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ABSTRACT

We present the results of near-infrared imaging and low-resolution near-infrared spectroscopy of low-mass
objects in the NGC 1333 molecular cloud. A JHK survey of an 11A4� 11A7 area of the northern cluster was
conducted to a sensitivity of K � 16 mag. Using near-infrared magnitudes and colors from this and previously
published surveys, 25 brown dwarf candidates were selected toward the high-extinction cloud core. Spectra in
the K band were obtained and comparisons of the depths of water vapor absorption bands in our candidate
objects with a grid of dwarf, subgiant, and giant standards were made to derive spectral types. These data were
then used to derive effective temperatures and stellar luminosities that, when combined with theoretical tracks
and isochrones for pre–main-sequence objects, resulted in estimates for their masses and ages. The models
suggest a median age for the sample of less than 1 Myr with substellar masses for at least nine of the candidates,
including the X-ray flare source ASR 24. Surface gravities have been estimated for the brown dwarf candidates
and, for a given spectral type, are found to more closely resemble dwarfs than giants. Using the near-infrared
imaging data and age estimates from the spectroscopic sample, an extinction-limited sample in the northern
cluster was defined. Consistent with recent studies of other young clusters, this sample exhibits an accretion
disk frequency of 0.75� 0.20 and a mass spectrum slope across the hydrogen-burning limit of � � 1:6, where
dN/dM / M��.

Key words: infrared: stars — ISM: individual (NGC 1333) — stars: low-mass, brown dwarfs —
stars: pre–main-sequence

1. INTRODUCTION

The discovery and characterization of brown dwarfs in
young clusters can help answer fundamental questions about
the star formation process. Do brown dwarfs dominate in
number or mass over low-mass stars in young clusters? Do the
mass functions of young clusters exhibit a characteristic mass
and do they resemble the field-star initial mass function
(IMF)? Are there differences between the infrared or X-ray
properties of young low-mass stars and brown dwarfs that
would suggest separate formation mechanisms? For example,
it has been suggested that some brown dwarfs are ejected from
young, multiple star systems thus limiting their accretion
phase (Reipurth & Clarke 2001). Studies of the mass functions
of young clusters rely critically on the substellar population to
define the peaks of the mass functions and possible low-mass
cutoffs (e.g., Hillenbrand & Carpenter 2000; Luhman et al.
2000; Béjar et al. 2001; Najita, Tiede, & Carr 2000; Muench
et al. 2002). Such studies will not only help establish whether
there are significant variations in the mass functions between
young clusters but also whether these depend on the physical
conditions of the cluster gas (Briceno et al. 2002).

Young brown dwarfs are readily observed in near-infrared
surveys of dark clouds since their luminosity is derived from
gravitational contraction, as well as a brief period of deuteri-
um burning (e.g., Burrows et al. 1997). For example, models
predict that in the nearest star-forming regions an object with a
mass of 0.04 M� will have a K magnitude of 12.4 at an age of
1 Myr (F. D’Antona & I. Mazzitelli 1998, private communi-
cation). Recent infrared surveys of young clusters, such as the
Orion Nebula Cluster (ONC) and IC 348, suggest sizable
populations of brown dwarfs (e.g., Hillenbrand & Carpenter
2000; Luhman et al. 2000; Muench et al. 2002; Muench et al.
2003). However, due to an ambiguity in the derived age and
mass, mass estimates from infrared photometric data alone
are reliable only in a statistical sense. Determination of the
effective temperature through spectroscopy removes this am-
biguity and leads to more accurate determinations of the visual
extinction and stellar luminosity, and with the help of models,
the age and mass. Hence, potential substellar objects can be
identified and studied on an individual basis. Infrared spec-
troscopy is ideal for confirming the nature of young brown
dwarf candidates because of the obscuration by dust inherent
in star-forming regions and the presence of broad water vapor
absorption bands in cool photospheres that can be used to
derive effective temperatures using low-resolution (R � 300)
spectra (e.g., Wilking, Greene, & Meyer 1999, hereafter
WGM99).

