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ABSTRACT

We have used the Near-Infrared Camera and Multi-Object Spectrometer NIC1 camera on the Hubble Space
Telescope to obtain high angular resolution images of 52 ultracool dwarfs in the immediate solar neighborhood. Nine
systems are resolved as binary, with component separations from 1.5 to 15 AU. Based on current theoretical models
and empirical bolometric corrections, all systems have components with similar luminosities and, consequently, high
mass ratios, q > 0:8. Limiting analysis to L dwarfs within 20 pc, the observed binary fraction is 12%þ7

�3
. Applying

Bayesian analysis to our data set, we derive a mass-ratio distribution that peaks strongly at unity. Modeling the semi-
major axis distribution as a logarithmic Gaussian, the best fit is centered at log a0 ¼ 0:8 AU (�6.3 AU), with a
( logarithmic) width of �0.3. The current data are consistent with an overall binary frequency of �24%.
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1. INTRODUCTION

Over the last 4 years we have been undertaking a census of the
lower mass constituents of the immediate solar neighborhood
(Reid & Cruz 2002), concentrating, in particular, on ultracool
dwarfs (spectral types M7 and later) within 20 pc of the Sun
(Cruz et al. 2003, 2006; I. N. Reid et al. 2006, in preparation). As
part of that survey, we have compiled an all-sky catalog of 87 L
dwarfs in 80 systems with formal distance estimates less than
20 pc. This sample offers an opportunity to investigate the sta-
tistical characteristics of the local L dwarf population.

Binarity is a key property of low-mass stars and brown
dwarfs. Both the overall frequency of binary systems and the
distribution of their properties (particularly mass ratios, q, and
separations,�) have emerged as potential tests of various forma-
tion theories. Ultracool dwarfs have been the targets of numer-
ous high-resolution imaging surveys, both using adaptive optics
on ground-based telescopes and with theHubble Space Telescope
(HST ). As summarized most recently by Burgasser et al. (2006),
the results of those surveys indicate an observed frequency of
�15%; this compares with an overall binary frequency of 30%–
40% for M dwarfs (Fischer & Marcy 1992; Reid & Gizis 1997)
and 60%–70% for G dwarfs (Duquennoy & Mayor 1991). The
overwhelming majority of ultracool binaries have small sepa-
rations, � < 15 AU. The nearest ultracool dwarfs are therefore

the prime targets for multiplicity surveys, since they provide the
optimal resolution in linear units. Those systems also provide the
best sensitivities for detecting very low luminosity companions,
although there is growing evidence for a tendency toward mass
ratios close to unity among ultracool binaries.

We have been using the Near-Infrared Camera and Multi-
Object Spectrometer (NICMOS) camera on HST to search for
binary systems among the nearest L dwarfs. To date, we have ac-
quired observations of 52 ultracool systems, ofwhich 49 are classed
as spectral type L and 3 as late-type M dwarfs; 9 are resolved
as binaries, including the L/T system 2MASSW J22521073�
1730134 (Reid et al. 2006, hereafter RLBC06). High spatial res-
olution images are available from the literature for a further four
L dwarf systems within 20 pc. We present our observations in
x 2, the characteristics of the candidate binaries are discussed in
x 3, we consider the statistical properties of the full data set and
the implications in x 4, and x 5 summarizes our results and
conclusions.

2. OBSERVATIONS

The nearby late-M and L dwarfs imaged in this program were
observed as part of a Cycle 13HST SNAPSHOTprogram.Most of
these systems have spectroscopic distance estimates, and while all
were placed within 20 pc at the outset of our observational pro-
gram, a handful have revised distances that lie beyond that limit.
All targets were observed with the NIC1 camera and the F110W
and F170M filters using the same exposure sequences. The ob-
servations in both filters consist of a pair of MULTIACCUM
exposures, nodding 2B0 between the two exposures. The total
exposure times are 284 s at F110Wand 896 s in the F170M filter.

1 Based on observations made with the NASA /ESA Hubble Space Telescope,
obtained from the Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy, Inc., under NASA
contract NAS 5-26555.

2 NSF Astronomy and Astrophysics Postdoctoral Fellow.
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As discussed further in x 2.2, the combined data give limiting
magnitudes of m110 � 21:9 and m170 � 20:0 mag (on a Vega
magnitude system) for isolated point sources. Late-type T dwarfs
have (m110-m170) colors of�1.3 mag; thus, the F110W data offer
the highest sensitivity for the detection of faint companions to the
targeted L dwarfs.

2.1. Identifying Binary Systems

The NICMOS data were processed through the standard HST
pipeline, and we have analyzed the final mosaicked image using
standard IRAF routines.3 The NIC1 data have a plate scale of
0B043 pixel�1, while the formal resolution of the HST data is
0B09 with the F110W filter and 0B14 with the F170M filter. Since
the F110W images have both higher angular resolution and bet-
ter sensitivity, we have concentrated on those data in our search
for faint companions.

We have searched for potential binary companions using a
variety of techniques. First, visual inspection of the images re-
veals a number of systems with obvious close companions. Sec-
ond, we have used the imexam and daophot routines in IRAF to
measure the point-spread function (PSF), searching for sources
with broad full width at half-maxima (FWHMs) or unusual
profiles. Finally, as is evident from the images of the candidate
binaries, unresolved point sources possess a strongAiry disk, with
the flux level rising to�10% of the peak flux at radial separations
of 0B205 in the F110W data and 0B24 at F170M. This obviously
affects the potential detection of companions at those radii.

We have analyzed these data using the same techniques out-
lined in our discussion of the L/T binary, 2M2252�1730
(RLBC06). One of the sources observed in our program is
2M0825+2115. This L7.5 dwarf has previous HST observations
with the Wide Field Planetary Camera 2 (Reid et al. 2001),
which demonstrate that the image profile matches a single point
source at optical wavelengths. We have therefore taken this ob-
ject as the PSF template for the NIC1 observations.4 We have
used the imshift IRAF routine to align the 2M0825 image with
each of the other L dwarf targets, scaled the reference data to
match the peak flux, and subtracted the 2M0825 data, leaving a
‘‘cleaned’’ image of the environs of the target. There are im-
perfections in most subtractions, since the NICMOS PSF profile
changes on relatively short timescales, but none of the low-level
residuals have profiles resembling a very faint companion.

