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Brown dwarfs and planets
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Abstract. The connection between brown-dwarfs and planets and the definition of giant
planets themselves have been a matter of debate for more than a decade now. We sum-
marize our current understanding of their respective formation mechanisms and associated
physical properties. We then address the question of planetary formation around brown-
dwarfs. Signs of disk evolution (accretion, outflows, grain growth) for young brown-dwarfs
suggest that planetary formation may be on-going in the substellar regime. In this context,
we report recent results of surveys targeting brown-dwarfs and very low mass stars to search
for planetary mass companions and ultimately planets, using various observing techniques
(imaging, radial velocity, microlensing, and astrometry). We also highlight the technical
and observational challenges of observing such faint targets. Finally, we conclude with the
perspectives offered by the new generation of telescopes and instruments in the coming
years.
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1. Introduction

1.1. Planets versus brown-dwarfs

Brown-dwarfs (BDs) are “objects with true
masses above the limiting mass for thermonu-
clear fusion of deuterium” (M ∼ 13MJup for
objects of solar metallicity), “no matter how
they formed nor where they are located.” Boss
et al. (2003). Since the discovery of the first
genuine brown-dwarfs (Rebolo et al. 1995;
Nakajima et al. 1995), several hundreds of
substellar objects have now been discovered
free-floating, orbiting stars, or as part of mul-
tiple systems (binaries, hierarchical systems).
Multiple formation pathways have been pro-
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posed for these objects: 1/ turbulent fragmenta-
tion of molecular clouds (Padoan & Nordlund
2004; Hennebelle & Chabrier 2008, 2009),
2/ premature ejection of protostellar embryos
(Bate et al. 2002; Goodwin et al. 2004), 3/
photo-erosion of prestellar cores (Hester et al.
1996; Whitworth & Zinnecker 2004), 4/ and
disk fragmentation (for example Stamatellos
& Whitworth 2009). Recent discoveries of
extremely light BDs by the WISE survey
(Beichman et al. 2013) even confirmed that, in
terms of masses, BDs and exoplanets overlap
introducing difficulties to distinguish them.

Several criteria have been tentatively intro-
duced to define BDs and exoplanets. The cur-
rent drawing line, defined by the International
Astronomical Union (Boss et al. 2003), is
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based solely on the limiting mass for the ig-
nition of deuterium. This limit originates from
the obsolete stellar formation scenario of Shu
et al. (1987). Twenty five year later, there are
no doubts that stellar formation mechanisms
can form isolated objects of a few Jupiter
masses. Theoreticians rather tend to discrimi-
nate the two classes of objects based on their
formation scenario (Chabrier et al. 2007). In
this scheme, planets are mainly formed by
nucleated instability within a disk (Pollack
et al. 1996; Alibert et al. 2004, 2005). This
mechanism involve the formation of core of
solids, originating from the accretion of re-
fractory material present in the disk. Once
the core has reached a critical mass, a run-
away phase starts where the planet acquires a
gaseous envelope from the surrounding disk
material. This mechanism is associated with
longer timescales than the disk fragmentation
scenario or other stellar mechanisms described
earlier. Deuterium-burning phases have even
been proposed for planets formed by nucle-
ated instability (Mollière & Mordasini 2012;
Bodenheimer et al. 2013).

However, from the observational point of
view, it can be extremely difficult, even im-
possible, to access the history of formation
of these astrophysical objects. Consequently,
these definitions are still highly debated
and differently interpreted in the community.
Alternative definition as the ability for fusion
have been proposed to distinguish planets from
BDs (Basri & Brown 2006), but no clear con-
sensus has emerged. In the following, and for
clarity, we adopt the following wording: “plan-
etary mass objects”, or planetary mass com-
panions (PMC), if bound to a star, for ob-
jects with true or measured masses, below 13.6
MJup. More massive objects will be called BDs.

