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Abstract (optional):

Substellar multiplicity is a key outcome of the formation process. The biggest challenge for the
next decade will be to distinguish between the formation history, environmental conditions, and
dynamical evolution leading to the least massive brown dwarfs and the most massive planets at the
tail ends of their mass functions. In this white paper, we advocate for a comprehensive characteri-
zation of both the statistical distributions of the population of ultracool dwarf multiple systems and
the fundamental properties of their individual components as a function of age. A space-based pre-
cision astrometry mission in near-infrared wavelengths would provide the necessary measurements
to identify and characterize age-calibrated populations of multiple systems.
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1 Multiplicity as a probe of substellar formation and evolution
Brown dwarfs are substellar objects lacking sufficient mass to sustain hydrogen fusion in their
cores, becoming colder and fainter with age [54]. Brown dwarfs span the mass range between
the lowest-mass stars and the most massive planets (MBD ∼ 13 − 80MJup), although the low-
mass bound is arbitrarily set by the nominal cut-off for deuterium burning [90]. Similar to stars,
brown dwarfs can be formed in binary or higher order multiple systems, which are coeval and
cospatial laboratories with shared composition, making them excellent probes of their formation
and evolution processes. Many key questions regarding substellar formation and evolution remain,
and can be answered with measurements of brown dwarf multiplicity as a function of mass, age,
composition and environment, possibly revisiting the definitions of brown dwarfs and giant planets.

Although brown dwarfs appear to be the lowest-mass products of star formation, the specific
processes leading to their formation are poorly understood. In the early 2000s, four scenarios were
proposed to explain their formation, all of which create conditions to limit the available mass for
a forming proto-star to accrete. These scenarios include: turbulent fragmentation in high density
layers [71], fragmentation of a proto-stellar disk [92], ejection from a stellar nursery [80], and
photo-erosion through stellar winds from a nearby OB star [97], and have been explored through
numerical simulations with various predictions. N-body simulations of disintegrating triple sys-
tems predict a brown dwarf binary fraction up to 43% [81]. Disk fragmentation models predict
an ultracool (M ≤ 0.1M�) binary fraction of ∼16%, including hierarchical triples with a main
sequence host and ejected tight binary systems [91]. Radiation hydrodynamical simulations find
multiplicity fractions that continually decrease with primary mass throughout the low-mass star
and substellar regimes, leading to ∼ 8% for 0.018 − 0.100M� primaries [7]. More advanced cal-
culations find ≈ 15% in the mass range of 0.07 − 0.10M�, falling to ≈ 4% in the mass range of
0.03 − 0.07M� with little evidence for a metallicity dependence [8]. Observations of the binary
fraction in star-forming regions and the field are limited by small samples or low resolution, and
the results depend on the technique used for binary identification (see Section 1.1).

At the low-mass end of the brown dwarf regime, binary formation may start to look like planet
formation with a brown dwarf host. A few systems challenge our understanding of the distinc-
tions between stellar and planet formation channels, like 2MASS J1207−3932, composed of a
5MJup planetary-mass object orbiting 44 AU away from a 33MJup brown dwarf [34], also identi-
fied as the first directly-imaged “planet” [21]. Recent studies suggest a transition from a stellar-like
gravitational instability formation pathway to a planetary-like core accretion mechanism (where
planetesimals grow from individual particles until they are massive enough to retain a gaseous
atmosphere; [75]) around 4 − 10MJup [86], supported by the observation that core accretion has
difficulties forming planets more massive than ∼ 5MJup [63, 62].

