to 15” through the VizieR interface
to account for objects with large proper motions, using a custom routine’ built
with the Astroquery Python package (Ginsburg et al. 2018). We obtained co-
ordinates, epochs, identifiers, and GrizJHK,/KW1W?2W3 magnitudes from Gaia,
SDSS, 2MASS, UKIDSS, and AlIWISE. Spectral types from SDSS spectroscopy were
obtained when available. In addition to these surveys, we also obtained rizJH K
magnitudes and uncertainties, spectral type, object type, and proper motions from
SIMBAD with the same search radius.

Table 4 provides the photometry data for the sample. All sources in our final
25 pc sample (See Table 2) have NIR magnitudes®, 88% have MIR magnitudes from
AIIWISE, and 39% have optical magnitudes from SDSS. Resolved NIR photometry
on the Mauna Kea Observatory (MKO) filter system (Tokunaga et al. 2002) was
obtained from the literature (e.g. Dupuy & Liu 2012; Best et al. 2018) and selected
compilations?, particularly for closely-separated components of binary systems. We
adopted 2MASS JH K, magnitudes as the standard, and use MKO JH K magnitudes
if those were the only NIR ones available.

AIIWISE includes a crossmatch with the 2MASS catalog that we used to check for
mismatches. We compared the JH K, magnitudes from the 2MASS and AIIWISE
catalogs and kept the 2MASS magnitudes when the difference was within 0.05 mag
(typical magnitude uncertainty for 2MASS JH K,). Objects whose magnitude differ-
ences were > (.05 mag were flagged for visual examination in multi-wavelength finder
charts, and comparison of SIMBAD and VizieR data sets. The mismatches between
AIIWISE and 2MASS JH K, magnitudes were typically caused by the blending of a
bright and faint source (Am ~ 3mag) in the larger AIIWISE pixels. In these cases,
we assigned the 2MASS JH K, magnitudes to the source, and replaced the AIIWISE
W1W?2W 3 magnitudes with null entries. The same procedure was followed to consol-
idate JH K magnitudes from UKIDSS, and literature sources. While UKIDSS uses
MKO filters, we keep these measurements separate because the quantum efficiency of
the various NIR detectors may differ.

Further inspection on mismatched photometry between SDSS, 2MASS and AIIWISE
was done with color-color diagrams, as shown in Figure 1, and corrected by visual
inspection using finder charts. Figure 1 illustrates the color loci of M7—L5 dwarfs
from Schmidt et al. (2015). The most discriminating colors (e.g., z — J) use filters
across surveys. Mismatches were corrected in a similar way as described above, using
multi-wavelength finder charts and comparing magnitudes.

Astrometric data (positions, proper motions, and parallaxes) and radial velocities
were drawn from SIMBAD when available. The sample was also crossmatched against

2 Available at https://github.com/daniellabardalezgagliuffi/M7L5_download_phot

3 Except for GJ 1116B, where only unresolved photometry for the system was available (Newton
et al. 2014). Several companions and close binaries do not have magnitudes in all three 2MASS
bands (e.g., Gl 779 B, LSPM J1314+1320AB, LHS 1901AB).

4 https://jgagneastro.wordpress.com/list-of-ultracool-dwarfs/
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Figure 1. Color locus of the known M7—L5 25 pc sample in SDSS, 2MASS, and WISE
colors as a function of ¢ — J (Schmidt et al. 2015). Blue circles are members of the 25 pc
sample, green triangles are members of the extended 1o sample. The black line represents
mean colors from Schmidt et al. (2015) (complete between M7—L2), with the extent of their

uncertainties shaded in light

gray.

the astrometric samples of Dupuy & Liu (2012) and Weinberger et al. (2016). Upon
the release of Gaia DR2 (Gaia Collaboration et al. 2018), we crossmatched our pre-

liminary sample against this dataset to obtain 5-parameter astrometric solutions. We

used the following Astronomical Data Query Language (ADQL) query through the

astroquery.Gaia package.