1 Visiting Astronomer at the Infrared Telescope Facility, which is operated
by the University of Hawaii under cooperative agreement NCC 5-538 with the
National Aeronautics and Space Administration, Office of Space Science,
Planetary Astronomy Program.
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The NGC 1333 reflection nebula and its associated dark
cloud L1450 are part of a chain of molecular clouds in the
Perseus region (e.g., Sargent 1979; Loren 1976). Analysis of
Hipparcos data suggests a distance of 300 pc (de Zeeuw et al.
1999; Belikov et al. 2002). The observations of emission-line
stars and Herbig-Haro objects first established NGC 1333 as
an active region of star formation (Herbig & Rao 1972; Herbig
1974). Surveys of the cloud at near-infrared, far-infrared, and
submillimeter wavelengths have revealed that it is forming
primarily low-mass stars with the most massive young stars,
SVS 3 and BD +30�549, exhibiting spectral types in the range of
B6–B9 (e.g., Strom, Vrba, & Strom 1976; Harvey, Wilking, &
Joy 1984; Aspin, Sandell, & Russell 1994; Lada, Alves, & Lada
1996; Jennings et al. 1987; Sandell & Knee 2001; Aspin 2003).
Most of the young stellar objects (YSOs) in theNGC1333 cloud
are concentrated in the highest column density gas and are
arranged into a northern and southern cluster, each with about
70 members.

We used deep (K � 16) near-infrared surveys of the
NGC 1333 cloud core, including our new survey of the northern
cluster, to select 25 brown dwarf candidates among the low-
mass population. Infrared spectra of the candidates were
obtained, in addition to a collection of dwarf, subgiant, and
giant standards, and a water vapor index was developed to yield
estimates for their effective temperatures assuming dwarf to
subgiant surface gravities. Using theoretical tracks and iso-
chrones, we used our derived effective temperatures and stellar
luminosities to identify brown dwarfs and to investigate their
collective properties such as mass, age, infrared excess, X-ray
emission, and surface gravity. Finally, we use our survey of the
northern cluster and the median age of the brown dwarf can-
didates to assemble an extinction-limited sample of YSOs in the
NGC 1333 core. We use this sample to explore the stellar
density, disk frequency, and the broad features of the mass
spectrum for comparison with other young clusters and the
field-star IMF.

2. OBSERVATIONS AND REDUCTION

To assist in the identification of brown dwarf candidates, we
first obtained a new, deep near-infrared survey of the northern
cluster. These data were supplemented with published infrared
surveys of the southern cluster to construct a sample of can-
didates for near-infrared spectroscopy.

2.1. A New Infrared Survey of the Northern Cluster

Near-infrared images of the NGC 1333 northern cluster
were obtained using the 1.6 m telescope at Mount Bigelow
(MBO) near Tucson, Arizona on the nights of 1999 October
21–23. The University of Arizona’s 256� 256 HgCdTe In-
frared Imager was used at wavelengths of J (1.25 �m), H
(1.6 �m), and K (2.2 �m) with a pixel scale of 0B92 pixel�1

(see Rieke et al. 1993 for a description of the instrument).
The northern cluster was mapped using a 5� 5 raster pattern

with half-frame overlap. The total area covered was 11A4�
11A7. The southwest corner of the mosaic is located at R.A.
(J2000.0) = 3h28m40F8, decl. (J2000.0) = +31�1801900 and the
northeast corner at R.A. (J2000.0) = 3h29m41F4, decl.
(J2000.0) = +31�2905600. The boundaries of the survey relative
to the high column density gas in the core are shown in
Figure 1. Integration times per frame were 30, 20, and 10 s at
J, H, and K, respectively. Individual frames were sky-sub-
tracted using a median-combined image from a subset of
frames within the 5� 5 raster that was free of bright stars. The

same median-combined image, with dark current subtracted,
was used to flat-field frames. Mosaics were constructed for
each 5� 5 raster using the routine SQMOS within the Infrared
Reduction and Analysis Facility (IRAF).2 We repeated the
5� 5 raster 10 times at J and K and eight times at H. The
mosaics at a given wavelength were combined to yield a total
integration time of 20, 10.7, and 6.7 minutes at J, H, and K,
respectively, in the central regions of the field.
Automated source extraction was performed on the final K