Based on our analysis, 43 ultracool dwarfs show no signifi-
cant evidence for binarity. Most have PSF profiles with FWHMs of
2.3–2.4 pixels (0B099–0B103). Three L dwarfs have slightly
broader profiles: 2M1507�1627 and 2M1936�5502,with FWHM
¼ 2:47 pixels (0B106), and 2M0036+1820, with FWHM ¼ 2:56
(0B110). Subtracting the 2M0825 template PSF shows no evi-
dence for the presence of a secondary component, and the broader
profiles are probably an instrumental effect. Pertinent data for the
unresolved ultracool dwarfs are given in Table 1. In most cases,
the distance estimates rest on the Cruz et al. (2003) spectral type–
MJ relation and therefore have uncertainties of �15%.

The remaining nine dwarfs observed in this program are iden-
tified as probable binaries. Figure 1 presents NICMOS F110W
images of seven sources: higher resolution Advanced Camera
for Surveys (ACS) images of the LHS 102BC (GJ 1001BC)

system are discussed by Golimowski et al. (2004b), while im-
ages of the 2M2252 system are presented by RLBC06. Data for
all the candidate binaries are given in Table 2. We discuss these
systems in more detail in x 3.

2.2. Photometry

We have used two techniques to determine instrumental mag-
nitudes from the NICMOS images. First, we used the phot rou-
tine in daophot to determine aperture photometry for well-isolated
sources (the ‘‘single’’ objects and candidate binaries with sepa-
rations exceeding 0B5). In these cases, we adopted an aperture size
of radius 9 pixels (0B36). For the close binaries, we use a smaller
aperture size, correcting to 9 pixel photometry using aperture
corrections derived from measurements of 2M0825+2115. In the
latter cases, we have also estimated the relative magnitudes of the
two sources by measuring the peak flux of each component using
the IRAF imexam profile-fitting routine; combining these data
with aperture photometry of both components gives the magni-
tudes of the two components.
Our aperture photometry is tied to the Vega magnitude scale

using the standard HST flux calibration and flux zero points of
1786 and 946 Jy at F110W and F170M, respectively. We have
also used the results given by Schultz et al. (2005) to apply ap-
propriate corrections to adjust our photometry to infinite aperture.
The resultant magnitudes,m110 andm170, are listed in Tables 1 and
2. All of these dwarfs have JHKs photometry from the Two Mi-
cron All Sky Survey (2MASS) database; indeed, we have used
this photometry to derive color terms between the F110W/
F1170M and J/Hmagnitude systems (see RLBC06). The 2MASS
data are also given in Tables 1 and 2, andwe have used the relative
magnitudes in theHSTsystems to estimate J andHmagnitudes for
the individual components of the candidate binary systems.

3. ULTRACOOL BINARIES

3.1. The Present Sample

We have identified nine ultracool dwarfs as probable binaries.
Table 2 gives the observed properties for these systems, and
Table 3 lists the intrinsic properties inferred for the individual
components. We have computed luminosities for each compo-
nent by applying J-band bolometric corrections as a function of
spectral type. Figure 2 shows the basis for our calibration, plot-
ting data forM, L, and T dwarfs from the analysis of Golimowski
et al. (2004a). As discussed further in the following section, we
estimate masses from theMbol estimated using the models com-
puted by Burrows et al. (1997).
The probable (or confirmed) binary systems are as follows:

LHS 102BC/GJ 1001BC: The companion to the nearbyM3.5
dwarf LHS 102 was discovered originally by Goldman et al.
(1999), and the L dwarf was itself revealed as double in NICMOS
observations obtained as part of a snapshot survey of stars within
10 pc of the Sun (Golimowski et al. 2004b). The system is barely
resolved with NICMOS, but the binary status was confirmed
through optical observations with the ACS. This system is a
classical ultracool binary, with near-equal-magnitude compo-
nents. Golimowski et al. point out that the L dwarf properties ap-
pear inconsistent with the trigonometric parallax of 104 � 11mas
cited by van Altena et al. (1995) for the primary, and they suggest
that a distance closer to 15 pc is more plausible. New trigono-
metric parallax measurements are currently being undertaken by
the Cerro Tololo Inter-American Observatory Parallax Investiga-
tion consortium, and we refer the interested reader to Golimowski
et al. (2004b) for further discussion. It is clear that the system lies

3 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.

4 In RLBC06 we used our data for 2M0045+1634 as the template; this source
is unresolved by NICMOS, and subtracting the 2M0825+2115 data shows no
evidence for any significant residuals.
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within 20 pc, and, for present purposes, we adopt the larger dis-
tance in computing the intrinsic parameters listed in Table 3.
2M0025+4759: Originally classed as L5 based on near-infrared

data, optical spectra indicate a type of L4, consistent with a dis-
tance of 23 pc for a single dwarf. The HST observations resolve
the system into two near-equal luminosity components, implying
a distance of 31� 7 pc. The system has also been resolved in
ground-based observations with the Keck Laser Guide Star AO
system (M. Liu 2006, private communication). The 2M0025+
4759 system lies only�3A5 fromHD 2057 (G171-58/G217-47),
a solar-metallicity F8 dwarf (Carney et al. 1994) with aHipparcos
parallax placing it at a distance of 42 � 2 pc. HD 2057 it-

self is likely a close binary (Latham et al. 2002; Balega et al.
2004). Based on matching Strömgren photometry against iso-
chrones, Nordström et al. (2004) estimate an age of �1.1 Gyr
for HD 2057, with an upper limit of 3.6 Gyr and no specified
lower limit. S. Schmidt (2006, private communication) has com-
bined 2MASS near-infrared and POSS II I-band images (5.9 yr
baseline) to derive proper motions of (�� ; ��) ¼ (þ0B312�
0B034;�0B009� 0B044) yr�1 for the L dwarf. Those data are
in reasonable agreement with the Hipparcos astrometry of HD
2057, (�� ; ��) ¼ (þ0B274 � 0B001;þ0B011 � 0B001) yr�1. If
2M0025+4759 is a wide companion of HD 2057, it lies at a
separation of �8800 AU. This would make it the widest known