1.2. Planets around brown-dwarfs

Low-mass stars and brown-dwarfs account for
over 80 % of the stellar content of the Galaxy.
While these stars might bear the “typical”
planetary systems, little is known on the for-
mation of planets around these objects. It is
now established that young BDs, with masses
down to the planetary mass regime, can be

surrounded by circumstellar disks (Natta &
Testi 2001; Natta et al. 2002; Testi et al.
2002; Scholz & Jayawardhana 2008; Luhman
et al. 2005a,b, 2008, 2010). Brown dwarf
can undergo a T Tauri-like phase during their
early evolution, that involves accretion phases
(Jayawardhana et al. 2003; Natta et al. 2004;
Herczeg et al. 2009), and outflows (Whelan
et al. 2007). Significant fundamental differ-
ences might however remain with respect to
the early evolution of the star+disk system.
Disks may have a lower mass than those sur-
rounding stars (Klein et al. 2003; Scholz et
al. 2006; Mohanty et al. 2013) and survive
longer than around solar-mass stars (Carpenter
et al. 2006; Dahm & Hillenbrand 2007; Scholz
et al. 2007). Although Pinilla et al. (2013)
showed that rapid inward drift is more sig-
nificant for particles in BD disks than in T-
Tauri disks, thus making planet formation by
core-accretion more challenging. Observations
of BD disks at millimeter-wavelengths have
nevertheless evidenced fast (< 1 Myr) grain
growth processes, up to millimeter sizes in the
outer portion of the disks (Bouy et al. 2008;
Ricci et al. 2012, 2013). There is therefore no
current reason to think that planetary formation
is not on-going around BDs.

In this context, we review in the next sec-
tion the results obtained by various observing
techniques to search for the presence of com-
panions to BDs.

2. Observational search

BD companions and exoplanets have been ac-
tively studied using indirect techniques (ra-
dial velocities, microlensing, transit search and
astrometry) sensitive to the close circumstel-
lar environment (≤ 5–10 AU), and more re-
cently direct imaging, unique to probe larger
separations (≥ 5–10 AU). Initially targeting
solar-type stars, these surveys have recently ex-
tended to the lower end of the stellar mass
function to study the environment of very low-
mass stars (VLMS) and BDs. The existence of
PMCs have been revealed around BDs by ra-
dial velocity, microlensing and direct imaging
surveys, setting new constraints for the mod-
els of stellar and planetary formation. Specific
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transit searches for planets orbiting BDs or
VLMS (Martı́n et al. 2013) have been con-
ducted. They however remain very challeng-
ing owing to the host faintness at optical wave-
lengths. The observations, even if conducted in
the near-infrared (Blake et al. 2007, 2008), e.g.
at wavelengths where the sources are brighter,
can still be biased by the Earth atmospheric
extinction (Bailer-Jones & Lamm 2003), the
brown dwarf intrinsic variability due to het-
erogeneous cloud coverage and magnetic ac-
tivity (Lane et al. 2007; Berger et al. 2009;
Koen et al. 2005; Radigan et al. 2013), and
uncertainties in the predicted radii for brown-
dwarfs (Mathieu et al. 2007). In this review,
we will summarize the main results obtained so
far to search for low-mass companions to BDs
in the context of classical multiplicity study or
specific search for exoplanets around BDs. In
Section 2.1, we describe the results of RV sur-
veys, in Section 2.2 obtained during microlens-
ing campaigns, in Section 2.3 with astrometry
and in Section 2.4 with direct imaging.

2.1. Radial velocities

The search for companions to VLMS and BDs
has been originally initiated to study the fre-
quency of multiple systems in VLM bina-
ries, a fundamental property to characterize
their mechanisms of formation. Following the
first identification of a brown-dwarf binary
(Martı́n et al. 1999), a large number of sur-
veys were performed in imaging and showed
that VLM binaries are rarer ( fBin ∼10–30%),
more closely separated (distribution peaked at
3–10 AU) and more frequently in near-equal
mass configuration than their higher mass stel-
lar counterparts (Reid et al. 2001; Bouy et
al. 2003; Burgasser et al. 2003, 2007; Allen
2007). These surveys were however not sen-
sitive to physical separations closer than 3 AU
in the field or 10 AU in open clusters. They
were also typically limited to mass ratio higher
than q > 0.5, i.e not capable of exploring
the presence of planetary mass companions.
Separations of less than 3 AU were scruti-
nized with dedicated RV observations. The first
spectroscopic BD/VLM binary PPl 15, mem-
ber of the Pleiades open cluster, was dis-

