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Abstract. Observations of ultra-cool (spectral type later than M6) bi-
naries are summarized. Only a few systems are known, and all have been
discovered in the past few years. We describe each of these discoveries.
Despite their small numbers, some interesting trends among the binaries
may be emerging. Ultra-cool binaries have a frequency similar to but
perhaps a little less than stars (binary fraction 1"V20%) and have mass
ratios closer to unity, with respect to solar-type stars. Neither of these
results can be considered firm, as there are far too few systems known,
and observational biases would tend to move trends in these directions.
There also seems to be a trend towards smaller separations in lower mass
systems, which is less subject to observational biases. We discuss how
these results fit into current ideas about binary formation, and favor a
fragmentation scenario.

1. Introduction

Ultra-cool dwarfs will be defined as high-gravity objects (log g>3.5) with spec-
tral type later than M6 (effective temperature cooler than about 2800 K). They
can have masses above or below the substellar limit. This paper is mostly about
multiple systems in which the primary qualifies as an ultra-cool dwarf. At the
age of the Pleiades cluster (I"V 120 Myr), the substellar limit is located at spectral
type I"VM6.5 (Martin et al. 1996). For younger ages, it can be as warm as M6,
and for older ages it becomes progressively cooler, dropping below M9.5 at about
one Gyr according to evolutionary models (Chabrier et al. 2000). Generally, sub-
stellar objects are warmer when they are younger because they radiate mainly
gravitational energy. Flux limited surveys like DENIS and 2MASS are biased
toward finding young brown dwarfs and nearly-equal mass binaries. These sur-
veys are finding so many ultra-cool dwarfs that systematic studies of their binary
frequency are being initiated. Binarity studies have also started in the Pleiades
cluster where about 30 brown dwarfs have been identified, and among low mass
Hyades stars.

The formation of binary and higher-order multiple systems has been rec-
ognized as a common product of star formation. It is widely accepted that the
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formation of a single star with a planetary system like our own is more the ex-
ception than the rule. The majority (57%) of G- and K-type dwarfs in the solar
vicinity have H-burning companions (Abt & Levy 1976; Duquennoy & Mayor
1991). M-dwarf primaries were thought to have a lower occurrence of compan-
ions (38%; Henry & McCarthy 1990; Fisher & Marcy 1992; Reid & Gizis 1997),
although recent work may be raising that (see Mayor, this volume). Those re-
sults raise the following questions: What is the frequency of companions for very
low-mass (VLM) primaries? Is there a trend of lower binary frequency for lower
primary mass?

One motivation to search for binary brown dwarfs is to learn about the
origin of these objects. Free-floating brown dwarfs can form in several ways.
They could be ejected from an unstable multiple system. This would lead to a
very low brown dwarf binary fraction, as such a process would typically eject
single objects, and disrupt most brown dwarf binaries (except the very hard
ones). Condensation within a circumstellar disk, which would be a higher mass
analogue to the formation of a planet, should also probably yield a low binary
fraction among brown dwarfs, because planets are not generally expected to be
double (in our solar system there is only the dubious example of the Pluto-
Charon system). Fragmentation and collapse of a small and molecular core
would be the lower mass analogue to the formation of a star, would probably
yield a significant binary fraction among brown dwarfs, in analogy to stars.

Another motivation for searching for brown dwarf binaries is that they
can provide dynamical masses, which are powerful tests of evolutionary models
of substellar objects, and can help to derive an observational mass-luminosity
relationship below the substellar limit. Last but not least, any faint physical
companion to a brown dwarf must be also be nonstellar: another brown dwarf,
a planet or a faint compact object (white dwarf, neutron star, black hole). Brown
dwarfs offer the opportunity of finding very cool companion objects outside the
solar-system, which can be used as benchmarks for further studies of extrasolar
planets.