TABLE 1

Unresolved Ultracool Dwarfs

2MASS Name Spectral Type J H Ks m110 m170

d

(pc) Notes

2MASS J00361617+1821104.................. L3.5 12.47 11.59 11.06 13.03 11.74 8.77 � 0.06 D02, 1

2MASS J00452143+1634446.................. L0 13.06 12.06 11.37 13.60 12.08 18.4 � 2.8 2

2MASS J01075242+0041563.................. L8 15.82 14.51 13.71 16.53 14.65 15.6 � 1.1 V04, 3

2MASS J01235905�4240073................. M8 13.15 12.47 12.04 13.60 12.58 25.1 � 3.8 4

2MASS J01550354+0950003.................. L5 14.82 13.76 13.14 15.47 13.92 18.0 � 2.7 4

2MASS J02132880+4444453.................. L1.5 13.51 12.77 12.24 14.12 12.73 18.7 � 2.8 5

2MASS J03140344+1603056.................. L0 12.53 11.82 11.24 12.97 11.85 14.4 � 2.2 4

2MASS J03552337+1133437.................. L6 14.05 12.53 11.53 14.74 12.64 10.1 � 1.5 4

2MASS J04390101�2353083................. L6.5 14.41 13.37 12.81 15.05 13.55 10.8 � 1.6 5

2MASS J04455387�3048204................. L2 13.41 12.57 11.98 13.96 12.64 16.6 � 2.5 5

2MASS J05002100+0330501.................. L4 13.67 12.68 12.06 14.33 12.84 13.0 � 2.0 4

2MASS J05233822�1403022................. L2.5 13.12 12.22 11.63 13.66 12.32 13.4 � 2.0 4

2MASS J06244595�4521548................. L5 14.48 13.34 12.60 15.12 13.45 15.3 � 2.3 5

2MASS J06523073+4710348.................. L4.5 13.55 12.37 11.69 14.10 12.47 11.1 � 1.7 5

2MASS J08251968+2115521.................. L7.5 15.12 13.79 13.05 15.68 13.91 10.7 � 0.1 D02, 6

2MASS J08354256�0819237................. L5 13.15 11.95 11.16 13.74 12.02 8.3 � 1.2 5

2MASS J08472872�1532372................. L2 13.52 12.63 12.05 14.07 12.76 17.5 � 2.6 5

2MASS J09083803+5032088.................. L7 14.56 13.47 12.92 15.14 13.62 15.9 � 2.4 5

2MASS J09111297+7401081.................. L0 12.92 12.20 11.75 13.40 12.32 17.3 � 2.6 4

2MASS J09211410�2104446................. L2 12.78 12.15 11.69 13.35 12.34 12.4 � 1.8 7

2MASS J10452400�0149576................. L1 13.13 12.37 11.81 13.69 12.45 16.8 � 2.5 8

2MASS J10484281+0111580.................. L1 12.92 12.14 11.62 13.40 12.23 15.3 � 2.3 4, 9, 10

2MASS J10511900+5613086.................. L2 13.24 12.42 11.90 13.80 12.56 15.4 � 2.3 4

2MASS J11040127+1959217.................. L4 14.46 13.48 12.98 15.09 13.64 18.8 � 2.8 5

2MASS J11083081+6830169.................. L0.5 13.14 12.23 11.60 13.67 12.26 18.0 � 2.7 8

2MASS J12130336�0432437................. L5 14.67 13.68 13.00 15.29 13.77 16.7 � 2.5 5

2MASS J12212770+0257198.................. L0 13.17 12.41 11.95 13.70 12.47 19.4 � 2.9 4

2MASS J14283132+5923354.................. L5 14.78 13.88 13.27 15.45 13.95 17.6 � 2.6 4

2MASS J14482563+1031590.................. L5 14.56 13.43 12.68 15.21 13.57 15.9 � 2.4 4

2MASS J15074769�1627386................. L5 12.82 11.90 11.30 13.44 12.05 7.34 � 0.03 D02, 1

2MASS J15394189�05200428............... L3.5 13.92 13.06 12.58 14.61 13.16 16.2 � 2.5 10

2MASS J15525906+2948485.................. L1 13.48 12.61 12.03 13.60 12.02 19.8 � 3.0 2

2MASS J16580380+7027015.................. L1 13.31 12.54 11.92 13.83 12.57 18.6 � 0.3 D02, 8

2MASS J17054834�0516462................. L0.5 13.31 12.54 12.03 14.00 12.58 19.5 � 2.9 4, 10

2MASS J17312974+2721233.................. L0 12.09 11.39 10.91 12.73 11.43 11.8 � 1.8 4

2MASS J17534518�6559559................. L4 14.10 13.11 12.42 14.76 13.21 15.9 � 2.4 4

2MASS J18071593+5015316.................. L1.5 12.96 12.15 11.61 13.49 12.25 14.6 � 2.2 5

2MASS J19360262�5502367................. L4 14.49 13.63 13.05 15.11 13.71 15.4 � 2.3 7

2MASS J20575409�0252302................. L1.5 13.12 12.27 11.75 13.81 12.31 15.7 � 2.2 11

2MASS J21041491�1037369................. L2.5 13.84 12.96 12.36 14.59 13.01 18.7 � 2.7 5

2MASS J22244381�0158521................. L4.5 14.05 12.80 12.01 14.71 12.95 11.4 � 0.1 6

2MASS J23254530+4251488.................. L7.0 15.51 14.46 13.81 16.17 14.54 16.3 � 2.4 12

2MASS J23515044�2537367................. L0.5 12.46 11.73 11.29 12.90 11.84 13.2 � 2.0 12

Notes.—D02: Trigonometric parallax from Dahn et al. (2002). V04: Trigonometric parallax from Vrba et al. (2004). All other distances are based on spectroscopic
parallaxes, using the Cruz et al. (2003; MJ–spectral type) calibration; the cited distance uncertainties correspond to an uncertainty of �0.5 in spectral class. Discovery
papers: (1) Reid et al. 2001; (2) Wilson et al. 2003; (3) Geballe et al. 2002; (4) I. N. Reid et al. 2006, in preparation; (5) Cruz et al. 2003; (6) Kirkpatrick et al. 2000;
(7) Deacon et al. 2005; (8) Gizis 2002; (9) Hawley et al. 2002; (10) Kendall et al. 2004; (11)Ménard et al. 2002; (12) Cruz et al. 2006. Individual objects: For 2M1048+01,
Kendall et al. cite a spectral type of M7, based on IR spectra; our optical spectrum indicates a type of L1, in agreement with Hawley et al. The dwarf 2M1707�05 has H�
emission and may have weak Li absorption (see S. Schmidt & K. L. Cruz 2006, in preparation, for further details).
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binary with an ultracool component, but the separation lies within
the span of other binaries of comparable total mass (see Fig. 8 in
Reid & Walkowicz 2006). Finally, strong lithium absorption is
evident in the combined spectrum, indicating that both compo-
nents are brown dwarfs with M < 0:065 M� (see S. Schmidt &
K. L. Cruz 2006, in preparation, for further discussion). Matched
against either the Burrows et al. (1997) or Baraffe et al. (1998)
models, the absence of significant lithium depletion implies an
age less than 1 Gyr, broadly consistent with the age estimated for
HD 2057.
2M0147�4954: This dwarf was targeted for observation based