As hybrids of stars and planets, do brown dwarfs also share formation mechanisms with both?
Is there a clear mass cut-off in the products generated by each formation channel? The current
challenge is to explore the universality of brown dwarf formation in different environments, and
one approach is through measuring multiplicity. More complete measurements of the occurrence
of multiple systems and the distribution of their separations, relative masses and eccentricities, can
help constrain formation theories. While measurements for nearby, field-age systems are more
accessible than measurements of systems in coeval clusters with our current instrumentation, it is
crucial to measure multiplicity statistics and fundamental parameters of the individual components
across different ages and environments to trace evolutionary processes.
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1.1 What is the binary fraction of the lowest-mass brown dwarfs?
Stellar multiplicity is characteristic of stellar spectral type, with multiplicity frequency decreasing
with primary mass: > 60− 70% in B-stars [85, 2], likely > 50% for A-stars [28], ∼44% in FGK
dwarfs [78], and 27 ± 5% for M dwarfs [79]. In the early 2000s, the Hubble Space Telescope
and ground-based adaptive optics (AO) systems enabled multiplicity studies across and beyond
the stellar/substellar boundary, leading to resolved binary fractions of 10% for >M7 dwarfs [12],
15± 5% for late-M and L dwarfs [23, 40, 89], and 9+15

−4 % for T dwarfs [16, 15]. In the last decade,
volume-limited samples of 15 pc and 25 pc provided multiplicity fractions of 29±3% for K7−M6
dwarfs [96] and 27±1% for M0−M6 dwarfs [98]. Ongoing studies aim to refine the multiplicity
fraction across the M/L (Bardalez Gagliuffi et al., in prep.) and L/T spectral classes (Best et al., in
prep.). In the last 20 years, high resolution imaging surveys found the first companions to mid- to
late-T dwarf primaries (e.g. [16, 38, 58]), setting constraints on binary fraction; e.g. < 16% [1]
and 8 ± 6% [35]. No companions have been found yet to Y dwarf primaries [70]. Due to the
intrinsic faintness and scarcity of the coldest brown dwarfs, these studies evaluated small samples
(26 mid- to late-T dwarfs, [1]; 12 T8−Y0 dwarfs, [35]; and 5 Y dwarfs, [70]), leaving room for
discovery and characterization with upcoming instrumentation.

Understanding dynamical evolution requires comparison of binary fractions at different ages.
Multiplicity fractions across star-forming regions and intermediate-age clusters are statistically
equivalent to those of older populations, with larger uncertainties and a higher proportion of
low mass ratio systems, indicating observational bias in field studies, e.g., 10+18

−8 % for 2 Myr in
Chamaeleon [48], 33±17% for 5-10 Myr in Upper Scorpius [53]), a limit of< 11% for the lowest-
mass T-dwarf precursor population of 11 objects in the 125 Myr Pleiades cluster [37], and < 19%
in the 600 Myr Hyades cluster [27]. While at least two substellar binaries have been identified in
the 12 Myr β Pictoris association (2MASS J0249−0557 [31] and 2MASS J1207−3932 [21]), there
has been no systematic search for binaries in young moving groups. Nevertheless, these studies
are underscored by the ambiguity that remains from small samples and small number statistics.

Recent studies are pushing the limits of low-mass companions as well as the definitions of low-
mass binaries [10, 36]. In addition to 2MASS J1207−3932 [21], only a handful of these systems
are known (e.g. 2MASS J0441+2301Bb, a 10±2MJup object at 15 AU from a 19±3MJup brown
dwarf, in a quadruple system in Taurus; [95]). Systems straddling the deuterium-burning limit are
critical to constrain brown dwarf and planetary formation channels. One of the main objectives for
the next decade will be constraining binary fraction of the coldest and lowest-mass brown dwarfs
with JWST and extremely large telescopes (ELTs), while determining the brown dwarf or planetary
nature of these very low-mass companions. Understanding the underlying mass ratio distribution
and compositional differences between brown dwarfs and giant planets is key to trace observations
to formation mechanisms.

Perhaps the most stringent constraints on both evolution and formation are provided by wide
binaries, hierarchical triple systems, higher-order multiple systems, and ultracool companions to
main sequence stars (i.e. “brown dwarf desert” systems). Wide binaries are difficult to form in
situ1, and likely to disrupt over time due to low binding energies [32]. Many wide binaries could in
fact be hierarchical triple systems (see [56] for M1−M5 dwarf primaries), which would help ex-
plain their persistence to field ages. However, only 5 triple systems with total mass Mtot ≤ 0.3M�
have been confirmed [39, 73, 87, 17, 77], including one in the 12 Myr β Pictoris young moving

1However, see [59] for a description of 2MASS J1101−7732, a 240 AU, M7+M8 binary in Chamaeleon.
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group [31]. This particular configuration could result from migration of the lowest-mass compo-
nent by Kozai-Lidov oscillations [51, 57], or the wide binary pair may be sufficient to organize
into a hierarchical triple with a planetary-mass companion [36, 65, 67].