2. Searches for Ultra-Cool Binaries

For more than a decade, a number of groups have conducted searches for com-
panions to cool and ultra-cool dwarfs using near-infrared cameras. Many of
the results of such surveys have remained unpublished due to the unfortunate
tendency of researchers to publish only positive results. Before discussing the
ultra-cool systems, it is worthwhile to briefly survey the results of the searches
for ultra-cool companions to warmer stars. This was one of the favored methods
of searching for brown dwarfs before 1995. For early to mid M dwarf primaries,
the incidence of VLM companions is relatively low. Three visible brown dwarf
companions are known with early M companions: GI 229B (the famous first
methane dwarf; Nakajima et al. 1995); G196-3B, a lithium bearing L brown
dwarf (Rebolo et al. 1998); and GI 570D, another methane dwarf in a quadru-
ple system with a K primary and M close binary (Burgasser et al. 2000). The
projected separations in these 3 systems are (respectively) 40 AU, 300 AU, and
1500 AU.
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A similar number of radial velocity substellar companions are known with
more massive primaries (and even lower occurrence statistics); they are necessar-
ily only a few AU from their primaries (because of the detection method). These
include HD 114762 (Latham et al. 1989), and HD 29587 and 127506 (Halbwachs
et al. 2000). Finally, there recently have been found a few VLM wide compan-
ions to more massive stars. Two of them, h CrB C and Gl 417B (Kirkpatrick
et al. 1999) have G primaries, with projected separations of 3600 and 2000 AU.
Two possible brown dwarf companions to A stars are known: GD 165B (Becklin
and Zuckerman 1988; the A star is now a white dwarf) and HR 7329 (Lowrance
et al. 2000). These have projected separations of 300 and 200 AU respectively.
Each of these was found in surveys containing large numbers of targets with
non-detections. It is clear that the binary incidence for ultra-cool companions
in high mass ratio systems is much smaller than for stellar binaries; probably
1% or less for mass ratios greater than about 10.

More than two hundred ultra-cool dwarfs are now known. Typically they
are detected with low-spatial resolution imaging (FWHM from one to a few
arcsec). In order to search for binaries deep high resolution images are necessary.
Radial velocity and astrometry are other powerful techniques that can be used to
detect binaries, but they have only recently been exploited for ultra-cool dwarf
primaries due to the faintness of these objects. The number of ultra-cool dwarfs
has increased so much in the last few years that they constitute a sample from
which preliminary binary statistics can be derived.

A numerous population of free-floating brown dwarfs has been discovered in
the Pleiades cluster (e.g. Zapatero Osorio et al. 1999; Pinfield et al. 2000). G and
K-type Pleiades members have a distribution of both orbital periods and mass-
ratios similar to those of field G-dwarf binaries (Bouvier et al. 1997). Thus, it
seems that the binary properties of the Pleiades stars might not be very different
from those of the disk population. Martin et al. (2000) carried out a search for
companions among 34 very low-mass Pleiades members (M~0.09 M0 ) using
high-spatial resolution images obtained with the Hubble Space Telescope and
the adaptive optics system of the Canada-France-Hawaii telescope. Only one
binary was resolved but follow-up observations did not confirm its membership
to the Pleiades cluster.

The first two free-floating brown dwarfs in the solar neighborhood confirmed
with the lithium test (Magazzu et al. 1993) were subject to a mini-survey with
HST/NICMOS just before it run out of coolant. No companion was found
around Kelu 1 (discovered by Ruiz et al. 1997 in a proper motion study) down
to a limiting mass of about 7 Jupiters. On the other hand, DENIS-P J1228-15
(discovered by Delfosse et al. 1997 in a pilot study of DENIS data) was found to
be a binary (see next section). Koerner et al. (1999) presented images obtained
with the Keck 10 m telescope where they found an elongation in the point
spread function (PSF) of DENIS-P J1228-15 but not in that of Kelu 1. They
found that two more L dwarfs had elongated PSFs. Martin et al. (2000a) have
started a search for ultra-cool binaries using adaptive optics on large telescopes.
The first binary discovered is Gl 569b. Gl 229B and Gl 105C are not binaries
(FWHM==0.05 arcsec in the H-band, ~H==5 mag). Several programs have been
approved with HST to search for binaries among ultra-cool dwarfs in the field
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and in open clusters. We expect a flurry of discoveries in the next few years,
and a big improvement in the statistics of multiplicity properties.