covered by Basri & Martı́n (1999). Several
spectroscopic surveys followed in young clus-
ters (Joergens & Guenther 2001; Kenyon et
al. 2005; Kurosawa et al. 2006; Prato 2007;
Maxted et al. 2008) and in the field (Reid et
al. 2002; Guenther & Wurchtel 2003; Basri
& Reiners 2006; Burgasser et al. 2009; Blake
et al. 2010; Rodler et al. 2012), but with a
limited number of detection (Zapatero Osorio
et al. 2004; Stassun et al. 2006; Joergens &
Müller 2007). The lowest mass companion was
found around the BD candidate Cha Hα 8 of
the nearby Chamaeleon I star forming region
(SFR) (Joergens & Müller 2007; Joergens et
al. 2010). With a predicted mass of 16-20 MJup,
the mass ratio drops to q ∼ 0.2 and a separation
of ∼ 1 AU. More generally, the determination
of the binary frequency of very young BDs at
less than 3 AU in the same SFR showed that it
does not differ from the rate at larger separa-
tions observed in the field and open clusters. It
remains consistent with an overall frequency of
10–30% (Joergens 2008). Despite the progress
of high-resolution spectrographs, the faintness
of these targets forbids the sensitivity of cur-
rent RV survey to reach low-mass ratio bina-
ries (q < 0.1), i.e to access PMCs around BDs.
Current RV surveys of M dwarfs find a very
low frequency of giant planets ( f < 2%) com-
pared to telluric planets ( f ∼ 35%) (Bonfils
et al. 2013). The putative population of planets
around BDs is likely out of reach of current in-
strumentation. Future high resolution spectro-
graphs working in near-infrared wavelengths
like CARMENES/Cal. Alto (Quirrenbach et al.
2012) or SPIROU/CFHT (Micheau et al. 2012)
will help extending current searches to study
the signs of planetary formation around BDs.

2.2. Microlensing

The microlensing technique relies on the mag-
nification of the light caused by the gravity of
a lens object, located between a background
star and an observer. Microlensing is suitable
to detect faint objects such as (cold and faint)
brown-dwarfs (Paczyński et al. 1986) down
to planetary mass objects (Sumi et al. 2011),
since the magnification effect occurs regard-
less of the lens intrinsic brightness. It is also
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able to detect low mass systems, with separa-
tions (< 1 AU), e.g. midway between those of
system detected by radial velocity surveys and
of planetary mass companions detected by di-
rect imaging. Microlensing provide a measure-
ments of the component masses and of the dis-
tance of the components. Mass measurements
do not require a proper modeling of the evo-
lution of the main properties of the detected
objects, like it is the case for direct imaging
detections (see section 2.4).

Recently, Choi et al. (2013) and Han et al.
(2013) reported the first, and so far the only, de-
tections of three tight pairs, composed of a low
mass brown-dwarf and of a planetary mass ob-
ject OGLE-2009-BLG-151/MOA-2009-BLG-
232, OGLE-2011-BLG-0420, and OGLE-
2012-BLG-0358Lb. These systems have re-
markable properties: their total mass is ex-
tremely low (0.024-0.031 M�) – and can fall
in the same range as some of directly im-
aged systems (2MASS J04414489+2301513,
2M1207 b) – while they remain very tight
(0.2-0.9 AU). As a consequence, they oc-
cupy a peculiar location with respect to pairs
of field dwarfs in diagrams representing the
gravitational binding energy versus the total
system mass (see Figure 5 of Choi et al.
2013). Their binding energy is also one to
three order of magnitudes higher than those
of widely separated systems with similar to-
tal masses discovered by direct imaging. The
mass ratio of OGLE-2009-BLG-151/MOA-
2009-BLG-232 and OGLE-2011-BLG-0420
suggest that they might have formed via clas-
sical formation mechanisms of stellar binaries
(Bate et al. 2012). The lower mass ratio of
the system component of OGLE-2012-BLG-
0358Lb indicate that the lower component of
this system might have been formed by insta-
bility of the primordial disk surrounding the
most massive component of the system.

A large number of similar systems are ex-
pected to be detected in the coming years with
a new generation of instruments (upgrades
for the OGLE camera; KMTNet, EUCLID,
WFIRST).

2.3. Astrometric surveys

The astrometric technique aims at detecting the
gravitational influence of planetary mass com-
panions on the star or brown dwarf motion
in the plane of the sky. The method is lim-
ited by the faintness of the target, the gravita-
tional potential of the companion and the num-
ber of reference stars used to measure the rela-
tive motion. For the detection of companions to
BDs, astrometric measurements with a 50-100
micro-arcseconds (µas) precision are manda-
tory and were recently demonstrated using
ground-based optical imaging with an 8m class
telescope (Lazorenko et al. 2011; Sahlmann et
al. 2013). This technique opens a new window
to the parameter space of low mass ratios and
small-to-intermediate separations (0.1-10 AU)
explored around ultracool binaries. Contrary to
microlensing observations, the repeatability of
the observations offers the possibility to mea-
sure the eccentricity and orbital period of the
detected systems.