on a preliminary spectral type of L0. We have since revised the
classification to M8, pushing the system beyond the 20 pc limit
even as a single dwarf; as a binary, with likely spectral types ofM8
and L2, we estimate the distance as �33 pc. The flux ratio of the
components is similar to that in the 2M0429�3123 system, and
the Burrows et al. (1997) models indicate a similar mass ratio.

2M0429�3123: This M7.5 dwarf was resolved originally by
Siegler et al. (2005) using adaptive optics on the ESOVery Large
Telescope. We estimate a distance of 11.5 pc based on the J
magnitude of the primary (J1) and the spectral type–MJ calibra-
tion fromCruz et al. (2003). There are no indications that the sys-
tem is particularly young. Siegler et al. estimate a spectral type of
L1 for the secondary.
2M0700+3157: This is the only L dwarf in the present sample

with a direct trigonometric parallax measurement (Thorstensen
& Kirkpatrick 2003). With MJ �14, the secondary is probably
spectral type �L6.
2M0915+0422: This ultracool dwarf has been identified in-

dependently as a binary system through ground-based adaptive
optics observations (M. Liu 2006, private communication). Like
LHS 102BC, the two components are almost equal in magnitude
and therefore have identical masses. Both components are likely
to be brown dwarfs.

Fig. 1.—NIC1 F110W images of candidate binaries from Table 1; the x- and y-axes are in pixels (0B043 pixel�1), and the arrows indicate the orientation on the sky.
Images of 2M2252�1730 are included in RLBC06, while Golimowski et al. (2004b) present higher resolution ACS images of LHS 102BC. In addition to the seven binary
candidates, we include an image of 2M1705�0516, showing the possible companion. Further details on the binary systems are given in Table 2.
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TABLE 2

Observational Data for Candidate Binaries

2MASS Name Spectral Type J H Ks m110 m170

d

(pc)

�

(arcsec) � Notes and References

2MASS J00043484�4044058.......... L4.5 13.11 12.06 11.40 . . . . . . 15 � 3 0.09 . . . LHS 102, 1

A........................................................ L4.5 13.82 12.76 12.10 14.5 12.8 . . . . . . . . . . . .
B........................................................ L4.5 13.90 12.85 12.20 14.6 12.9 . . . . . . . . . . . .

2MASS J00250365+4759191........... L5 14.86 13.65 12.91 . . . . . . 31 � 6 0.33 �126.9 2, Li

A........................................................ L4 15.51 14.30 13.55 16.23 14.25 . . . . . . . . . . . .

B........................................................ L4 15.72 14.47 13.75 16.40 14.36 . . . . . . . . . . . .
2MASS J01473282�4954478.......... M8 13.06 12.37 11.92 . . . . . . 33 � 6 0.19 67.6 3

A........................................................ M8: 13.35 12.67 12.22 13.54 13.61 . . . . . . . . . . . .

B........................................................ L2: 14.70 14.00 13.60 14.90 14.11 . . . . . . . . . . . .

2MASS J04291842�3123568.......... M7.5 10.89 10.21 9.80 . . . . . . 11.5 � 2.3 0.55 �73.0 4, 5

A........................................................ M7.5 11.18 10.55 10.14 11.55 10.53 . . . . . . . . . . . .

B........................................................ L1: 12.38 11.65 11.12 12.70 11.56 . . . . . . . . . . . .

2MASS J07003664+3157266........... L3.5 12.92 10.96 11.31 . . . . . . 12.2 � 4.0 0.17 102.0 6

A........................................................ L3.5 13.23 12.27 11.62 13.48 11.58 . . . . . . . . . . . .

B........................................................ L6: 14.40 13.45 12.85 14.70 12.78 . . . . . . . . . . . .

2MASS J09153413+0422045........... L7 14.55 13.53 13.01 . . . . . . 14.8 � 3.0 0.73 �155.0 3

A........................................................ L7 15.30 14.28 13.75 15.99 14.28 . . . . . . . . . . . .
B........................................................ L7 15.40 14.40 13.85 16.11 14.37 . . . . . . . . . . . .

2MASS J17072343�0558249.......... L1 12.05 11.26 10.71 . . . . . . 15.0 � 3.0 1.00 35.1 3

A........................................................ M9 12.25 11.46 10.90 12.78 11.53 . . . . . . . . . . . .

B........................................................ L3 14.00 12.90 12.4: 14.56 12.84 . . . . . . . . . . . .
2MASS J21522609+0937575........... L6: 15.19 14.08 13.34 . . . . . . 24.2 � 5.0 0.25 105.5 3

A........................................................ L6: 15.95 14.80 14.10 16.75 14.75 . . . . . . . . . . . .

B........................................................ L6: 16.00 14.85 14.15 16.80 14.80 . . . . . . . . . . . .
2MASS J22521073�1730134.......... L7.5: 14.31 13.36 12.90 . . . . . . 14.3 � 3.0 0.14 �18.5 3, 7

A........................................................ L6: 14.67 13.62 . . . 15.43 13.69 . . . . . . . . . . . .

B........................................................ T2: 15.65 15.20 . . . 16.55 15.25 . . . . . . . . . . . .

Notes.—Most J andHmagnitudes for the individual components are based on deconvolving the 2MASS data using theHST flux ratios, with theKs-band data based on
the average colors for the spectral type. The exception is LHS 102, where the data are from Golimowski et al. (2004b). Distance estimates are computed from the (MJ–
spectral type) relation (Cruz et al. 2003) using data for the primary, except for LHS 102 (parallax estimate by Golimowski et al. 2004b) and 2M0700+31 (trigonometric
parallax by Tinney et al. 2003). We adopt uncertainties of �20% for the spectroscopic parallaxes.