3. Discoveries of Ultra-Cool Binaries

The known ultra-cool binaries are so few that they can be presented one by one
in some detail. This list will undoubtedly be obsolete by the time it appears, as
new discoveries are coming quickly. We will use a chronological order:

• LHS 1070: Leinert et al. (1994) reported the discovery of a companion
to the nearby star LHS 1070 (d=7.5 pc). The angular separation was 1.1
arcsec, corresponding to 8.2 AU. The companion is itself a nearly-equal
mass closer binary, with separation 0.3 arcsec (2.2 AU). The spectral type
of LHS 1070 A is M5.5, and that of LHS 1070 Band Care M8 (Leinert et
al. 2000). The orbital period could be about 12 years.

• PPI 15: The faintest object discovered in the survey of Stauffer, Hamilton
and Probst (1994) in the Pleiades, has a spectral type of M6.5 (Martin,
Rebolo & Zapatero Osorio 1996), and was found to have lithium by Basri,
Marcy & Graham (1996). However, they did not realize that it is a binary
until this possibility was pointed out by Zapatero Osorio, Martin & Rebolo
(1997) on the basis of its location in the cluster sequence./ Basri & Martin
(1998) reanalized the data of Basri et al. (1996) and reported the detection
of double-lined splitting in the cross-correlation functions of red orders
in the Keck/HIRES spectra. Basri & Martin (1999) demostrated that
PPI 15 is a spectroscopic binary with a high mass ratio (qrvO.9), a short
period of 5.8 days and a large eccentricity (e=0.4±0.05). In the Pleiades,
stellar binaries with orbital periods shorter than 7 days have circular orbits
(Mermilliod et al. 1992). The eccentric orbit of PPI 15 breaks the rules
of stellar binaries and indicates that hard binaries are born with high
eccentricity and the orbits circularize in a short timescale as predicted by
tidal force calculations (Zahn & Bouchet 1989). The tidal torque T is
proportional to M2 and R2 . Hence, it is much weaker in VLM objects
with small radii, such as brown dwarfs.

• CFHT-PI 18: This Pleiades brown dwarf candidate found by Bouvier et
al. (1998) was resolved as a binary with 0.33 arcsecond separation with
HST (Martin et al. 1998). The spectral type of the primary is about M8.
Martin et al. (2000b) applied the lithium test with negative result. Weak
Ha emission in comparison with Pleiades members of the same spectral
type suggests that the age of CFHT-PI18 could be rather old. It is likely
a binary with VLM components (probably stellar) located on the line of
sight to the Pleiades. It is not possible to estimate an orbital period
because the distance to this object is unknown.

• DENIS-P JI228-15: The first DENIS brown dwarf with lithium (Del-
fosse et al. 1997; Martin et al. 1997; Tinneyet al. 1997). It has a spectral
type of L4.5 (Martin et al. 1999b). NIC1/HST imaging resolved it into two
component of nearly equal brightness (~m1.65J.Lm=0.15mag). The angular
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separation is 0.275 arcsec and PA==41°. The semimajor axis is about 5 AU
(for a distance of 18 pc, Dahn et al. 2000) and the orbital period about
35 years. Koerner et al. (1999) and one of us (EM) confirmed that the
system is physical because the separation remained almost the same in
Keck/NIRC images obtained in February 1999 and February 2000. The
proper motion of this brown dwarf is 0.21 arcsec yr-1.