mosaic using DAOFIND with a threshold of 5 times the rms
noise. A total of 213 unsaturated sources were extracted at K.
The pixel positions of these sources were used to center
apertures for photometry of individual sources in all three
bands resulting in a total of 211 sources measured at H and
187 at J. Aperture photometry was performed using APPHOT
in IRAF using an aperture diameter of 3B7. This aperture was
twice the average FWHM of the stellar images and provided
the optimum signal-to-noise ratio (Howell 1989). Observa-
tions of faint UKIRT standards were used to determine aper-
ture corrections of 0.28, 0.29, and 0.22 mag at J, H, and K,
respectively.
The JHK data are presented in Table 1 in the CIT photo-

metric system. To place our photometry (labeled MBO) in the

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

Fig. 1.—Distribution of the 25 brown dwarf candidates relative to the high
column density gas in the NGC 1333 core. The boxes outline the extents of
deep infrared surveys of the northern cluster (this group) and the southern
cluster (Aspin et al. 1994). Coordinates are in J2000.0. Contours correspond to
the integrated intensity of C18(1–0) emission in units of TMB beginning at 2 K
km s�1 and increasing in steps of 0.7 K km s�1. The contours correspond
roughly to Av values of 10, 17, 24, 31, 38, 45, and 52 mag. The C18(1–0) data
were obtained at FCRAO and smoothed to a resolution of 10 (Hatchell et al.
2004).
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TABLE 1

Photometry of Northern NGC 1333 Cluster

MBOa ASRb LAL96c
R.A.

(J2000.0)

Decl.

(J2000.0) J d �J
e H �H K �K Comments

188....... . . . . . . 3 28 44.84 31 29 29.8 . . . . . . 17.65 0.21 16.04 0.10

213....... . . . . . . 3 28 46.36 31 22 32.4 18.77 0.15 17.47 0.09 16.37 0.12

217....... . . . . . . 3 28 46.69 31 26 31.7 18.80 0.14 17.72 0.12 16.49 0.12

142....... 89 91 3 28 46.64 31 19 49.8 17.57 0.06 16.20 0.04 15.41 0.06

92......... 88 92 3 28 46.85 31 20 27.4 14.71 0.01 14.51 0.01 13.97 0.02

206....... . . . . . . 3 28 47.17 31 24 34.6 18.14 0.08 17.02 0.06 16.27 0.09

221....... 66 . . . 3 28 47.15 31 18 45.5 . . . . . . 17.32 0.11 15.56 0.08

221....... . . . . . . 3 28 47.25 31 23 10.0 . . . . . . 18.09 0.24 16.63 0.14

34......... . . . 93 3 28 47.62 31 24 06.0 14.47 0.00 12.87 0.00 11.51 0.00

139....... . . . . . . 3 28 47.64 31 21 54.4 17.73 0.06 16.51 0.04 15.35 0.05

180....... . . . . . . 3 28 48.02 31 24 29.6 18.65 0.13 17.35 0.08 15.93 0.07

117....... 65 99 3 28 48.14 31 19 23.1 15.41 0.01 15.19 0.02 14.88 0.04

100....... 90 100 3 28 48.44 31 20 28.2 17.12 0.03 15.50 0.02 14.33 0.02

82......... . . . . . . 3 28 49.45 31 25 06.1 15.73 0.01 14.35 0.01 13.63 0.01

95......... . . . . . . 3 28 49.69 31 24 53.0 16.02 0.01 14.88 0.01 14.25 0.02

26......... . . . . . . 3 28 50.93 31 23 47.9 14.55 0.01 12.37 0.00 11.21 0.00

6........... 122 106 3 28 50.98 31 18 17.9 10.73 0.00 10.38 0.00 9.48: 0.00 SVS 10, edge of frame at K