References.—(1) Golimowski et al. 2004b; (2) Cruz et al. 2006; (3) I. N. Reid et al. 2006, in preparation; (4) Cruz et al. 2003; (5) Siegler et al. 2005; (6) Thorstensen &
Kirkpatrick 2003; (7) RLBC06.

TABLE 3

Inferred Properties of Binary Components

Name MJ Mbol

M (1 Gyr)

(M�)
M (3 Gyr)

(M�) q (1 Gyr) q (3 Gyr)

LHS 102B.................................... 12.95 14.7 0.070 0.078 0.99 1.00

LHS 102C.................................... 13.00 14.8 0.069 0.078 . . . . . .

2M0025+4759A........................... 13.05 14.9 0.048a . . . 0.99 . . .

2M0025+4759B ........................... 13.25 15.1 0.047a . . . . . . . . .
2M0147�4954A.......................... 10.75 12.8 0.085 0.084 0.88 0.95

2M0147�4954B .......................... 12.10 14.0 0.075 0.080 . . . . . .

2M0429�3123A.......................... 10.90 12.9 0.086 0.084 0.87 0.95

2M0429�3123B .......................... 12.10 14.1 0.075 0.080 . . . . . .
2M0700+3157A........................... 12.80 14.5 0.071 0.079 0.85 0.95

2M0700+3157B ........................... 14.00 15.5 0.060 0.075 . . . . . .

2M0915+0422A........................... 14.45 15.9 0.052 0.072 1.0 1.0

2M0915+0422B ........................... 14.45 15.9 0.052 0.072 . . . . . .

2M1707�0558A.......................... 11.35 13.3 0.081 0.082 0.89 0.94

2M1707�0558B .......................... 13.10 14.9 0.072 0.077 . . . . . .

2M2152+0937A........................... 14.00 15.5 0.060 0.075 1.0 1.0

2M2152+0937B ........................... 14.05 15.55 0.060 0.075 . . . . . .

2M2252�1730A.......................... 13.90 15.4 0.061 0.075 0.66 0.87

2M2252�1730B .......................... 14.90 16.6 0.040 0.065 . . . . . .

Notes.—Bolometric corrections are based on data from Golimowski et al. (2004a), and masses are from the Burrows et al.
(1997) set of theoretical models.

a The presence of strong lithium absorption in 2M0025+4759 implies that the age is less than 1 Gyr, and the masses and mass
ratio listed are for an age of 0.5 Gyr.



2M1707�0558: This system was first resolved via ground-
based observations with SpeX on the Infrared Telescope Facility
by Burgasser et al. (2004). Originally classed as spectral type L1
based on the combined optical spectrum,McElwain&Burgasser
(2006) have obtained resolved near-infrared spectroscopy of this
system and derive spectral types of M9/L0 and �L3. Their ob-
servations also confirm that the components have common
proper motion.
2M2152+0937: This is another equal-luminosity/equal-mass

ultracool binary. As with 2M0147�4954, the identification of
this dwarf as a binary system removes it from the 20 pc sample.
2M2252�1730: This is one of the handful of L/T binary

systems currently known. As discussed in RLBC06, the second-
ary is noticeably fainter with respect to the primary in the F170M
filter than in the F110W passband. Infrared spectroscopy con-
firms that this is due to the presence of significant methane ab-
sorption. Both components are likely to be of substellar mass.

Inmost of the observations, the targeted L dwarf is the only ob-
ject visible in the NICMOS image. There are seven cases, how-
ever, where other point sources are visible in the �1000 ; 1000

NIC1 field of view. With one exception, these sources lie more
than 200 from the L dwarf and are either bright (J <16) and de-
tected in ground-based observations or extremely faint (J >19).
These candidate wide companions all have colors and magni-
tudes that are inconsistent with very low mass ultracool dwarfs.

The exception is 2M1705�0516. As Figure 1 shows, this
L0.5 dwarf has a faint candidate companion at a separation of
1B36 and P:A:¼�5�. The object is unresolved (FWHM � 0B10
at F110W) and has m110 ¼ 18:00 and m170 ¼ 16:76, corre-
sponding to J � 17:4, (J � H )� 0:7. With a Galactic latitude
of b�þ20�, this is unlikely to be a reddened background
source. The (J � H ) colors are consistent with either a midtype
M dwarf at a distance of 1–2 kpc or an early-type T dwarf which,
at a distance of 19.5 pc, would haveMJ � 16:0. At present, we can-
not distinguish between these two possibilities. Follow-up imaging
at a later epoch will confirm whether the candidate companion

shares the proper motion of the putative primary. For current
purposes, we treat 2M1705 as a single ultracool dwarf.

3.2. Observations of Additional Systems

Four L dwarfs from the 20 pc sample have been observed at
high spatial resolution in the course of other binary search pro-
grams. These dwarfs are identified in Table 4, where we list
relevant data:

DENIS-P J0205: One of the three L dwarfs discovered by the
DENIS brown dwarf minisurvey (Delfosse et al. 1997), DENIS-
P J0205 was identified as a binary by Koerner et al. (1999) based
on K-band imaging with the Keck telescope. Bouy et al. (2005)
have recently suggested that the brighter component is itself
double and the system consists of two late-L dwarfs and a
T dwarf.
SDSS 0423�0414: Originally identified from Sloan Digital

Sky Survey (SDSS) observations, this dwarf was classed as type
T0 based on its near-infrared spectrum (Geballe et al. 2002).
Hawley et al. (2002) and Cruz et al. (2003) obtained optical
spectra in the course of their surveys, and both class the dwarf as
type L7.5. Burgasser et al. (2005) have resolved the discrepancy;
NICMOS observations show that SDSS 0423 is an L/T binary,
with properties similar to 2M2252�1730.
2M0746+2000: Lying at a distance of �12 pc, this is the

brightest L dwarf currently known. Reid et al. (2000) originally
noted that the dwarf appeared to be overluminous, and high-
resolution optical imaging with the Wide-Field Camera 2 on
HST confirmed that the system is a near-equal-magnitude binary
(Reid et al. 2001).
Kelu 1: The first isolated L dwarf to be discovered (Ruiz

et al. 1997), trigonometric parallax measurements indicated that
Kelu 1 was overluminous, but high-resolution follow-up obser-
vations with HST showed no evidence for binarity (Martı́n et al.
1999). Those initial observations, however, suffered from bad tim-
ing: Liu&Leggett (2005) have recently resolved the system using
ground-based adaptive optics observations, as orbital motion has
separated the components. Those observations also resolve a
long-standing conundrum: Kelu 1 exhibits weak lithium absorp-
tion, implying that, as a single star, it had been caught just as
lithium was being depleted; as a binary, these observations are
explained due to dilution of the (full-strength) lithium line in
component B by continuum from the higher mass component A.
The inferred age for the system is <800 Myr.

