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Abstract

We present a detailed characterization of 2MASS J04435750+3723031, a low-mass companion orbiting the young
M2 star 2MASS J04435686+3723033 at 7 6 (550 au) with potential membership in the 23Myr β Pictoris moving
group (βPMG). Using near-infrared (NIR) spectroscopy of the companion from IRTF/SpeX, we have found a
spectral type of M6±1 and indications of youth through age-sensitive absorption lines and a low surface gravity
index (VL-G). A young age is supported by Hα emission and lithium absorption in the host. We reevaluate the
membership of this system and find that it is a marginally consistent kinematic match to the βPMG using Gaia
parallaxes and new radial velocities for the host and companion. If this system does belong to the βPMG, it would
be a kinematic outlier and the companion would be overluminous compared to other similar ultracool objects like
PZ Tel B; this would suggest that 2M0443+3723 B could be a close binary (≈52+52MJup if equal-flux, compared
with 99±5 MJup if single), and would make it the sixth substellar companion in this group. To test this
hypothesis, we acquired NIR adaptive optics images with Keck II/NIRC2, but they do not resolve the companion
to be a binary down to the diffraction limit of ∼3 au. If 2M0443+3723 AB does not belong to any moving group,
then its age is more uncertain. In this case it is still young (30 Myr), and the implied mass of the companion
would be between ∼30 and 110 MJup.

Unified Astronomy Thesaurus concepts: Low mass stars (2050); Brown dwarfs (185); Direct imaging (387); Close
binary stars (254)

Supporting material: data behind figures

1. Introduction

The study and characterization of the lowest-mass stars and
brown dwarfs (BDs) is a relatively new field, with the first BDs,
Gliese 229 B (Nakajima et al. 1995; Oppenheimer et al. 1995),
Teide 1 (Rebolo et al. 1995), and PPL 15 (Basri et al. 1996),
having been discovered less than a quarter century ago. BDs
(75 MJup) are not massive enough to stably burn hydrogen in
their cores and thus represent the transition region between gas
giant planets and low-mass stars. Substellar objects that fall
below the hydrogen-burning limit gradually cool and grow
dimmer as they age and thus follow a degenerate mass–age–
luminosity relationship (Burrows et al. 2001; Saumon & Marley
2008). This is contrary to low-mass stars, which have stable
luminosities over the main course of their lifetime. These objects
are generally defined based on the limit for the onset of hydrogen
and deuterium burning, not necessarily their formation: stars
have masses greater than 75 MJup, BDs span 13–75 MJup, and
objects between 0.2 and 13MJup are considered gas giant planets
if they are companions to stars (Burrows et al. 2001).

Benchmark systems are objects that have two or more
measured fundamental quantities such as luminosity and age; for
BDs these parameters can be used to infer other properties like
mass, temperature, and radius using substellar evolutionary
models (Burrows et al. 2001). For example, BDs that are
companions to stars and members of young moving groups
(YMGs) have ages that can be determined from the age of the
host star or from age-dating the moving group. Benchmark BDs

provide valuable tests for substellar atmospheric and evolu-
tionary models by anchoring parameters to provide assessments
for mutual consistency or to serve as direct comparisons with
predictions from ultracool atmospheric and evolutionary models
(e.g., Bowler et al. 2009; Dupuy et al. 2009; Crepp et al. 2012;
Brandt et al. 2019).
Similarly, young low-mass stars with well-constrained ages

and metallicities offer important tests of pre-main-sequence
evolutionary models (e.g., Montet et al. 2015; Nielsen et al.
2016). There is growing evidence for discrepancies between the
measured properties of young low-mass stars and predictions
from evolutionary tracks (e.g., Kraus et al. 2015; David et al.
2015; Rizzuto et al. 2017), which may point to a systematic error
in the modeling of convective stars. For example, Feiden (2016)
found that including magnetic fields in the evolution of low-
mass stars inhibits their convection and slows their contraction
along the Hayashi track. This puts the inferred isochronal ages
for K and M dwarfs more in line with those for earlier-type stars
of the same cluster and appears to largely reconcile the inferred
masses determined from H-R diagrams with dynamical masses
(Simon et al. 2019). Identifying the lowest-mass stellar and
substellar members of young clusters is therefore important to
continue these tests over a variety of cluster ages, sizes, and
environments.
Over the past few years, new high-contrast adaptive optics

(AO) imaging instruments have paved the way for direct
imaging studies of exoplanets and BD companions (Bowler
2016). The Spectro-Polarimetric High-contrast Exoplanet
REsearch (SPHERE; Beuzit et al. 2008) instrument at the
Very Large Telescope (VLT), Subaru Coronographic Extreme
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Adaptive Optics (SCExAO; Martinache et al. 2014), MagAO-
X (Males et al. 2018), Gemini Planet Imager (GPI; Macintosh
et al. 2014), and the Near-infrared Coronagraphic Imager
(NICI; Chun et al. 2008) at Gemini-South have made imaging
BDs and exoplanet companions more accessible. With the
development of these specialized instruments, several BDs and
planets have been discovered with direct imaging (e.g., Marois
et al. 2008; Biller et al. 2010; Macintosh et al. 2015), but a
detailed study of their atmospheres is difficult because they
reside so close to their host stars. The upcoming development
of larger telescopes such as the James Webb Space Telescope,
the European Extremely Large Telescope, and the Giant
Magellan Telescope will be able to probe even closer
separations and discover lower-mass planets to characterize
their fundamental properties. However, detailed, high signal-to-
noise ratio (S/N) spectroscopy of these objects will be difficult,
underscoring the value of wide substellar companions that are
free of contamination from their host stars.

Nearby YMGs represent some of the best regions to identify
intermediate-age benchmark BDs and low-mass stars. In these
associations, the metallicities and ages of substellar companions are
known because their members can generally be studied in detail
(e.g., Biller et al. 2013; Naud et al. 2013). Members of these young,
loose associations are ideal targets for directly imaging exoplanets
in contrast to young star-forming clusters and unassociated nearby
young stars, as the distances of YMGs are closer (100 pc) and the
ages are well established (e.g., Zuckerman & Song 2004: Torres
et al. 2006, 2008; Kraus et al. 2014).