• DENIS-P J0205-11: The coolest of the first three DENIS L dwarfs
(Delfosse et al. 1997), it has a spectral type of L5 (Martin et al. 1999),
but does not show lithium (Martin et al. 1997) implying that it is more
massive and older than DENIS-P J1228-15. Nevertheless, it is likely a
brown dwarf because it has a temperature of ",,1700 K (Basri et al. 2000),
which is cooler than the bottom of the main sequence (Burrows et al. 1997;
Chabrier et al. 2000). Koerner et al. (1999) imaged it in the K-band at 2
different epochs and found elongated PSFs with a separation of 0.5 arcsec.
This result requires confirmation with more epochs or with higher spatial
resolution images. If real, the binary would be nearly-equal mass and have
a projected separation of 9.2 AU and a period of about 80 years.

• 2MASS'W Jl146+22: A lithium L dwarf like DENIS-P J1228-15, dis-
covered in the 2MASS survey (Kirkpatrick et al. 1999). The spectral type
is L3, so it is somewhat warmer than the other two binaries discussed be-
fore. Koerner et al. (1999) imaged it in the K-barid at 3 different epochs
and found elongated PSFs with a separation of 0.3 arcsec. The binary
has a nearly-equal mass, a projected separation of 7.6 AU and a period of
about 65 years.

• GJ 569: A nearby (d==9.8 pc) M3 star with high levels of chromospheric
and coronal activity. Forrest, Skrutskie & Shure (1988) reported a pos-
sible brown dwarf companion separated 5" from the primary. Henry &
Kirkpatrick (1990) obtained a low resolution spectrum and classified it as
an M8.5 dwarf. Magazzu et al. (1993) did not detect lithium in GI 569 B,
even though its position in the HR diagram suggest that it is a very young
object. Martin et al. (2000b) found that GI 569 B is a binary with a sepa-
ration of 0.1 arcsec (1 AU). Follow-up imaging obtained with the Keck/AO
facility are shown in Figure 1. Orbital motion is clearly detected, indicat-
ing that the orbital period is about 2 years. This system could yield the
first dynamical masses for .ultra-cool dwarfs.

4. Properties of Ultra-Cool Binaries

In our Pleiades binary survey (Martin et al. 2000a), no resolved binary bona-
fide members of the cluster with separations larger than 0.2 arcsec (a""27 AU)
were found. Nevertheless, we found evidence for a binary sequence in the color-
magnitude diagrams, in agreement with the results of Steele & Jameson (1995)
for higher mass stars. We applied the lithium test to two objects: CFHT-PI-16,
which lies in the cluster binary sequence but is unresolved in images obtained
with the Hubble Space Telescope; and CFHT-PI-18, which is binary with 0" .33
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Figure 1. Adaptive Optics Images of Gl569B obtained with the Nat-
ural Guide Star system at Keck. In the figure North is up, East is to
the left.

separation (Martin et al. 1998). The first object passed the test, but the second
object did not. We concluded that CFHT-PI-16 is likely a Pleiades brown dwarf
binary with separation <11 AU, and that CFHT-PI-18 is a foreground system.
A comparison of the multiplicity statistics of the Pleiades very low-mass stars
and brown dwarfs with that of G and K-type main sequence stars in the so-
lar neighborhood (Duquennoy & Mayor 1991), indicates that 3.4 binaries were
expected with separation >27 AU, but none was found. Martin et al. (2000a)
concluded that there is some evidence for a deficiency of wide binary systems
among the Pleiades very low-mass members.

On the other hand, the discovery that PPI 15 is a double-lined brown dwarf
binary with a period of only 5.8 days (Basri & Martin 1999) is surprising because
the chance of finding such a hard binary in a Duquennoy & Mayor (1991) popu-
lation is only ",,10% (Heacox 1998). Among the first brown dwarfs discovered in
the field, there are already 3 brown dwarf binaries with separations in the range
5-10 AU as discussed in the previous section. It is noteworthy that all these
3 binaries were found near the resolution limit of the images. Wider binaries
could have been easily detected, but closer binaries could not. The Pleiades and
field results are consistent and suggest that ultra-cool binaries are less common
(""20% binary frequency) and prefer smaller separations than stellar binaries.
There is also a tendency to find nearly-equal mass binaries. This could be par-
tially due to a bias of the observations because such binaries are more luminous
and are easier to detect.