All four of these L dwarfs are multiple systems, but this high
proportion is not entirely surprising; three are among the bright-
est L dwarfs known (in apparent magnitude), while the fourth,
SDSS 0423, has an unusual spectrum. Those properties are
correlated directly with binarity, so it is not surprising that these
systems were targeted through HST observations. We have there-
fore not included these systems in our analysis of binary frequency
among L dwarfs. A further 31 L dwarfs with formal distances less
than 20 pc currently lack high-resolution imaging data.

4. DISCUSSION

4.1. Companion Detection Limits

Our main goal is the detection of low-luminosity companions
to these ultracool dwarfs. At small separations, the detection limit
is set by the PSF of the primary; at larger separations, the limit
primarily reflects the signal-to-noise ratio of the observations.
Figure 3 presents azimuthally averaged radial profiles in both
the F110W and F170M filters for a representative unresolved

Fig. 2.— J-band bolometric corrections as a function of spectral type. The
bolometricmagnitudes are taken from themultiwavelength analysis ofGolimowski
et al. (2004a), while the J-band data are from 2MASS.

REID ET AL.896 Vol. 132



ultracool dwarf, 2M0523�1403 (m110 ¼ 13:66, m170 ¼ 12:32;
J ¼ 13:12, H ¼ 12:22); the top panels show the linear profiles
(in counts s�1 pixel�1), and the bottom panels plot more ex-
tended profiles in a logarithmic scale.

Figure 3 illustrates both the broader PSF in the F170M
passband and the higher sensitivity of the F110W imaging. The
faintest isolated sources detected in our data have peak count
rates of�0.12 counts s�1 pixel�1 in F110Wand�0.15 counts s�1

pixel�1 in F170M, corresponding to the dashed lines plotted
in Figure 3 (bottom panels). These peak count rates correspond
to magnitudes of m110 ¼ 21:9 (J � 21:5) and m170 ¼ 20:0
(H � 20:0) for point sources. Extremely cool brown dwarfs are
expected to have neutral colors in (J � H ) and are therefore
easier to detect in the F110W passband.

The effective sky background increases, and the ability to de-
tect a companion decreases correspondingly, within �1B25 of
the central star. As noted above, the typical FWHMof the F110W
PSF is �0B10. Only equal-magnitude binaries, such as LHS
102BC, are detectable at such small separation. LHS 102BC is
clearly elongated in our images but effectively marks the small-
separation limit of our survey.

4.2. The L Dwarf Binary Frequency

Previous analyses of binarity in ultracool dwarfs (Reid et al.
2001; Gizis et al. 2003; Bouy et al. 2003; Burgasser et al. 2003;
Siegler et al. 2005) are based on magnitude-limited samples. We
can cast the present analysis in terms of a volume-limited sam-
ple, even though we have only observed a subset of that sample.
The formal distance limit of the parent ultracool dwarf survey is
20 pc; 5 L dwarf binaries and 41 unresolved objects (including
2M1705�0516) have formal distance estimates within this limit,
a binary fraction of 10:9%þ6

�3, where the uncertainties are derived
using the formalism outlined by Burgasser et al. (2003).

In most cases, however, the distances listed in Tables 1 and 2
are based on spectroscopic parallaxes; those estimates should be
corrected for Malmquist bias in statistical analyses. The MJ–
spectral type relation from Cruz et al. 2003 has a dispersion of
�0.35 mag; this corresponds to an absolute magnitude correc-
tion of �MJ ¼�0:12 mag, effectively reducing the limit in
apparent distance to 19 pc. Five binaries and 38 single stars fall
within this limit, giving an observed binary fraction of 11:6%þ7

�3

for the present sample. This result is formally lower than pre-

vious estimates (see Burgasser et al. 2006), although consistent
within the (substantial) uncertainties.

4.3. Masses and Mass Ratios for the L Dwarf Binaries

Our observations measure luminosity ratios for ultracool bi-
naries. Evolutionary effects complicate calculation of the cor-
responding mass ratios, since brown dwarfs cool and fade at
rates that increase with decreasing mass. This is illustrated in
Figure 4, where we plot (Mbol, mass) isochrones for low-mass
star /brown dwarf models by Burrows et al. (1997) and Chabrier
et al. (2000). Even though the latter ‘‘dusty’’ models (which do
not extend below�900 K or�T6) are a poor match to the colors
of late-type L and T dwarfs, the predicted bolometric magnitudes
are in reasonable agreement with the Burrows et al. data set. The
labeled horizontal lines mark the locations of the binary com-
ponents listed in Tables 2 and 3, components with spectral types
ranging from M7.5 for 2M0429A to �T2 for 2M2252B.

Figure 4 clearly shows the strong age dependence of brown
dwarf masses. Two further points can be made regarding mass
ratios of L dwarf binaries. First, old systems must have high
mass ratios; thus, a 5 Gyr old system with an M8 primary (com-
parable to 2M0429A) and a T2 secondary ( like 2M2252B) has
components of 0.07 and 0.085M� and a mass ratio of q� 0:82.
Second, at younger ages (� � 1 Gyr), the isochrones have sim-
ilar slopes through the L dwarf regime in the (Mbol, mass) plane;
this implies that q decreases with decreasing age. Thus, the same
M8/T2 system has q � 0:5 at � ¼ 1 Gyr (0.04 and 0.08M�) and
q � 0:38 at � ¼ 0:3 Gyr (0.06 and 0.023 M�).

All binaries in the current sample are field dwarfs. Conse-
quently, the only direct means of constraining mass/age is the
presence of lithium absorption. The object 2M0700+3157 is the
only L dwarf with detected lithium absorption, indicating that
both components have a mass below 0.065 M� and an age less
than �1 Gyr. It is likely that the absence of other lithium detec-
tions reflects the relatively low signal-to-noise ratio of the optical
spectra; nonetheless, the net result is that we have no direct age
estimates for almost all of the sample.