The β Pictoris Moving Group (βPMG) is an intermediate-age
(23± 3 Myr) cluster of stars that lies in the solar neighborhood
(Zuckerman et al. 2001; Torres et al. 2008; Mamajek & Bell 2014).
This association has a large spatial distribution in the sky, but its
members share similar kinematics, which allows for stars to be
identified as a common cluster in velocity space. Schlieder et al.
(2010) proposed several new members of the βPMG based on
proper motions, signatures of youth (e.g., Hα and X-ray emission),
and radial velocity (RV) measurements. In this study we examine
one system in detail, 2M0443+3723 AB, which comprises an
early M-type primary (2MASS J04435686+3723033, hereafter
2M0443+3723 A) and a mid- to late M secondary (2MASS
J04435750+3723031, hereafter 2M0443+3723 B).

The companion, 2M0443+3723 B, is separated by 7 6 (550 au)
from the M2 host, and a spectral type of M5 is estimated by
Schlieder et al. (2010) based on the inferred absolute magnitudes.
In a study of low-mass objects in the βPMG, Messina et al. (2017)
find that the 2M0443+3723 AB system deviated (>3σ) from other
confirmed βPMG members in two components of the space
velocity. However, Shkolnik et al. (2017) include the system as
members of the βPMG in their ACRONYM survey. Because it is a
potential new benchmark BD companion, our goal is to understand
its properties and reassess its membership in the βPMG and other
moving groups.

In Section 2 we describe the observations and data reduction.
We summarize our results in Section 3, assess the membership
in Section 4, and conclude in Section 5.

2. Observations

2.1. IRTF/SpeX

We obtained a near-infrared (NIR) spectrum of 2M0443
+3723 B using the short-wavelength cross-dispersed (SXD)
mode on the SpeX spectrograph (Rayner et al. 2003), which is

located on the NASA Infrared Telescope Facility (IRTF) on
Maunakea, Hawai’i. The SXD mode covers the 0.7–2.4 μm
wavelength range and has a resolving power of R∼2000 for a
0 3 slit width (or R∼750 for a 0 8 slit). The data were
obtained on 2015 November 28 UT using the 0 8×15″ slit
with a total exposure time of 717 s. The observations were
taken using consecutive ABBA nods and reduced using the
SpeXTool package with the A0V standard HD 22859 (Vacca
et al. 2003; Cushing et al. 2004). This reduction package
extracts the spectra, performs wavelength calibration, corrects
for telluric features using an A0V star, and merges the SXD
orders. Our final medium-resolution (R∼750) merged spec-
trum of 2M0443+3723 B is shown in Figure 1.

2.2. Discovery Channel Telescope/IGRINS

High-resolution NIR spectra of 2M0443+3723 A and
2M0443+3723 B were obtained with IGRINS (Immersion
Grating Infrared Spectrometer; Park et al. 2014) at the 4.3 m
Discovery Channel Telescope on 2017 September 02 UT.
Observing conditions were partly cloudy. IGRINS simulta-
neously covers H and K bands with R∼45,000. 2M0443
+3723 A was observed in an ABBA quad sequence with
individual exposure times of 300 s and a total integration time
of 1200 s. 2M0443+3723 B was observed in an ABBAAB
pattern with each exposure lasting 900 s for a total integration
time of 5400 s. The data were reduced using the IGRINS
pipeline package (Lee et al. 2017), which rectifies the 2D image
and optimally extracts the spectra, performs wavelength
calibration with OH lines, and corrects for telluric features
with standard A0V stars (in this case HR 1692 and HR 1237).

2.3. Keck II/NIRC2 Adaptive Optics Imaging

Natural guide star (NGS) AO images of the 2M0443+3723
AB system were obtained on 2017 October 10 UT with the
NIRC2 NIR imaging camera mounted on the Keck II 10m
telescope. The companion was positioned in the top left quadrant
of the detector, as the bottom left quadrant has increased noise
levels. The host star was positioned in the bottom right quadrant
of the detector. We obtained a total of six images of the system in
the Maunakea Observatories (MKO) H-band filter (Simons &
Tokunaga 2002; Tokunaga et al. 2002; Tokunaga & Vacca 2007)
in narrow camera mode, which produces a plate scale of
9.971±0.004mas pixel−1 (Service et al. 2016) and a field of

Figure 1. Our medium-resolution (R∼750) flux-calibrated 0.7–2.4 μm spectrum
of 2M0443+3723 B from IRTF/SpeX. We derive a M6±1 spectral type
following Allers & Liu (2013). The low-S/N regions have been removed.

(The data used to create this figure are available.)
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view of 10 2×10 2. Each image is composed of 10 unsaturated
co-adds with 2 s per co-add, resulting in a total on-source
integration time of 20 s.

We perform basic image reduction including bias subtraction,
flat-field division, bad pixel correction, and removal of cosmic
rays using the cosmics.py package (van Dokkum 2001) in
PYTHON, which utilizes Laplacian edge detection to identify and
remove cosmic rays in the raw science frames. An example of a
reduced image of the pair is shown in Figure 2.

3. Properties of the 2M0443+3723 AB System

3.1. Overview of 2M0443+3723 A

The host star, 2M0443+3723 A, has a spectral type of M2±1
as measured by Schlieder et al. (2010) and a distance of 71.6±
0.3 pc (Gaia Collaboration et al. 2018). A similar photometric
spectral type of M3 was determined by Shkolnik et al. (2017) in
their ACRONYM survey. Messina et al. (2017) measured an Hα
emission equivalent width (EW) of −4.60±0.21 Å. Malo et al.
(2014) report a 194±4 mÅ EW of the Li I λ6708 absorption
feature. Bowler et al. (2019) find similar values of EW(Hα)=
−4.3±0.9 Å and EW(Li I)=0.12±0.02 Å (Figure 3).