At any separation, brown dwarf companions to main sequence stars and white dwarfs are price-
less evolutionary benchmarks since the primary can provide an independent measure of age [24].
However, the occurrence of these systems is low, particularly at small separations (i.e., < 5AU),
a paucity known as the “brown dwarf desert” [42, 52, 42, 36]. At wide separations, we know of 4
planetary-mass brown dwarf companions to young main sequence stars [66, 55, 41, 25].

1.2 Detection techniques sample different ranges of binary separations
High resolution imaging studies lead to the discovery of a peak in the separation distribution of
systems with an M7 primary or later-type at 4− 7AU, with an apparent shortage of wide systems
(93% at< 20AU) and tightly-separated ones [4, 18]. The location of this peak follows a decreasing
trend in typical separation from binaries with higher mass primaries, possibly indicating a preferred
formation scale [72]. Direct imaging has identified over 85% of the known substellar binaries [5],
though it might be biased against tightly-separated systems. Due to the angular resolution of
ground-based adaptive optics2, inner working angles for substellar sources roughly coincide with
the peak in the separation distribution, suggesting an observational bias.

Thanks to Gaia, it is now possible to identify binary systems in bulk by over luminosity in
color-magnitude diagrams [82], while this technique was previously restricted to observationally-
expensive parallax programs [33, 61]. Additionally, the 5-parameter kinematic solutions permits
large, systematic studies to identify wide, common proper motion companions [69, 49].

More resource-intensive binary detection techniques, like radial velocity (RV) and astrometric
variability, have detected closely-separated binary systems otherwise missed by imaging in small
samples, also yielding lower binary fractions (e.g. 2.5+8.6

−1.6 for < 1AU with RV [11], ∼ 5% [83]).
High-precision astrometry and radial velocity follow-up of ∼ 20 brown dwarf binaries have al-
lowed full orbit and dynamical masses determination, and the first few tests of substellar evolu-
tionary models (see white paper by T. Dupuy), some of which have revealed discrepancies between
measured and predicted brown dwarf masses [50, 84, 30].

Both radii and dynamical mass measurements can be directly obtained from eclipsing binaries.
However, only one such system is known, 2MASS J0535−0546 [93] in the 1 Myr Orion Nebula
Cluster, despite most brown dwarf binaries having small separations (< 10AU). Increasing the
number of substellar eclipsing binaries would require long-term monitoring, akin to Kepler or
TESS observations, both of which operate in the optical where most brown dwarfs are too faint.

Direct individual mass measurements can also be achieved through microlensing. About a
dozen substellar binary systems have been identified through this technique [9, 47, 22, 43, 44, 45,
74, 88, 3], most of them at sub-AU separations and kiloparsec distances, including some straddling
the deuterium burning limit. These systems are too faint and too far away to be followed-up
with any existing or planned facility. In the near future, WFIRST will return plenty of low-mass
microlensing binaries for statistical treatment but no individual characterization.

Blended-light spectral binaries provide a useful screening technique that can identify short-
separation systems with components of different spectral morphologies from a single low resolu-

2Most substellar objects are fainter (I > 15mag) than the limit of current-generation extreme-AO systems [60].
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Figure 1: Projected separation distribution of ultracool binaries discovered up to 2014, showing the sepa-
rations sampled by each technique in practice.

tion, spectrum [14, 46, 6]. These alternative techniques are starting to fill the gap of the smallest
orbital separations and avoid the bias against extreme mass ratio systems. These systems must
also be followed up, as the distributions of orbital parameters like the separation, mass ratio, and
eccentricity provide detailed tests of formation simulations.