Under these circumstances, we must use models to estimate
the likely age distribution. Allen et al. (2005) have undertaken
this type of calculation, basing their analysis on the Burrows
et al. (1997) evolutionary models. The results depend on the star
formation history adopted for the Galactic disk and, to a lesser

TABLE 4

Additional L Dwarf Binaries within 20 pc

2MASS Name Spectral Type

d

(pc)

�

(arcsec) MJ Mbol

M (1 Gyr)

(M�)
M (3 Gyr)

(M�) q (1 Gyr) q (3 Gyr) Notes

2MASS J02052940�1159296.................... L7 19.8 0.51 13.10 14.6 . . . . . . 1.0 1.0 1

A.................................................................. L7 . . . . . . 13.85 15.35 0.062 0.075 . . . . . . . . .
B.................................................................. L7 . . . . . . 13.85 15.35 0.062 0.075 . . . . . . . . .

2MASS J04234857�0414035.................... L7.5/T0 15.2 0.16 13.54 15.0 . . . . . . 0.85 0.91 2

A.................................................................. L6 . . . . . . 14.05 15.55 0.060 0.078 . . . . . . . . .

B.................................................................. T2 . . . . . . 14.65 15.95 0.051 0.071 . . . . . . . . .
2MASS J07464256+2000321..................... L0.5 12.2 0.22 11.31 13.25 . . . . . . 0.97 0.98 3

A.................................................................. L0.5 . . . . . . 11.9 13.85 0.076 0.081 . . . . . . . . .

B.................................................................. L2 . . . . . . 12.3 14.15 0.074 0.079 . . . . . . . . .

2MASS J1305401�254106........................ L2 18.66 <0.3 12.06 13.65 . . . . . . 0.90� . . . 4

A.................................................................. �L1.5 . . . . . . 12.75 14.35 0.050� . . . . . . . . . . . .

B.................................................................. �L4 . . . . . . 13.25 14.75 0.045� . . . . . . . . . . . .

Notes.— (1) DENIS-P J0205.4�1159; see Koerner et al. 1999. (2) SDSS J042348.57�041403.5; see Burgasser et al. 2005. (3) See Reid et al. 2001. (4) Kelu 1; see Liu
& Leggett 2005. Bolometric corrections are based on the Golimowski et al. (2004a) BCK–spectral type relation. Asterisks indicate that masses are from mass-luminosity
relations in Burrows et al. (1997), except Kelu 1, where the masses are from Liu & Leggett (2005) for � ¼ 300 Myr.
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extent, the form adopted for the underlying mass function. Fig-
ure 5 shows the predicted cumulative age distributions for L0,
L5, and L6–L8 dwarfs for a constant star formation rate and a
power-lawmass function,�(M ) / M�1. The three distributions
are very similar at young ages, with�30% of each sample younger
than�1 Gyr. The curves diverge at larger ages, with an increasing
fraction of older dwarfs at earlier spectral types. Thus, half of the
local L0 dwarfs are expected to be younger than�3 Gyr, while the
50th percentile mark is reached at age�1.7 Gyr for L6–L8 dwarfs.

As a qualitative guide to the mass ratios of the binaries con-
sidered here, we have used the Burrows et al. (1997) mass-
luminosity relations to estimate component masses for ages of
� ¼ 1 and 3 Gyr. The exceptions are 2M0700 and Kelu 1, in
which the presence of strong lithium absorption indicates ages
less than 1 Gyr. Those data, and the corresponding mass ratios,
are listed in Tables 3 and 4. Under these assumptions, all systems
have high mass ratios, q > 0:6 for � ¼ 1 Gyr and q > 0:85 for
� ¼ 3 Gyr.

4.4. The Distribution of Mass Ratios and Separations

All of the L dwarf binaries listed in Tables 2 and 4 have com-
ponents with relatively high flux ratios. The system 2M1707AB

exhibits the largest magnitude difference, with�J ¼ 1:75 mag,
and most systems have�J < 0:4 mag. How do these flux ratios
compare with the detection limits of the NICMOS observations?
Figure 6 plots the F110WPSF inmagnitudes, scaling themea-

surements relative to the peak brightness. We mark the location
of the ultracool companions listed in Tables 2 and 4. The dotted
lines mark the effective detection limits spanned by the present
set of NICMOS observations. It is clear that all of the detected
companions are well above those limits. Moreover, as found in
previous binary surveys, all of the detected companions lie at
relatively small separations.
To set a rough mass scale for these comparisons, we have

used the Burrows et al. (1997) models to predict flux ratios for a
0.07 M� primary and companions with 0:2 < q < 0:9 and � ¼
0:5, 1, and 5 Gyr. We choose this value for the primary mass
since Allen et al. (2005) estimate average masses of hM i¼
0:074M� for field L0 dwarfs, 0.067M� for L5, and 0.063M� for
L6–L8. High-mass ( long-lived) brown dwarfs (0.06–0.075M�)
contribute disproportionately to the local L dwarf population. The
resulting flux ratios, shown in Figure 6, suggest that we ought to
be able to detect systems with mass ratios as low as q� 0:2 with
the present set of NICMOS observations. As a guide, a q ¼ 0:2

Fig. 3.—NIC1 PSFs in the F110Wand F170M filters. Top panels, PSF in linear units (counts s�1 pixel�1) for 2M0523�1403 (J ¼ 13:12,H ¼ 12:22, L2.5); bottom panels,
extended PSF in logarithmic units. The dashed lines in the bottom panels mark the effective detection limit for isolated point sources (see x 4.1 for further discussion).
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system comprises an M8 primary (TeA � 2440 K,Mbol ¼ 13:45)
and �T7 secondary (TeA ¼ 740 K, Mbol ¼ 18:4) at age 0.5 Gyr
and a �T1 primary (1230 K, 16.8) and room-temperature Y-type
secondary (350 K, 21.8) at age 5 Gyr.5

We can quantify our estimates of the underlying mass-ratio
and separation distributions through the Bayesian analysis tech-
niques described by Allen et al. (2005). Given a particular model
for the companion distribution, we can use a disparate set of
observations to derive the posterior distribution, P(�jD), the
probability of the model given the data. By Bayes’s rule, the
posterior distribution is the convolution of the likelihood dis-

tribution (the likelihood of the data given the model) and the
prior distribution (the initial probability of the model).