14......... 125 110 3 28 51.15 31 19 54.5 11.71 0.00 10.87 0.00 10.21 0.00

122....... . . . 114 3 28 51.73 31 26 09.6 16.34 0.02 15.47 0.02 14.98 0.03

18......... . . . 120 3 28 52.13 31 22 45.3 12.05 0.00 11.27 0.00 10.74 0.00

144....... . . . . . . 3 28 52.61 31 22 01.2 19.35 0.24 16.77 0.06 15.45 0.05

145....... . . . . . . 3 28 54.57 31 27 33.1 17.09 0.03 16.18 0.02 15.45 0.03

50......... . . . 139 3 28 55.19 31 25 22.0 14.52 0.00 13.19 0.00 12.62 0.01

194....... . . . . . . 3 28 55.31 31 26 13.9 17.25 0.03 16.67 0.03 16.16 0.06

112....... . . . . . . 3 28 55.48 31 26 43.7 16.03 0.01 15.22 0.01 14.74 0.02

106....... . . . 144 3 28 56.02 31 26 33.5 15.95 0.01 15.08 0.01 14.67 0.02

220....... . . . . . . 3 28 56.07 31 26 50.5 17.74 0.04 16.86 0.04 16.62 0.09

146....... . . . . . . 3 28 56.07 31 19 08.6 19.44 0.19 18.23 0.14 16.19 0.07

125....... . . . . . . 3 28 56.30 31 24 42.8 17.60 0.04 15.90 0.02 15.02 0.03

37......... . . . 147 3 28 56.27 31 22 27.9 15.55 0.01 13.26 0.00 11.75 0.00

11......... 120 150 3 28 56.58 31 18 35.5 12.15 0.00 10.99 0.00 10.10 0.00 SVS 11

107....... 124 151 3 28 56.82 31 19 45.6 16.04 0.02 15.21 0.02 14.67 0.03

91......... . . . 152 3 28 56.91 31 20 48.6 15.33 0.01 14.62 0.01 13.94 0.01

199....... . . . . . . 3 28 57.09 31 21 24.7 . . . . . . 18.54 0.23 16.19 0.09

148....... 64 . . . 3 28 57.08 31 19 12.0 17.13 0.03 16.10 0.03 15.54 0.06

21......... 115 158 3 28 57.36 31 19 50.5 11.90 0.00 11.13 0.00 10.92 0.00 4B7 from MBO 35

134....... . . . . . . 3 28 57.50 31 20 12.1 . . . . . . 17.15 0.10 15.19 0.06 Neb. in HH 12 complex

35......... 113 . . . 3 28 57.64 31 19 48.2 12.82 0.00 11.99 0.00 11.60 0.00 4B7 from MBO 21

73......... . . . 164 3 28 58.22 31 22 09.4 15.98 0.01 14.34 0.01 13.31 0.01

47......... . . . 163 3 28 58.23 31 22 02.2 15.02 0.01 13.22 0.00 12.23 0.01

170....... . . . . . . 3 28 58.30 31 20 27.7 . . . . . . . . . . . . 15.76 0.15 Neb. in HH 12 complex

80......... . . . 165 3 28 58.39 31 22 56.8 15.23 0.01 14.29 0.01 13.57 0.01

38......... . . . 166 3 28 58.38 31 22 17.6 18.60 0.09 14.98 0.01 11.92 0.00

192....... . . . . . . 3 28 58.90 31 29 06.7 . . . . . . 17.48 0.10 16.11 0.07

113....... . . . . . . 3 28 59.18 31 20 32.3 16.52 0.02 15.97 0.03 14.81 0.08 Star in HH 12 neb.

123....... . . . . . . 3 28 59.45 31 29 30.6 17.37 0.05 15.89 0.03 14.99 0.03

102....... 116 170 3 28 59.30 31 20 08.3 17.61 0.06 17.21 0.11 14.43 0.04

12......... . . . 173 3 28 59.52 31 21 46.9 13.05 0.00 11.05 0.00 10.13 0.00

78......... . . . 175 3 29 00.12 31 21 09.3 16.44 0.02 14.63 0.01 13.38 0.01

83......... . . . 176 3 29 00.34 31 24 38.4 16.55 0.02 14.66 0.01 13.72 0.01

45......... 133 177 3 29 00.34 31 20 45.7 13.35 0.00 12.41 0.00 12.09 0.01

149....... . . . . . . 3 29 00.44 31 24 04.1 . . . . . . 18.68 0.24 15.55 0.04 Nebulous

39......... . . . 180 3 29 00.68 31 22 01.0 16.12 0.01 13.27 0.00 11.94 0.00

209....... . . . . . . 3 29 01.33 31 19 35.6 18.80 0.16 17.03 0.09 16.29 0.12

219....... . . . . . . 3 29 01.44 31 20 55.3 . . . . . . 18.76 0.28 16.61 0.11

150....... . . . . . . 3 29 01.55 31 25 13.1 18.92 0.13 17.10 0.05 15.57 0.04

19......... 114 181 3 29 01.50 31 20 20.8 17.49 0.04 14.01 0.01 10.84 0.00 SVS 12, ext. neb. to northwest