3.2. Empirical Comparison to Cool and Ultracool Dwarfs

To determine the spectral type of 2M0443+3723 B, we
compare our SXD spectrum to the SpeX prism library of M, L,
and T dwarfs (Burgasser 2014). We convolve our medium-
resolution spectrum (R∼750) with a 1D Gaussian kernel to
match the resolving power of the SpeX prism library (R∼250)
and resample them to a common wavelength grid. Each prism
spectrum was optimally scaled to our SXD spectrum via reduced
χ2 minimization,
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where Oi is the flux density of the 2M0443+3723 B spectrum
at pixel i, Ei is the flux density from the SpeX prism templates,

and σi is the uncertainty associated with our 2M0443+3723 B
spectrum. For each spectrum the optimal scale factor, c, is
found following Cushing et al. (2008) to scale the prism
templates to our SXD spectrum:
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In order to determine the goodness of fit between the prism
library and our SXD spectrum, we utilize the reduced χ2

statistic, c c nºn
2 2 , where ν represents the number of degrees

of freedom (Figure 4). The best-fitting spectral type found from
this analysis is M7±1. The best-fitting object from this method
is 2MASS J00013044+1010146 (Figure 5; c =n 27.672 )

(Burgasser et al. 2004). Witte et al. (2011) used the DRIFT-
PHOENIX atmospheric models to find the best-fitting para-
meters for 2MASS J00013044+1010146, which suggested that
it has a low surface gravity of log g=4.5 dex, Teff=2900K,
and M/H=+0.3 dex. Gagné et al. (2014) found an NIR
spectral type of M6 and noted this object as being potentially
young owing to low-gravity spectroscopic signs.

3.2.1. Index-based Spectral Type and Surface Gravity

Many features in the NIR spectra of BDs are influenced by
gravity and age, for example, FeH (0.99, 1.20, 1.55μm), VO
(1.06 μm), K I (1.17μm), Na I (1.14, 2.21 μm), and the H-band
continuum shape (Allers & Liu 2013, hereafter AL13). AL13
developed an index-based spectral classification method based
on visual classification, as well as flux ratios of NIR indices
centered on spectroscopic features influenced by gravity and age.
The visual classification method yields a spectral type of
M6±1 from both the J-band and H-band regions. The overall
spectral type is M6±1, with a gravity class of “VL-G” (very
low gravity), which supports a young age for 2M0443+3723 B.
We adopt the index-based spectral type from AL13 because the
results are anchored to quantitative definitions, whereas the χ2

spectral type depends on the author’s spectral classification.
Following the AL13 method, a score of 0–2 is assigned for

Figure 2. Keck II/NIRC2 AO image of 2M0443+3723 AB in H band.

Figure 3. Optical spectrum of 2M0443+3723 A obtained from the RC-Spec
instrument at the Mayall telescope, from Bowler et al. (2019). The spectrum
has been normalized around 6600 Å. The Hα emission indicates signs of
chromospheric activity and serves as a necessary but not sufficient condition
for youth. The lithium absorption feature at 6708 Å is also present, which
unambiguously confirms the young age of the system.

(The data used to create this figure are available.)
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objects with the following designations: 0 for field gravity
dwarfs (FLD-G; 200 Myr), 1 for intermediate-age gravity
dwarfs (INT-G; ∼50–200 Myr), and 2 for young low-gravity
dwarfs (VL-G; ∼10–30 Myr). The final gravity score measured is
2 for 2M0443+3723 B, although individual gravity scores from
the FeHz and K IJ yield values of 1, corresponding to INT-G
(Figure 6). Gravity scores have been shown to correlate with age
(e.g., Liu et al. 2016); most VL-G objects are young (<30 Myr).

3.3. Atmospheric Properties of 2M0443+3723 B

We utilize the BT-Settl “CIFIST 2011–2015” grids6 (Allard
et al. 2012) to determine the effective temperature and surface
gravity of 2M0443+3723 B. These models span an effective
temperature range of 1200–7000 K, with increments of 100 K,
and surface gravities from 2.5–5.5 dex in increments of
0.5 dex. The models assume solar metallicity and do not
include alpha-enhancement.
Our SXD data cover the entire NIR (0.7–2.4 μm) range. We

remove the low-S/N regions spanning the 1.4 and 1.9 μm
water bands of our medium-resolution spectrum, which are not
used in the analysis. Each synthetic spectrum was smoothed to
the resolving power of our medium-resolution SXD spectrum
(R∼750) through convolution with a 1D Gaussian kernel. We
normalize the synthetic spectra and our SXD spectrum at a
common wavelength, resample the model grids to a common
wavelength grid, and then optimally scale them to the flux-
calibrated SXD spectrum by minimizing the c2 value between
the model and data. We select the best-fitting physical
parameters by locating the minimum χ2 value from our SXD
(Figure 7) spectral fit. For our SXD spectrum we find the best
fit to be Teff=2800±100 K and log g=4.0±0.5 dex
(Figure 8 and Table 1).
We use the H-band region (1.550–1.72μm) from our higher-

resolution IGRINS (R∼45,000) spectrum of 2M0443+3723 B
for our model fits. This portion of the H-band spectrum comprises
14 separate orders and contains the temperature-sensitive Al and
Fe lines.7 We fit the model grids to each separate order to
determine the temperature and gravity and then adopt the
average values across 14 orders. We select the best-fitting
physical parameters by locating the minimum χ2 value from
our IGRINS spectral fit (Figure 9). The best-fitting parameters
from the IGRINS H-band region fit are Teff=2900±100 K
and log g=4.5±0.5 dex for the 1.55–1.72 μm region.
The SpeX and IGRINS spectra both produce similar

parameters from the model fits within 1σ error from each other.

Figure 4. cn
2 comparison between cool and ultracool (�M6) dwarfs from the

SpeX prism library and our spectrum of 2M0443+3723 B. Optical spectral
types are shown with cyan symbols, and the NIR spectral types are shown with
black circles. The closest match is that of 2MASS J00013044+1010146, which
has an M7 NIR spectral type (Burgasser et al. 2004).

Figure 5. Comparison between our SpeX spectrum of 2M0443+3723 B
(black) and both young and field ultracool dwarfs. The best-fitting spectrum
from the cn

2 comparison with M, L, and T dwarfs from the SpeX Prism Library
is shown in orange (2MASS J0013044+1010146; Burgasser et al. 2004), while
comparison to the young BD PZ Tel B (Maire et al. 2016) is displayed green. A
field M7 dwarf (VB 8; Burgasser et al. 2008) and field M8 dwarf (VB 10;
Burgasser 2014) are also plotted for comparison. 2M0443+3723 B is a close
match to the VB 8 field M7 dwarf (Burgasser et al. 2008), as well as the young
M7 dwarf 2MASS J00013044+101046.