Allen et al.’s (2005) analysis centers on the substellar mass
function, but the same techniques can be used to probe the mass
function of binary companions. Initial results are included in
Burgasser et al.’s (2006) review, analyzing data from previous
binary surveys (Koerner et al. 1999; Reid et al. 2001; Gizis et al.
2003; Close et al. 2003; Bouy et al. 2003; Siegler et al. 2005). In
those calculations, the semimajor axis distribution is characterized

Fig. 4.—Dotted lines: (Mbol, mass) isochrones from the Burrows et al. (1997)
models for ages of 0.3, 0.5, 1, 3, and 5Gyr ( left to right ).Dashed lines: Data for the
Chabrier et al. (2000) ‘‘dusty’’ models for ages 0.5, 1, and 5 Gyr. The horizontal
lines mark the location of the binary components listed in Tables 2 and 3, and the
vertical bar on theMbol ¼ 14:9 line marks the 0.065M� limit for 2M0025+4759A.

Fig. 5.—Age distribution of early-type and late-type L dwarfs predicted by
Allen et al. (2005); the data are plotted as a cumulative distribution, with the
ordinate marking the probability that a field dwarf has an age younger than the
value of the abscissa. The solid line plots the predictions for L0 dwarfs, the dashed
line for L5 dwarfs, and the dot-dashed line for L6–L8 dwarfs.

Fig. 6.—F110W PSF for 2M0523�1403 plotted in a magnitude scale, rela-
tive to the peak brightness. The circles mark the location of nine probable bina-
ries listed in Table 2, and the stars plot data for the other nearby binaries listed in
Table 4. The dotted linesmark the range of effective detection limits set by the sky
background level of the present NICMOS observations. The sequence of short
horizontal lines indicates the magnitude difference for a 0.07 M� primary and a
secondary with 0:8 � q � 0:2 and ages 0.5, 1.0, and 5 Gyr.

Fig. 7.—Posterior probability distribution derived for the four-parameter
model outlined in x 4.4, based on Bayesian analysis of the current ultracool
sample. (a) Overall binary frequency; (b) mean value of the semimajor axis
distribution (AU, plotted in logarithmic units); (c) probability distribution of the
width of the Gaussian semimajor axis distribution (in logarithmic units); and
(d) power-law index �, derived for the mass-ratio distribution. The best-fit values
derived for each parameter are listed in the text.

5 We assume BCJ ¼ 2:0 for dwarfs later than T8.
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as a Gaussian in log a, with a central value a0 and half-width �a,
while the mass-ratio distribution is defined as a power-law index
�, for a binary fraction N. We follow the same approach here,
adopting the posterior distribution from the analysis cited in
Burgasser et al. (2006) as the prior distribution for our analysis.

Figure 7 shows the probability distributions derived for each
parameter. Expressing a in astronomical units, the best-fit values
are log a0 ¼ 0:8þ0:06

�0:12, �a ¼ 0:28 � 0:4, � ¼ 3:6 � 1, and N ¼
24%þ6

�2 . This analysis reinforces the results outlined in Burgasser
et al. (2006). The best-fit power-law index, �, indicates a steep
mass function for L dwarf companions, implying a mass-ratio
distribution with a strong preference for equal-mass systems.
The semimajor axis distribution peaks at�6 AU, with the model
predicting very few systems at separations either beyond�20AU
or within �1 AU.

Figure 8 compares the mass-ratio distribution and semimajor
axis distribution derived from the present analysis (both the data
and the best-fit model) against the results derived by Fischer &

Marcy (1992) for M dwarfs and Duquennoy &Mayor (1991) for
G dwarfs. Clearly, in both cases, the G dwarf distributions are
radically different, while the M dwarf results are closer to our
L dwarf analysis. At small separations, imaging data, even with
HST, set weaker constraints, leading to the extended tail in the
best-fit probability distribution of a0. Maxted & Jeffries (2005)
have argued that significant numbers of spectroscopic binaries
remain hidden in L dwarf samples, although their hypothesis
currently lacks substantial observational support. With that ca-
veat, our analysis indicates an overall binary fraction of �24%,
continuing the trend of decreasing binary frequency with de-
creasing mass.

5. SUMMARY

We have presented analysis of high spatial resolutionNICMOS
images of 52 ultracool dwarfs in the immediate solar neighbor-
hood. Nine systems are resolved as binary, with component sep-
arations from 0B1 to 1B0 corresponding to linear separations be-
tween 1.5 and 15 AU. Based on current theoretical models and
empirical bolometric corrections, all systems have high mass ra-
tios; none include components with magnitude differences greater
than 1.5 mag at J. This is consistent with previous surveys for
ultracool binaries in the general field. The observed binary fre-
quency, limiting analysis to stars with Malmquist-corrected dis-
tances within 20 pc, is 12%þ7

�3.
Following Allen et al. (2005) and Burgasser et al. (2006), we

have used Bayesian analysis to quantify these results. We derive
a mass-ratio distribution that peaks strongly at unity, and match-
ing the semimajor axis distribution with a logarithmic Gaussian
gives a best-fit value of log a0 ¼ 0:8, or �6.3 AU. Our analysis
indicates that the current data are consistent with an overall
L dwarf binary frequency of �24%.

The observations described in this paper are associated with
HST program 10143, and those data were obtained via the
Hubble Space Telescope data archive facilities maintained at the
Space Telescope Science Institute. Support for this research was
provided by NASA through a grant from the Space Telescope
Science Institute, which is operated by the Association of Uni-
versities for Research in Astronomy, Inc., under NASA contract
NAS 5-26555. K. L. C. is supported by an NSFAstronomy and
Astrophysics Postdoctoral Fellowship under awardAST 04-01418.
This publication makes use of data from the TwoMicron All Sky
Survey, which is a joint project of the University of Massachu-
setts and the Infrared Processing andAnalysis Center and funded
by the National Aeronautics and Space Administration and the
National Science Foundation. The 2MASS data were obtained
from the NASA/IPAC Infrared Science Archive, which is op-
erated by the Jet Propulsion Laboratory, California Institute of
Technology, under contract with NASA.
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