SELECT g.*, t.*

FROM gaiadrl.tmass_original_valid AS t
LEFT OUTER JOIN gaiadr2.tmass neighbourhood AS xt ON xt.tmass_oid =

t.tmass_oid

LEFT OUTER JOIN gaiadr2.gaia source AS g ON xt.source_id = g.source_id
where 1=CONTAINS(POINT(‘ICRS’, t.ra, t.dec),CIRCLE(‘ICRS’, {}, {},

5./3600))
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The Gaia crossmatch was done in two steps. First, we crossmatched the sample with
the 2MASS-Gaia DR2 crossmatch table (gaiadr2.tmass neighbourhood) within a
radius of 570 using 2MASS coordinates from our sample. Second, we joined this
crossmatch with the Gaia DR2 source table. We obtained 843 matches in 2MASS (10
objects with 2 matches each), 715 matched Gaia DR2 with a G magnitude, and 705
with parallaxes. To check the validity of our matches, we examined a color magnitude
diagram of G — RP versus absolute G magnitude. We considered sources as outliers
if G— RP < 1.25, and if Mg < 5 to avoid giant stars. The 36 sources that failed our
color/magnitude constraints were examined for crossmatch accuracy, and we found
22 mismatches of true UCDs with erroneous Gaia data. The remaining 14 sources
were dropped from the sample due to their small Gaia parallaxes (J < 10 mas),
resulting in 825 sources.

2.2.1. Spectral Types

Most catalogs provide information on optical or NIR spectral classification, or clas-
sification estimates from photometry (Skrzypek et al. 2015; Theissen et al. 2017).
Given variations in classification schemes and intrinsic differences between optical
and NIR classification (particularly for L dwarfs), we required at least one optical,
NIR or photometric type belonging to the M7—L5 range for sources to be included
in the sample. Adopted literature spectral types were chosen by prioritizing optical,
NIR and photo-types, in that order. In the final 25 pc sample, the adopted spectral
type is optical for 334 objects, NIR for 73, and photometric for 4. The objects whose
adopted literature type is photometric have SpeX observations (see Section 3) con-
firming their status as M7—L5 dwarfs. Figure 8 shows the distribution of adopted
literature spectral types color-coded by the nature of their measurement.

One hundred and eighty-nine objects have both optical and NIR measurements
from the literature. With our SpeX observations (see Section 3), we have added 109
NIR classifications (see Section 4.2). Figure 4 shows a comparison between literature
optical and NIR spectral types. The size of each circle is proportional to the number
of overlapping sources. The scatter between spectral types is 0.95 subtypes; the 3o
boundaries are delineated by the dashed light grey lines.

2.2.2. Distances

Trigonometric and spectrophotometric distances were calculated from parallaxes
and from spectrophotometric empirical relations in the NIR, respectively. Gaia DR2
provided most of the parallaxes in the sample, 80% of the total or 327 in our 25 pc
sample. Distances from Gaia were calculated simply as d = 1000/w (mas) , rather
than using a likelihood function with Bayesian probabilities (e.g., Bailer-Jones et al.
2018), since we are concerned with sources with large parallaxes (w > 35 mas or
d < 28.5pc to account for uncertainties beyond d = 25 pc) with small relative errors
of the order of 0.04% — 4%. Trigonometric distances from parallaxes predating Gaia
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Figure 2. Gaia Hertzprung-Russell Diagram of the 25 pc sample of M7—L5 dwarfs super-
imposed on the full 25 pc sample from Gaia. Gaia sources are shown as blue points, and
sources from the M7—L5 dwarf 25 pc sample with valid Gaia matches are shown as green
stars. Sources in orange correspond to Gaie mismatches.
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DR2 were calculated in the same way. We also calculated trigonometric distances
from WISE following the prescription of Theissen (2018) for 16 sources.

We calculated spectrophotometric distances using the adopted literature spectral
type and the absolute magnitude empirical relations from Dupuy & Liu (2012). Dis-
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large scatter since they come from a variety of studies with different systematics. Parallaxes
obtained through WISE (Theissen 2018) are shown as orange crosses and have the largest
uncertainties. NIR spectrophotometric distance estimates are shown as red stars also with
large uncertainties, and growing as a function of distance.

tances were calculated for the NIR filters J, H, and K, and averaged, weighted by
their uncertainties. We adopt trigonometric distances if available (for 93% of the
sample), and use spectrophotometric distances for 29 sources that do not have a
parallax measurement. Distances are reported in Table 6. Figure 5 summarizes the
distance uncertainties for these measurements, and Figure 6 compares trigonometric
to spectrophotometric distances for the 25pc and 1o samples. Trigonometric and
spectrophotometric distances agree within 6.9% of each other, except for obviously
overluminous sources.