Figure 6. Our J-band IRTF/SpeX spectrum of 2M0443+3723 B (blue)
compared to an FLD-G standard from the IRTF Spectral Library, VB 8 (green;
Cushing et al. 2005). The Na I, K I, and FeH features of our companion are
weaker than the FLD-G object, which indicates that 2M0443+3723 B is a
young, low-gravity object. Note that the spectrum of VB 8 (R∼2000) has
been smoothed to a resolution comparable to our SXD spectrum.

6 http://perso.ens-lyon.fr/france.allard/
7 We employ the H-band IGRINS spectrum because it has more temperature-
sensitive lines (Fe and Al), which are not degenerate with gravity like those in
the K band (López-Valdivia et al. 2019).
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The IRTF/SpeX spectrum samples a wider spectral grasp (the
entire NIR region) compared to the H-band IGRINS spectrum,
so we adopt those best-fitting parameters for this study.

3.4. Bolometric Luminosity

The bolometric luminosity of 2M0443+3723 B is derived
using the BT-Settl atmospheric models (Allard et al. 2012) for
bolometric corrections at short wavelengths (λ < 0.68μm) and
long wavelengths (2.4–500 μm). We flux-calibrate the Teff=
2800K and log g=4.0 dex BT-Settl model using the Two
Micron All Sky Survey (2MASS) H-band apparent magnitude of
2M0443+3723 B and scale the synthetic spectrum to the data

using the optimal scaling factor (CH) following Cushing et al.
(2008):
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Here TH(λ) is the transmission profile of the 2MASS H band,
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Vega is the flux density for Vega, λ is the wavelength array for

2M0443+3723 B, lf
obs is the flux density of the science target,

and mH is the 2M0443+3723 B H-band magnitude from
2MASS.
The bolometric luminosity is then
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where Fλ is the flux-calibrated spectrum and d represents the
distance to 2M0443+3723 B. The bolometric flux we find for
2M0443+3723 B is 4.17×10−14 W m−2. We utilize a Monte
Carlo method to calculate the bolometric luminosity by taking into
account the uncertainties from the 2MASS H-band photometry,
measurement errors from our SXD spectrum of 2M0443+3723 B,
and the distance. A distance of 72.4±0.8 pc is used from the
Gaia DR2 parallax measurement for 2M0443+3723 B. This
yields a bolometric luminosity of Lbol=−2.16±0.02 dex.

3.5. Mass

Mass is a fundamental property used to distinguish BDs from
gas giants and low-mass stars. Evolutionary models are generally

Figure 7. χ2 values for fits to our SXD spectrum values across the effective
temperature range of the BT-Settl “CIFIST 2011–2015” model grid. There is a
convergence to a minimum at a temperature of 2800 K and log g of 4.0 dex.

Figure 8. 2M0443+3723 B (black) SED compared to the best-fitting spectrum
from the BT-Settl “CIFIST 2011–2015” atmospheric models.

Table 1

Summary of the Best-fitting Parameters Found from Our Fits of the Near-infrared Spectra of 2M0443+3723 B Using the BT-Settl “CIFIST 2011–2015” Grids

Object Telescope/ Region Teff log(g) cn
2 χ2

Instrument (K) (dex)

2M0443+3723 B IRTF/SpeX (SXD) 0.68–2.4 μm 2800 4.0 0.016 37.35
2M0443+3723 B DCT/IGRINS 1.550–1.72 μm 2900 4.5 0.052 L

Note. Results from fitting the BT-Settl “CIFIST 2011–2015” atmospheric model grids to 2M0443+3723 B. The best solutions are shown for each of the regions used.
Note that the χ2 for the SpeX fit is 37.35, which produces best-fit parameters of Teff=2800 K and log g=4.0 dex.

Figure 9. cn
2 values for fits to our IGRINS H-band spectrum values across the

effective temperature range of the BT-Settl “CIFIST 2011–2015” model grid.
There is a convergence to a minimum at a temperature of 2900 K and log g of
4.5 dex.
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necessary to infer masses using bolometric luminosities and ages
of substellar objects (e.g., Burrows et al. 2001). Assuming
membership in the βMPG (see Section 4.1), we adopt an age of
23±3Myr (Mamajek & Bell 2014) for 2M0443+3723 B. The
mass is then determined following a Monte Carlo approach with
106 trials using the bolometric luminosity and age for 2M0443
+3723 B. The median and standard deviation of this mass
distribution is 99±5 MJup if 2M0443+3723 B is single. We
also derived the mass for scenarios in which this companion is
not single (Section 4.4) or is not a member of the βPMG
(Section 4.1). We find a mass of 52±3 MJup if it is an equal-
flux binary and 30–110 MJup if it is a single young field object
(30 Myr).

3.6. Radial Velocities

We measure RVs of 2M0443+3723 A and 2M0443+3723
B following Mann et al. (2016). We cross-correlate >250 order
segments of the IGRINS (R∼45,000) H- and K-band spectra.
For each segment we cross-correlate the telluric spectrum to
find offsets in the wavelength solution between epochs of
observation, and the target spectrum pixel offset was converted
into an RV using the instrument dispersion solution. The
measured RV is the median of the >250 segment measure-
ments compared with >150 M2–M6 templates with known
RVs. Our reported RV was barycenter corrected and shifted to
the absolute scale using the RVs of the M2–M6 templates.
Uncertainties in the RVs are the standard deviation of the mean
added in quadrature with the absolute scale zero-point
uncertainty of ∼150 m s−1. For 2M0443+3723 A we find an
RVA=7.0±0.2 km s−1. For 2M0443+3723 B we find an
RVB=5.8±0.2 km s−1. These values are similar to previous
measurements of the host star, 2M0443+3723 A: the RV of
2M0443+3723 A has been measured to be 6.0±2.0 km s−1

from Schlieder et al. (2010) and 6.4±0.3 km s−1 from
Shkolnik et al. (2017).