2 Opportunities
In the last two decades, we have significantly advanced our understanding of multiplicity across
the hydrogen-burning limit. In this upcoming decade, we will do the same across the deuterium-
burning limit, and explore the distinctions of star and planet formation mechanisms. Constraining
the multiplicity fractions and the statistical distributions (i.e. mass ratio, separation, eccentricities)
of the brown dwarf binary population at different age points will provide a comprehensive view
of the formation mechanisms and the role of dynamics in the evolution or destruction of substellar
multiple systems. Additionally, the full characterization of the physical and orbital parameters of
multiple systems will test substellar formation and evolutionary models, allowing these theories to
be applied to the older population of single brown dwarfs and giant planets.

Tracing planetary formation using D/H with ELTs. Substellar compositional studies aid in
distinguishing between planet-like accretion processes within disks, subject to disk evolution (gas
freezeout into ices, dust grain chemistry), and star-like molecular cloud fragmentation, which may
retain protostellar abundances. Next generation facilities will be capable of measuring molecu-
lar species in cool atmospheres (∼200-1800K) indicative of formation channel, e.g., JWST mea-
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surements of the relative abundance of deuterium to hydrogen in the form of CH3D and HDO
absorption [64]. Observations of these species and other diagnostics (e.g., C/O ratios) with high
dispersion spectroscopy will also yield abundance comparisons that can delineate between forma-
tion pathways (see white paper on high resolution RV by A. Burgasser).

Mapping Y dwarf binary orbits with JWST. The unprecedented sensitivity of JWST at NIR
and MIR wavelengths will enable high contrast observations with kernel phase interferometry
(e.g. [76], better than 100 at separations < 150mas; Ceau et al., submitted) of the coldest and
faintest brown dwarfs, achieving lower mass ratios than with previous NIR studies at ∼ 1− 2AU.
Assuming an average binary separation of 1−2AU, astrometric monitoring with NIRISS full pupil
imaging over the duration of the mission would map a significant portion of the orbit combining
relative astrometry between the two components from imaging and astrometry of the primary rel-
ative to background sources.

The need for an infrared Gaia mission. Full orbit determination is an expensive endeavor that
requires several high resolution observation epochs spanning a substantial orbital arc. As a result,
only a few dozen orbits have been fully characterized. An inexpensive avenue to gather dynamical
mass measurements in bulk is by calculating accelerations in the proper motions between the Hip-
parcos and Gaia epochs [13]. Stars common to both catalogs with discrepant proper motions are
likely perturbed by a faint, hidden companion. With accelerations in the tangential direction, radial
velocity measurements, and one epoch of imaging, individual dynamical masses can be measured
analytically (see [19, 29] and white paper by T. Dupuy). Knowing dynamical masses will allow
us to pick ideal candidates for high resolution follow up to attain full orbits. This approach is also
suitable to identify long-period companions, a parameter space inaccessible until now. While this
procedure is currently available only for Hipparcos stars, future Gaia data releases will allow a
similar treatment for Gaia-only stars with a shorter temporal baseline. However, since Gaia was
developed for optical wavelengths, it misses most brown dwarfs, which are brightest in near- and
mid-infrared wavelengths [94]. A high-precision, near-infrared, space-based astrometric mission
homologous to Gaia would enable comparable science for cool and heavily embedded stars, al-
lowing us to reliably model the orbits for binary systems whose orbital periods are up to twice the
total mission length [20], but can be up to several times longer. Current Gaia internal work shows
acceleration solutions can be achieved with as little as 10% of the orbit. A new astrometric mission
10-20 years after Gaia would therefore allow orbital fitting for brown dwarf binaries with orbital
periods up to 50 years and, under the assumption that systematic focal plane differences between
Gaia and the new mission can be modeled, up to 200 years for objects seen by Gaia (see also white
paper by J. Davy Kirkpatrick).

A library of fully characterized benchmarks. We need to build a library of benchmark binary
systems at different ages, with a variety of primary masses, mass ratios, separations, eccentricities,
and configurations, observed with a combination of binary detection techniques. Ideal targets for
this library are substellar eclipsing binaries. While some examples may arise from the Kepler,
K2, TESS and future LSST missions, targeted programs like SPECULOOS [26] and MEarth [68]
should be more successful in identifying these types of systems. This venture is an expensive up-
front investment, but crucial for improving model relations of luminosity, mass, and composition.
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