In this context, the Planets Around M and L
dwarfs with Astrometry (PALTA) survey, con-
ducted on the FORS2 camera at VLT aim to
look for planetary mass companions around
twenty late-M and early-L dwarfs (Shalmann
et al., in preparation). This 15 nights program
was initiated in 2010. The parallax and proper
motions of the sources can be inferred from
the observations with an average epoch uncer-
tainty of 110 µas, and residual dispersion of
140 µas. These sensitivities are comparable to
those expected for the GAIA satellite (Mignard
et al. 2011). As a result, PALTA is able to probe
for companions at 10 pc as light as 0.6 MNeptune
placed on 2000 days orbits). It should enable to
exclude planets more massive than Jupiter in
intermediate periods (∼50-400 days) for sev-
eral targets.

Very recently, Sahlmann et al. (2013)
announced the first detection of the PALTA
survey. The brown-dwarf companion identified
around the L1.5 dwarf DENIS-P J082303.1-
491201 (Phan Bao et al. 2008) forms a high
mass ratio system (q∼ 0.36), which can be
seen as a scaled up version in mass of the
two brown-dwarf binaries identified so far by
microlensing (OGLE-2009-BLG-151/MOA-
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2009-BLG-232, OGLE-2011-BLG-0420). Its
properties (binding energy∼ 1044 erg, total
mass∼100 MJup, separation=0.35 AU) are
similar to those of some low mass binaries in
the field and in young associations (Faherty et
al. 2011; Basri & Martı́n 1999; Burgasser et
al. 2008, 2012; Lane et al. 2001), although it
falls in a scarcely populated parameter space
(see Figure 4 and 5 of Choi et al. 2013).

2.4. Direct imaging

Direct imaging offers the possibility to de-
tect self-luminous companions placed on wide-
orbits (>1 AU), to characterize their atmo-
sphere (Patience et al. 2010; Barman et al.
2011; Bonnefoy et al. 2013a,b; Konopacky
et al. 2013) and, for some cases, constrain
their orbital parameters (Neuhäuser et al. 2011;
Chauvin et al. 2012; Mugrauer et al. 2012).

Nearby (d< 100pc) and young (age <
150 Myr) brown-dwarfs represent observa-
tional niches for the direct imaging search of
planetary mass companions. At these ages,
companions are still hot and large (Baraffe
et al. 2003). They can therefore be detected
at favorable contrasts in the near-infrared.
Adaptive optics systems equipped with ef-
ficient wavefront sensors (NaCo at VLT,
LMIRCam at LBT) or laser guide stars (Keck
LGS, Gemini/ALTAIR, Subaru) can restore
partially the angular resolution of ground-
based telescopes on these faint hosts. The in-
trinsic faintness of the target enable to detect
fainter (then lower mass) companions for a
given reachable contrast.

Consequently, seven PMCs have been
found around low-mass stars (M ≤ 0.5M�) and
six were found orbiting brown-dwarfs, among
the sample ∼30 PMCs detected by direct imag-
ing. The technique has unearthed a great di-
versity of system configurations (around single
hosts, binaries; see Figure 1). Planetary mass
companions around brown-dwarfs are found
with projected separations between 2.6 AU
(Liu et al. 2011) and 800 AU (Luhman et al.
2009). The discovery of companions in 1 Myr
old clusters, with separations between 15 AU
(2MASS J04414489+2301513) (Todorov et
al. 2010) and 800 AU (FU Tau) (Luhman et

al. 2009), put upper limits on timescales for
formation, plus eventual dynamical ejection.
These timescales are consistent with gravita-
tional instability in disks and fragmentation of
cloud cores. Recent evidence for ongoing ac-
cretion and/or (detached?) disks in compan-
ion orbiting low-mass stars (e.g., GQ Lup b,
CT Cha b, GSC 06214-00210 b; FU Tau B)
(Seifahrt et al. 2007; Schmidt et al. 2008;
Bowler et al. 2010; Luhman et al. 2009) sup-
ports these formation scenarios.