We and others have started spectroscopic and near-infrared imaging sur-
veys aimed at detecting ultra-cool binaries. Particularly interesting targets are
the methane dwarfs because fainter companions would be cooler, and would
approach the temperatures of extra-solar planets. In a sample of 14 methane
dwarfs, we have found only one companion, which is 3 magnitudes fainter than
the primary (SDSS 134664-00; Tsevetanov et al. 2000) in the K-band, and has
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an angular separation of 1.4 arcsec. However, a VLT/ISAAC spectrum obtained
by J.L. Beuzit upon request from one of us (EM) does not show methane in the
faint object. The spectrum is red and featureless. It is likely an extragalactic
object. Typical distances to these methane dwarfs are 10 to 15 pc. Thus, we
find no companions with separations larger than rv30 AU, in agreement with
our results for the Pleiades cluster.

5. Origins of Ultra-Cool Binaries

• Capture: This scenario is not supported by observations because brown
dwarfs are rare «1%) as companions to stars within 5 AU (brown dwarf
desert; Marcy & Butler 1998; Halbwachs et al. 2000), but common (rv20%)
as companions to ultracool dwarfs. It also fails to explain why wide brown
dwarf binaries are rare. On the other hand, capture could be a viable
mechanism to explain wide brown dwarf companions to stars like GI 570D
(Burgasser et al. 2000). As noted below, the distinction between capture
and fragmentation becomes a bit fuzzy when one considers formation in a
small N cluster.

• Disk Fragmentation: It tends to produce high mass ratio systems. Not
supported: brown dwarf companions to stars are rare as stated above.

• Fragmentation: This is the favoured mechanism for producing most binary
stellar systems (Bate 2000) because it appears possible to form binaries
with similar properties to those that are observed. Supported: the fraction
of substellar systems which are binary may not be much lower than' the
fraction of stellar binaries. Numerical simulations of molecular cloud frag-
mentation have shown that slower rotating cloud cores form closer binaries
than when the clouds are rapidly rotating (Boss 1993). Small cloud cores
that start collapse from high initial densities form even closer binaries.
This scenario may provide a natural way of explaining the absence of wide
brown dwarf binaries and an excess of close systems.

A variant on this which is perhaps even more attractive is formation of
single and binary VLM objects in small N clusters. There are several
papers in this volume which discuss this process. The apparent tendency of
such calculations to form a few very low mass objects early in the formation
of interacting disks is positive, but the calculations have not been carried
out far enough to assure that these objects survive. They would tend to
be ejected later on if there are several more massive objects; only the tight
couples among them would survive as binaries. Clarke (1996) has discussed
binary formation in this scenario. One tends to require that N be only a
few to be compatible with the stellar statistics. One prediction which
seems to be upheld is that large mass ratio binaries should be rare. This
theory also predicts that the binary fraction should decrease with primary
mass; our preliminary results may support this (but .it is premature to
draw any firm conclusions).

In addition to formation scenarios, the brown dwarf binaries in the Pleiades and
the field may have suffered dynamical evolution. Wide binaries can be disrupted
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due to dynamical interactions with stars. Such process has been advocated by
Kroupa, Petr & McCaughrean (1999) to explain the binary frequency of stars in
the Trapezium cluster. An important test of this scenario is the binary frequency
of hard binaries, which should be independent of primary mass. Another test is
the binary frequency of brown dwarfs in very young associations and clusters.
For example, Najita, Tiede & Carr (2000) have identified a candidate wide brown
dwarf binary in IC348. Spectroscopic follow-up is necessary to confirm it.
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