Using the best distance measure, a strict cut on 25pc was applied to select our
volume-limited sample with 410 sources whose measured literature optical or NIR
spectral types lie within M7—L5, and whose distance was within 25 pc, i.e. excluding
objects with only a photometric estimation of their spectral type. We assess Poisson
uncertainties as described in Gagné et al. (2017) for our sample size in subsequent
analysis. Sources whose 1o uncertainties placed them within 25 pc, amounting to 60
objects, were added to an expanded 25 pc + 1o sample of 470 objects.
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Figure 6. Spectrophotometric distance estimates compared to trigonometric distance mea-
surements. (Top) Fractional percentage errors between trigonometric (d;) and spectropho-
tometric (ds). (Bottom) The 25 pc sample is shown in green and the 1o sample is shown in
blue. The black solid line delineates the one-to-one correspondence between trigonometric
and photometric distances. Sources significantly above the line and beyond three stan-
dard deviations are likely unresolved binaries. In particular, the sources encircled in grey
are 2MASS J1733+1655 (d; = 16.03 £ 0.10pc), NLTT 40017 (d; = 22.4 + 0.7pc), SDSS
J1221+4632 (dy = 30.3 + 6.4pc), and SDSS J0911+2248 (d; = 35.7 & 11.5pc). None of
these objects have mentions of binarity in the literature.

3. SPECTRAL SAMPLE

Two hundred and forty 25 pc sample members had SpeX spectra in the SpeX Prism
Library (SPL; Burgasser 2014) prior to 2015. We observed an additional 286 sources
with SpeX between UT 2015 February 24 and 2018 November 22 as part of NASA
IRTF programs 2015A074, 2015B087, 2016A079, 2016B114, 2017A102, 2018B120
(PI: Bardalez Gagliuffi), and 2016A038 (PI: Burgasser), over a total of 15 nights.
The observations log is summarized in Table 7. The latitude, equatorial mount, and
location of IRTF allow for observation of declinations in the —50° < § < +67° range.
Ninety percent of the 25 pc sample lies within these declinations, and between existing
work and our contributions, we obtained spectra for 89% of these sources, or 81%
of the 25 pc sources overall. Sources were observed in prism mode, which completely
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samples wavelengths 0.75 — 2.5um at a dispersion of 20 — 30A pixel™' in a single
observation. Most stars were observed with the (/5 slit, 10 sources were observed
with the ('8 slit if the seeing rose above 172. The slit was aligned with the parallactic
angle. Integration times ranged between 60 — 150s per exposure, depending on the
brightness of the source and atmospheric conditions. Observations were carried out
in an ABBA dither pattern along the slit, with additional AB cycles if more counts
were needed to achieve S/N~ 100. Bright A0 stars were observed close in time at a
similar airmass and used for flux calibration of the raw science spectra and correction
for telluric absorption. Internal flat fields and Ar arc lamps were observed with each
flux standard for pixel response and wavelength calibration, respectively. All data
were reduced with SpeXtool package v4.1 (Cushing et al. 2004; Vacca et al. 2003)
using standard settings.

4. SAMPLE CHARACTERIZATION
4.1. Spatial Distribution

Figure 7 shows the spatial distribution of all our targets. The 25pc literature
sample is evenly distributed across the sky, with the exception of the Galactic plane.
Since 25pc is a relatively small radius compared to the radius of the Milky Way
(Ryw ~ 25kpe) and its vertical scale height (~ 300 pc; Kent et al. 1991; Bochanski
et al. 2010), we assume an isotropic distribution of sources within this volume. There
are 217 sources at northern declinations and 193 at southern declinations. In Galactic
coordinates, there are 228 sources above the plane of the galaxy and 182 below it.
We convert the 381 sources with measured parallaxes in our 25 pc from equatorial to
galactic X, Y, Z right-handed coordinates centered at the Sun. In the X direction
we find 161 objects between the Sun and the Galactic center, and 220 between the
Sun and the outer edge of the Galaxy. In the Y direction we find 206 objects in the
direction of the Sun’s motion, and 175 objects trailing behind it. In the Z direction,
we find 207 objects above the plane of the Sun, and 174 below it. All of these values
are within 30 of each other, considering Poisson uncertainties, yet not consistent
at the 1o level. Bihain & Scholz (2016) have suggested an inhomogeneity in the
spatial distribution of brown dwarfs compared to stars, most likely an effect of small
number statistics and incomplete coverage of observations. The slight preference for
northern sources is due to the larger number of panchromatic survey observations in
the northern hemisphere (in particular SDSS). The Galactic plane looks sparse due
to overcrowding and background source contamination, and this region is excluded
from our space density analysis below (c.f. Kendall et al. 2007, 2003).