The moderate contrast between the com-
ponents of these low mass systems do not re-
quire the use of complex observation and anal-
ysis techniques to extract the companion spec-
trum (Vigan et al. 2008, 2012, 2013). Hence,
most of bright (and young) directly imaged
planetary mass companions orbiting brown-
dwarfs have now been characterized spectro-
scopically in the near-infrared (Patience et al.
2010; Bonnefoy et al. 2013b; Bowler et al.
2013). Spectra revealed peculiar features that
can be associated to the reduced surface grav-
ity of the objects. These features are retrieved
in the spectra of young isolated objects identi-
fied in star forming regions (Lucas et al. 2001;
Lodieu et al. 2008; Alves de Oliveira et al.
2012) and in the field (Faherty et al. 2013;
Allers et al. 2013).

The use of novel techniques (angular dif-
ferential imaging, sparse aperture masking)
and observation strategies (imaging at 3.8 µm,
lucky imaging) on 8-m class telescopes, and
the identification of young late-type dwarfs in
the solar neighborhood (Schlieder et al. 2010,
2012a,b; Malo et al. 2013) offers the oppor-
tunity to detect companion with sub-Jovian
masses. This has motivated new ongoing sur-
veys on Keck (Bowler et al. 2012a,b, 2013),
and NaCo (Delorme et al. 2012), whose target
sample extend in the substellar mass regime.
These surveys are sensitive to Jovian compan-
ions. The statistics inferred from the observa-
tions could be compared to multiplicity stud-
ies in star forming region (Ahmic et al. 2007;
Biller et al. 2011; Kraus et al. 2012) – sensitive
to high-mass ratio systems – which showed
that binary frequency and binary separations
decline smoothly between masses of 0.5 M�
and 0.02 M�, and that mass ratio distribution
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Fig. 1. Examples of the variety of systems with planetary mass companions imaged around brown-dwarfs
of very low mass stars. Left: the planetary mass companion discovered at a projected separation of 55 AU
around the 8 Myr old brown-dwarf 2MASS J12073347-3932540. Middle: The tight (15 AU) pair 2MASS
J04414489+2301513 composed of a planetary mass companion orbiting a brown dwarf. Right: A 12-14
MJup companion (upper-right) identified at a projected separation of 84 AU around a pair of low mass stars.
Credits: Left: Figure 1, Chauvin et al., A&A, 425, 29, 2004, reproduced with permission c© ESO. Middle:
from Figure 1, Todorov et al., ApJ, 714, 84, 2010. Reproduced by permission of the AAS. Right: from
Figure 1, Delorme et al., A&A, 553, 5, 2013, reproduced by permission c©ESO.

becomes progressively more concentrated to-
ward equal-mass systems for declining system
masses. Here again, the population of com-
panion probed have likely formed via classi-
cal stellar mechanisms of formation (gravo-
turbulent fragmentation or disk instability).

3. Conclusions

In this review, we first recalled that a way to de-
fine planets and brown dwarfs has not reached
a consensus in the community. Whereas a
mass-based definition has no physical ground
anymore, a formation-based one is extremely
difficult to apply for observers. We highlighted
the fact that various observational clues indi-
cate that planetary formation is likely to be
on-going around BDs. We then summarized
the state-of-the-art of observational searches
to study the multiplicity and the diversity of
substellar systems using different techniques
like radial velocities, microlensing, astrome-
try and direct imaging. Multiplicity studies in-
dicate that binary frequency and binary sep-
arations decline smoothly between masses of
0.5 M� and 0.02 M�, pointing toward simi-
lar formation mechanisms between stars and
BDs. The discovery of low-mass ratio BD bi-
naries by direct imaging or microlensing tech-
niques show possible companions formed in

the disk of the primary. Despite the instrumen-
tal progress in the past years, current perfor-
mances are not sensitive enough to bring any
meaningful constraints on the putative exis-
tence of a population of planets (Jovian planets
or telluric planets), which might have formed
by core-accretion, around BDs. This popula-
tion is probably marginally explored. In the in-
coming years, new radial velocity surveys in
the near-infrared (100 stars with M < 0.25 M�
targeted with CARMENES (2014), and SPirou
at CFHT (2017), new and more sensitive mi-
crolensing surveys (upgrades for the OGLE
camera; KMTNet, EUCLID, WFIRST), high-
precision astrometric survey conducted from
space (GAIA) and from the ground (PALTA),
finally new high-resolution imagers in the nIR
and mIR on the VLT (ERIS), the E-ELTs (ELT-
MIR), and JWST, should help exploring this
terra incognita, and possibly reveal the diver-
sity and the extent of planetary formation in
our Universe.
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