3.7. Radius

The radii of BDs can provide additional evidence of youth.
During the course of their lifetimes, BDs continuously contract
as they dissipate their leftover energy from formation. As BDs
age, their radii eventually settle at ∼1 RJup as degeneracy
pressure sets in. As a result, an inflated radius can serve as a
youth indicator (Filippazzo et al. 2015).

We previously determined an effective temperature of
2800±100 K from atmospheric models and a bolometric flux
(FBol) from integrating our flux-calibrated spectrum. We also
have a precise measured distance from Gaia DR2. The Stefan-
Boltzmann law can be used to determine the radius of 2M0443
+3723 B:
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Radius uncertainties are computed using a Monte Carlo
approach with the associated errors from the effective temper-
ature, bolometric flux, and distance. We find an inflated radius
0.35±0.03 Re (3.5 RJup), an additional indication that 2M0443
+3723 B is young. For comparison, the old field object 2MASS
J02530084+1652532 has a radius of 1.20±0.09RJup with a
spectral type of M7 and Teff=2688±212 K (Filippazzo
et al. 2015).

4. Discussion

4.1. Moving Group Membership Assessment

BANYAN (Bayesian Analysis for Nearby Young Associa-
tioNs) Σ is a tool developed by Gagné et al. (2018) that
analyzes galactic positions and space velocities to determine
membership probabilities in nearby young associations.
BANYAN Σ achieves a 90% recovery rate of known members
if full kinematic parameters are provided. Gagné et al. (2018)
use proper motions, RVs, parallaxes, and sky coordinates to
determine the likelihood that an object belongs to any of the 27
associations spanning ages 1–800Myr or the field population.
The 2M0443+3723 AB system has been proposed as a

member of the βPMG in several studies (Schlieder et al. 2010;
Malo et al. 2014; Shkolnik et al. 2017). Recently, Lee & Song
(2019) developed BAMG (Bayesian Analysis of Moving
Group), a four-stage moving group membership tool. This
new tool lists 2M0443+3723 A as a highly likely member with
a 86.2% membership probability for the βPMG. Yet BANYAN
Σ yields a membership probability for 2M0443+3723 A of
0.4% for βPMG and 99.6% for the field. This discrepancy may
be a result of restrictive kinematic and spatial priors from
BANYAN Σ and/or the iterative membership approach used
by Lee & Song (2019). For 2M0443+3723 B, BANYAN Σ
gives 0.0% for the βPMG and 99.9% for the field.
Using updated astrometric and kinematic data from Gaia

DR2, we determine the XYZ positions and UVW space motions
of the pair along with uncertainties (Figure 10 and Table 2). The
βPMG has average XYZ positions of X, Y, bZ PMG={4.1±
29.3, −6.7±14.0, −15.7±9.0 pc} and space velocities U, V,
bW PMG={−10.9±2.2, −16.0±0.3, −9.2±0.3 km s−1}

(Gagné et al. 2018).
We explored another quantitative approach to determine

membership properties by comparing the 3D velocity differ-
ence between 2M0443+3723 AB and known YMGs using a
reduced χ2 metric following Shkolnik et al. (2012); see their
Equation (14). This method allows for a membership
examination that solely relies on galactic velocities and
neglects XYZ parameters that can affect Bayesian methods if
the prior is too restrictive. Here we adopt a cutoff value of
cn  4

,UVW
2 for consideration. A visualization of this method is

shown in Figure 11. For each group we calculate the following
two goodness-of-fit metrics:
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Here the subscript å represents the values for the object in
question and the subscript MG represents a selected moving
group. Shkolnik et al. (2012) assumed a constant velocity
dispersion (σ) of 2 km s−1 for the UVW motions to avoid
biasing their results in favor of moving groups with larger
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velocity dispersions. Here we use the locus and dispersion for
each of the 27 associations included in Gagné et al. (2018) in
this analysis.

Twelve associations have cn  4
,UVW

2 : 118TAU, βPMG,
EPSC, ETAC, LCC, TAU, THOR, TWA, UCL, UCRA,
USCO, and XFOR. Nearly all of these have inconsistent
distances or sky positions relative to 2M0443+3723 AB
(Figure 12). 2M0443+3723 A has the best match to the THOR
(32 Orionis) association (c =n 0.6

,UVW
2 ). THOR has an age of

∼22Myr (Bell et al. 2015) and a typical distance of 96±2 pc.
This disagrees with the Gaia parallactic distance of 72.4±0.8
pc. The EPSC (ò Chamaeleontis) group has an average age of
∼3.7 Myr (Murphy et al. 2013) and lies at an average distance
of 102±4 pc primarily in the southern hemisphere. This
distance excludes EPSC even though this group has the lowest
cn,UVW
2 for 2M0443+3723 B (c =n 0.26

,UVW
2 ).

TAU (Taurus) is a ∼1–2Myr (Kenyon & Hartmann 1995) star-
forming region; its members lie at an average distance of 120±10
pc, which makes it too distant to host the 2M0443+3723 AB
system. 118 Tau is a young ∼10Myr association located at an
average distance of 145±15 pc (Galli et al. 2018), which is
likewise inconsistent with the distance of 2M0443+3723 AB
(72.4± 0.8 pc). TWA (TW Hya) has a younger age of ∼10Myr
(Bell et al. 2015). This system would be a probable match for
2M0443+3723 AB given the distance distribution (60± 10 pc),
but its members are tightly clustered in the southern hemisphere.