4.2. Spectral Classification

We compared our SpeX spectra to NIR spectral standards defined in Kirkpatrick
et al. (2010), following the method described therein, which compares the 0.9—1.4pm
spectrum of an object to standards using a x? minimization routine. The resulting
distribution of spectral types is shown in Figure 8.
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Figure 7. Spatial distribution of 25 pc targets in the M7—L5 25 pc sample. The sample is
shown as black dots, objects for which we have SpeX spectra are shown as red dots. The
sky regions inaccessible by IRTF are shaded in grey. The galactic plane (b = 0°) is shown
as a dashed light gray line, and the +15° parallels from the galactic plane are shown as
solid light gray lines.
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Figure 8. (Left) Adopted literature spectral type distribution of 25pc and 1o samples.
(Right) Spectral type distribution of 25 pc and 1o samples according to their SpeX classifi-
cation. Objects outside of the M7—L5 range have at least one spectral classification within
that range.

After classifying the spectra, we compared their literature and measured spectral
types. For most objects, we measured a NIR spectral type within one subtype of
the published literature type. Objects with only a photometric estimate from the
literature and whose SpeX spectral type placed them outside of the M7—L5 range
are in the 1o sample.

Figure 9 compares the literature adopted optical or NIR classifications to the SpeX
classification. The scatter for the optical-SpeX comparison is ¢ = 0.77 subtypes, the
scatter for the NIR-SpeX comparison is ¢ = 1.06 subtypes, and the scatter in the
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adopted-SpeX comparison is ¢ = 0.82 subtypes. The larger scatter between NIR-
SpeX classifications may be due to poorly defined prior NIR types, sensitivity to
surface gravity, metallicity, clouds; and variance in the spectral region used for NIR
classification.

We also classified our SpeX spectra using spectral indices from Burgasser
(2007a), Allers et al. (2007), and Reid et al. (2001). These indices are applicable
in the LO—T8, M5—L5, and M7—L8 spectral type ranges, respectively. Figure 10
shows the comparisons from these index-classification systems against optical and
NIR spectral types reported in the literature. The points outside of the allowed clas-
sification ranges are plotted in light grey and are not included in the median offset
and scatter calculations. The indices from Burgasser (2007a) have a systematic offset
of +1.30 and +1.40 subtypes compared to optical and NIR types, respectively, and
overestimate the spectral type of our sources. The Allers et al. (2007) indices are
the most accurate at predicting optical spectral types with o = 0.90 subtypes. The
scatter is larger for NIR types (0 = 1.05 subtypes), with a slight tendency to predict
spectral types earlier than measured in the literature (offset = —0.30 in both cases).
For both optical and NIR types, the Reid et al. (2001) indices have the smallest
offset (0.10 and 0.05 subtypes for optical and NIR spectral types, respectively) but
slightly larger scatters than Allers et al. (2007), at 0 = 1.21 and o = 1.42 subtypes,
respectively. All spectral types for sample sources are summarized in Table 5.

4.3. Gravity Classification and Young Moving Group Membership

Young brown dwarfs (7 < 200 Myr) are undergoing cooling and contraction, and
are both larger in radius and less massive than their older counterparts at a similar
spectral type. These physical properties translate into lower surface gravities, affect-
ing spectral features such as reduced collision-induced absorption, and narrower alkali
lines (Allers et al. 2007; Kirkpatrick et al. 2010). Due to their low surface gravity
and typically dusty atmospheres, young brown dwarfs share physical properties with
directly-imaged exoplanets, making the former ideal analogs to the latter (Faherty
et al. 2013a, 2016).

We obtained gravity classifications of our SpeX spectra, following the NIR scheme
of Allers & Liu (2013), defined for the spectral type range M5—L7, except that spectral
types were determined from H,O indices without a visual comp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>