At ∼500Myr (Pöhnl & Paunzen 2010), XFOR is one of the
oldest associations located at an average distance of 100±6 pc.
Similarly, UCRA and ETAC are located too far south. The Sco-
Cen star-forming region hosts UCL, LCC, and USCO; it can
collectively be eliminated owing to the distances of ∼110–154 pc.
The velocity modulus (Equation (5)) can also be calculated

to further assess membership probabilities for nearby YMGs:

nD = - + - + -  U U V V W W . 5MG
2

MG
2

MG
2( ) ( ) ( ) ( )

The advantage of this metric is that it accounts for moving
groups with large UVW velocity dispersions by just focusing on
the velocity locus. We adopt a cutoff Δν of 5 km s−1

(following
Shkolnik et al. 2012; Figure 13). Ten associations have
Δν�5 km s−1: 118TAU, βPMG, CAR, COL, EPSC, ETAC,
LCC, THOR, TWA, and XFOR. As previously discussed, most
of these associations are not a good match owing to
discrepancies with their distances declinations (Figure 12).
For the βPMG, c =n 3.13

,UVW
2 for 2M0443+3723 B and

c =n 1.92
,UVW

2 for 2M0443+3723 A. The cn XYZ,
2 values for

2M0443+3723 B and 2M0443+3723 A are 3.72 and 2.87,
respectively. The βPMG does not have the lowest cn,UVW

2 , but
we conclude that it is the most probable moving group to host
2M0443+3723 AB. Similarly, cn XYZ,

2 and Δν values for
2M0443+3723 AB indicate that the βPMG is the most likely
of the known moving groups to host 2M0443+3723 AB.

Figure 10. UVW galactic space velocities and XYZ heliocentric positions of 2M0443+3723 A and 2M0443+3723 B (blue star and red pentagon, respectively) and
those of nearby YMGs. The 3σ dispersion in UVW velocities for the βPMG from Torres et al. (2008) is shown with dark pink circles, and that from Gagné et al. (2018)
is shown in light pink for comparison. βPMG members are from Shkolnik et al. (2017). These are the available M dwarf members with confirmed membership in this
group (pink circles). Those designated with an “N” or “Y?” from that study have been excluded. Binaries from the βPMG are shown as pink squares, and the substellar
companion, 2MASS J0249–0557c, is shown as a black triangle. Ellipses represent the 3σ confidence limits of the moving groups. βPMG members are generally
clustered together in UVW space but are dispersed over many tens of parsecs as shown in the XYZ galactic position plots. If 2M0443+3723 AB is a member of this
group, then it is a kinematic and spatial outlier relative to the current population.
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4.2. Comparison to Ultracool Companions in the β Pictoris
Moving Group

Over 1000 isolated BDs are known, but BD companions are
much rarer. The frequency of BDs that are companions to stars
is 2%–4%; these occurrence rates are independent of stellar
mass or spectral type (Bowler & Nielsen 2018). To date there
have only been a handful of ultracool companions discovered
in the βPMG (see Dupuy et al. 2018 Table 5): HR 7329 B
(Lowrance et al. 2000), PZ Tel B (Biller et al. 2010; Mugrauer
et al. 2010), β Pic b (Lagrange et al. 2010), 51 Eri b (Macintosh
et al. 2015), and 2MASS J0249–0557c (Dupuy et al. 2018).
The spectral types of these companions range from M7 to T6.5,
and their masses span 11–72 MJup. The spectral sequence of
these objects is shown in Figure 14. In addition, the member-
ship compilation by Shkolnik et al. (2017, their Table 4) lists
one additional ultracool companion, the M6 object GJ 3076 B.8

4.2.1. Planetary-mass Companions: 2MASS J0249–0557c, β Pic b,

and 51 Eri b

There are currently three known planetary-mass companions
in the βPMG: 2MASS J0249–0557c, β Pic b, and 51 Eri b.
Here we provide a brief overview of each system.
2MASS J0249–0557c (Dupuy et al. 2018) has a spectral type

of L2±1, a luminosity of log(L/Le)=−4.00±0.09 dex,

Table 2

Properties of the 2M0443+3723 AB System

Property 2M0443+3723 A 2M0443+3723 B References

Positions and
Kinematics

R.A. (deg) 70.98707 70.98975 6
Decl. (deg) 37.38400 37.38394 6
Parallax (mas) 13.9572±0.0518 13.8198±0.1585 6
Distance (pc)a 71.6±0.3 72.4±0.8 1
μα cos δ (mas

yr−1
)

22.869±0.097 24.204±0.261 6

μδ (mas yr−1
) −61.837±0.060 −61.670±0.156 6

RV (km s−1
) 7.0±0.2 5.8±0.2 1

vsini (kms−1
) 13.3±0.8 15.2±0.8 1

X (pc) −69.07±0.25 −69.75±0.84 1
Y (pc) 17.72±0.08 17.89±0.24 1
Z (pc) −6.92±0.05 −6.98±0.15 1
U (km s−1

) −11.25±0.19 −10.23±0.20 1
V (km s−1

) −18.79±0.09 −19.53±0.24 1
W (km s−1

) −8.41±0.04 −7.98±0.121 1

Photometry

J2MASS (mag) 9.71±0.02 12.22±0.03 2

H2MASS (mag) 9.03±0.02 11.80±0.04 2
KS,2MASS (mag) 8.80±0.02 11.46±0.03 2
B (mag) 15.35 L 10
V (mag) 13.3±0.09 L 9
GGaia (mag) 12.327±0.002 16.160±0.001 6
g (mag) 14.00±0.09 L 9
r (mag) 12.68±0.06 L 9
i (mag) 11.56±0.12 L 9

W1 (mag) 8.66±0.02 11.92±0.07 3
W2 (mag) 8.56±0.02 10.93±0.05 3
W3 (mag) 8.35±0.02 10.56±0.13 3
W4 (mag) 7.551±0.16 8.191 3
MJ, 2MASS (mag) 5.41±0.03 7.92±0.03 1

MH,2MASS (mag) 4.73±0.003 7.50±0.04 1

MK ,2MASS (mag) 4.502±0.04 7.16±0.03 1

J–H (mag) 0.68 0.42 1

H–K (mag) 0.228 0.35 1
J–K (mag) 0.908 0.77 1

Fundamental Properties

log(L
L

bol


)(dex) 0.73±0.02 −2.16±0.02 4,1

Spectral Type M2±1 M6±1 5,1

Mass (MJup)
b

L 99±5 1

Age (Myr)b 23±3 23±3 7
Teff (K) 3700 2800±100 8,1

log g (dex) 5.0 4.0±0.5 8,1

Separation
(arcsec)

L 7 6 5

Separation (AU) L 550 5
Radius (Re) 0.68±0.22 0.35±0.03 4,1

Notes.
a Bailer-Jones et al. (2018) find consistent values of 71.5±0.26 pc and 72.4±0.8 pc
for 2M0443A and 2M0443B, respectively, using probabilistic inference from parallax
measurements.
b
Masses and ages assume membership in the βPMG.

References. (1) This work; (2) 2MASS (Cutri et al. 2003); (3)WISE (Cutri et al. 2012);
(4) Messina et al. (2017); (5) Schlieder et al. (2010); (6) Gaia (Gaia Collaboration et al.
2018); (7) Mamajek & Bell (2014); (8) Malo et al. (2014); (9) APASS (Zacharias et al.
2012); (10) Norton et al. (2007).

Figure 11. cn,UVW
2 values for 27 known groups used in BANYAN Σ (Gagné

et al. 2018). The full names of young associations are 118 Tau (118TAU), AB
Doradus (ABDMG), β Pictoris (βPMG), Carina (CAR), Carina-Near (CARN),
Coma Berenices (CBER), Columba (COL), Corona Australis (CRA), ò

Chamaeleontis (EPSC), η Chamaeleontis (ETAC), the Hyades (HYA), Lower
Centaurus Crux (LCC), Octans (OCT), Platais 8 (PL8), Pleiades (PLE), ρ
Ophiuchi (ROPH), the Tucana-Horologium association (THA), 32 Orionis
(THOR), TW Hya (TWA), Upper Centaurus Lupus (UCL), Upper CrA
(UCRA), the core of the Ursa Major cluster (UMA), Upper Scorpius (USCO),
Taurus (TAU), and χ1 For (XFOR). 2M0443+3723 B is shown as black
circles, and 2M0443+3723 A is shown with red squares. Several groups are
good UVW matches to 2M0443+3723 AB but disagree when distance and
decl. are considered. Altogether, 2M0443+3723 AB is most consistent with
the βPMG, although if it is a member it would be a kinematic outlier
(Δν=3.7 km s−1

).

8 Note that both 2MASSJ01365516–0647379 and 2MASSJ08224744–5726530
are listed in Table 4 of Shkolnik et al. (2017) as having companions with
spectral types >L0, but photometry from Janson et al. (2012) indicates that the
companion to 2MASSJ08224744–5726530 is ≈M5.5, and deep imaging of
2MASSJ01365516–0647379 from Bowler et al. (2015) did not reveal any
comoving companions.
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and an estimated mass of -
+11.6 1.0
1.3 MJup. It lies at a separation of

40″ (1950 au) from its host, which is a tight equal-flux ratio BD
binary with an integrated-light spectral type of M6±1.

51 Eri b (Macintosh et al. 2015) has a spectral type of
T6.5±1.5, an estimated mass of 2–12 MJup, and an effective
temperature of 605–737 K. Rajan et al. (2017) report a
bolometric luminosity of - -

+5.83 0.12
0.15 to - -

+5.93 0.14
0.19 dex. 51 Eri

b orbits its massive F0IV host star at a separation of 0 45
(13.2 au).

β Pic b (Lagrange et al. 2010) has a spectral type of L2±1
and orbits the namesake member of the βPMG, the A6V type star,
β Pic, at a separation of 0 13 (9 au; Lagrange et al. 2019). Dupuy
et al. (2019) find a model-independent dynamical mass of 13±3
MJup, comparable to results from Snellen & Brown (2018).
Chilcote et al. (2017) find an effective temperature of 1700 K and
a bolometric luminosity of log(L/Le)=−3.76±0.02 dex.

4.2.2. Brown Dwarf Companions: HR 7329 B and PZ Tel B

HR 7329 B (Lowrance et al. 2000) was the first BD
companion identified in the βPMG. It orbits at a separation of
4″ (220 au) from its massive A0V host star, HR 7329 A.
Bonnefoy et al. (2014) derive a spectral type of M8.5±0.5,
with an effective temperature of 2200–2500 K, a luminosity of

log(L/Le)=−2.627±0.087 dex, and a model-dependent
mass of ∼20–50 MJup (Neuhäuser et al. 2011).
The substellar companion PZ Tel B (Biller et al. 2010;

Mugrauer et al. 2010) has a separation of 0 5 (∼25 au) from its
G9IV host star. PZ Tel B has a spectral type of M7±1, an
effective temperature of 2700±100 K, a luminosity of
log(L/Le)=−2.51±0.10 dex, and a model-dependent mass
of -

+59 8
13 MJup—well within the BD mass regime (Maire et al.

2016).

4.3. Color–Magnitude Diagrams

In Figure 15, color–magnitude diagrams are used to compare
the photometry of 2M0443+3723 B to ultracool objects in
βPMG and the field. We combine the parallactic distance to
2M0443+3723 B from Gaia DR2 with 2MASS photometry to
derive absolute magnitudes (Table 2).
2M0443+3723 B has a slightly bluer J–K color and is about

0.9 mag brighter in MH than PZ Tel B. However, it is nearly
identical to the M6 pair 2M0249–0557 A and B when using
their parallactic distance as measured by Gaia.

4.4. Is 2M0443+3723 B a Close Binary?

The empirical analysis of 2M0443+3723 B implies a higher
bolometric luminosity for a single object in βPMG compared to
other M6–M7 members (Figure 16). This may mean that this

Figure 13. Velocity modulus of 27 known moving groups and associations. A
cutoff value of 5 km s−1 is shown with a dotted line.

Figure 12. cn XYZ,
2 values for 27 known groups used in BANYAN Σ. Groups

names are the same as in Figure 11.

Figure 14. Spectral sequence of known substellar companions in the βPMG
along with our medium-resolution SXD spectrum of the candidate benchmark
BD, 2M0443+3723 B. PZ Tel B and HR 7329 B have masses above the
deuterium-burning limit (∼13 MJup), while J0249–0557c, β Pic b, and 51 Eri b
have masses below the deuterium-burning limit (Lowrance et al. 2000, Biller
et al. 2010; Lagrange et al. 2010, Mugrauer et al. 2010, Macintosh et al. 2015,
Dupuy et al. 2018). Spectra of known substellar companions are from
Bonnefoy et al. (2014), Maire et al. (2016), Chilcote et al. (2017), Dupuy et al.
(2018), and Rajan et al. (2017).
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companion is itself a close binary, or that it is not a member of
the βPMG.

As described in Section 2.3, we acquired AO images with
Keck II/NIRC2 to investigate the possibility that 2M0443
+3723 B is itself a close binary. After the basic image
reduction, the dithered science frames were registered, shifted
to the common centroid position of the companion, and
median-combined to produce the co-added image of the
companion shown in Figure 17. There are no obvious
indications that 2M0443+3723 B is a close binary from these
diffraction-limited images.

We carried out basic PSF “roll angle subtraction” to further
assess whether 2M0443+3723 B is a close, marginally
resolved binary. To mimic “roll subtraction” (Liu 2004; Song
et al. 2006), the image of the companion was rotated and
subtracted from the nonrotated reference image (Figure 17) to
search for potential companions that could account for the
abnormally high luminosity of 2M0443+3723 B, assuming
membership in the βPMG. The same procedure was carried out
for 36 equally spaced roll angles spanning 10°–350°. After
performing PSF subtraction, we noted a point source adjacent
to 2M0443+3723 B; however, this same source is visible in the
image of 2M0443+3723 A, which indicates that this residual
artifact is part of the speckle pattern and not a true companion
(Figure 18).

We analyzed the IGRINS spectra of 2M0443+3723 A and
2M0443+3723 B to search for signs of spectroscopic binarity
by utilizing a cross-correlation analysis of 2M0443+3723 A
and 2M0443+3723 B against one another. This cross-
correlation confirms the RV difference and shows no trace of
a third component in the system. However, we cannot rule out

the presence of a significantly lower mass companion in this
system.

5. Conclusions

We have presented a detailed characterization of 2M0443
+3723 B, a wide companion candidate BD to a lithium-rich M

Figure 15. MH vs. (H–K ) (left) and MJ vs. (J–K ) (right) color–magnitude diagrams of BDs and gas giants (M–T spectral types) from the βPMG and other field
ultracool dwarfs compared to 2M0443+3723 B (red pentagon). 2M0443+3723 B is brighter than the other single BD companion, PZ Tel B (M7 ± 1). All photometry
is on the 2MASS system. Photometry is shown for young M dwarfs from the βPMG (right-pointing blue triangles) and L dwarfs from the βPMG (left-pointing gray
triangles). 2M0443+3723 A is shown with a blue star. Binaries are shown (diamonds) and substellar companions in the βPMG are labeled: PZ Tel B, HR 7329 B, β
Pic b, and 51 Eri b. Photometries are from Dupuy & Liu (2012), Dupuy & Kraus (2013), Liu et al. (2016), and Dupuy et al. (2018).

Figure 16. Late M-type members of the βPMG compared to evolutionary
“isomass” model tracks from Burrows et al. (2001). The orange lines represent
BDs, and the blue lines represent low-mass stars. Known BD companions in
the βPMG are labeled and shown alongside 2M0443+3723 B (red pentagon).
Note that we also include the 2M0249–0557 AB bolometric luminosity values
found by Dupuy et al. (2018) using the Gaia DR2 parallax (aquamarine
triangles) in addition to the values from the Hawaii Infrared Parallax Program.
PZ Tel B (brown star) and HR 7329 B (purple triangle) are clearly within the
BD regime, while 2M0443+3723 B lies near the hydrogen-burning limit,
which is surprising if it is a single member of this group because it has a similar
spectral type to 2M0249–0557 AB and PZ Tel B.
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dwarf that may belong to the βPMG. We obtained an NIR
spectrum from IRFT/SpeX and find an M6±1 spectral type
and VL-G gravity classification using the index-based system
of Allers & Liu (2013). 2M0443+3723 B has an inflated radius
of 3.5 RJup, and BT-Settl atmospheric model fits yield
Teff=2800±100 K and log g=4.0±0.5 dex. We also
calculate a bolometric luminosity of −2.16±0.02 dex. This
luminosity combined with the age of the βPMG, 23±3Myr
(Mamajek & Bell 2014), implies a model-dependent mass of
99±5MJup. This mass and luminosity are higher than those of
other M6 members of the βPMG.

We acquired AO images with Keck II/NIRC2 to explore the
possibility that the companion could be a close binary, which could
explain this anomalously high luminosity and corresponding

higher mass. PSF subtraction does not reveal any close, modest
flux ratio point sources. We reassess whether the 2M0443+3723
AB system is a member of the βPMG as has been proposed in past
studies (Schlieder et al. 2010; Malo et al. 2014; Shkolnik et al.
2017; Lee & Song 2019). We utilize the membership analysis tool
BANYAN Σ (Gagné et al. 2018) and find low probability of
membership in the βPMG of 0.0% and 0.4% for 2M0443+3723 B
and 2M0443+3723 A, respectively. This is contrary to the 86.2%
membership probability in the βPMG for 2M0443+3723 A found
by Lee & Song (2019) using their BAMG membership analysis
tool. We explored other analytical methods to evaluate member-
ship and found the βPMG to be the most likely YMG, should this
system belong to a known association, although it may also be a
young field object.
Regardless of its status in the βPMG, 2M0443+3723 B is

certainly young, and likely 30Myr. Our analysis shows that this
system has various indicators of youth: an inflated radius for
2M0443+3723 B, lithium in the host, and VL-G classification.
We expect the status of this system to be clarified as the spatial
and kinematic distributions of the βPMG continue to be refined
with parallaxes from Gaia and additional RVs of candidate
members in the future.
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Figure 17. Steps involving classical “roll angle subtraction” PSF subtraction.
Top: final median-combined 2″×2″ Keck II/NIRC2 image of 2M0443
+3723 B. Middle: roll subtraction method using a 180° roll angle. Bottom:
difference between image A and B. A candidate companion is visible in the A–
B image, but this is likely a speckle because a similar feature is present in the
host as well.

Figure 18. Visual inspection of the point source resembling a close companion
to 2M0443+3723 B. Right: magnified image of the host star, 2M0443+3723 B
in a 3″×3″ cutout. Left: magnified median-combined Keck II/NIRC2 image
2M0443+3723 A in a 2″×2″ cutout. The point source is present near
2M0443+3723 B and 2M0443+3723 A. This indicates that the source is part
of the speckle pattern and not a companion.
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