138....... . . . . . . 3 29 02.02 31 25 09.4 18.40 0.09 16.52 0.04 15.28 0.04

169....... . . . . . . 3 29 02.06 31 26 31.0 18.59 0.09 16.45 0.03 15.76 0.05

208....... . . . . . . 3 29 02.55 31 26 02.3 . . . . . . 17.28 0.06 16.29 0.08

84......... 62 187 3 29 02.64 31 19 06.1 17.84 0.06 15.39 0.02 13.73 0.01



TABLE 1—Continued

MBOa ASRb LAL96c
R.A.

(J2000.0)

Decl.

(J2000.0) J d �J
e H �H K �K Comments

67............... . . . . . . 3 29 02.75 31 22 17.4 16.82 0.03 14.77 0.01 13.10 0.01

31............... . . . 189 3 29 03.08 31 22 38.3 14.15 0.00 12.58 0.00 11.43 0.00

89............... . . . 190 3 29 03.16 31 25 44.9 15.57 0.01 14.65 0.01 13.92 0.01

90............... . . . 191 3 29 03.27 31 23 14.8 17.49 0.04 15.54 0.02 13.93 0.01

87............... . . . 192 3 29 03.38 31 25 14.1 16.29 0.02 14.91 0.01 13.83 0.01

88............... 63 193 3 29 03.34 31 18 40.0 15.60 0.01 14.61 0.01 13.87 0.02

105............. . . . . . . 3 29 03.74 31 23 08.8 17.80 0.06 15.93 0.02 14.63 0.02

5................. . . . 195 3 29 03.80 31 21 48.9 11.40 0.00 10.48 0.00 9.45 0.00 SVS 8

116............. . . . . . . 3 29 03.89 31 23 31.0 17.17 0.04 16.05 0.02 14.88 0.03

20............... . . . 198 3 29 04.12 31 25 14.8 13.48 0.00 11.90 0.00 10.92 0.00

151............. . . . . . . 3 29 04.41 31 28 03.4 17.47 0.04 16.10 0.02 15.58 0.04

156............. 61 . . . 3 29 04.25 31 19 06.7 16.39 0.02 16.38 0.04 15.64 0.06

86............... . . . 202 3 29 04.57 31 20 29.1 17.42 0.05 15.34 0.02 13.75 0.01

63............... 87 204 3 29 04.88 31 20 38.7 16.73 0.05 14.74 0.02 12.95 0.01 Ext. neb. to southeast

152............. . . . . . . 3 29 05.21 31 26 47.0 19.71 0.25 17.25 0.05 15.58 0.04

71............... . . . 206 3 29 05.62 31 21 34.1 18.01 0.09 15.32 0.01 13.22 0.01

143............. . . . . . . 3 29 05.59 31 20 10.9 17.10 0.03 16.15 0.03 15.43 0.05

215............. . . . . . . 3 29 05.73 31 25 21.7 18.76 0.13 17.69 0.10 16.43 0.09

93............... . . . 210 3 29 06.74 31 22 58.5 16.82 0.04 15.21 0.01 14.15 0.02

141............. . . . . . . 3 29 07.11 31 23 22.8 17.85 0.07 16.48 0.04 15.40 0.04

216............. . . . . . . 3 29 07.19 31 24 09.9 . . . . . . 18.39 0.22 16.45 0.09

132............. . . . . . . 3 29 07.59 31 24 26.6 17.54 0.04 15.95 0.02 15.18 0.03

3................. . . . 213 3 29 07.70 31 21 57.5 16.47 0.11 12.47 0.01 9.20: 0.00 Sat. at K?, neb.

13............... . . . 215 3 29 07.89 31 22 51.6 12.92 0.00 11.24 0.00 10.15 0.00

205............. . . . . . . 3 29 08.00 31 27 27.4 17.65 0.04 16.81 0.04 16.25 0.06

44............... 86 216 3 29 08.28 31 20 20.6 14.45 0.00 12.98 0.00 12.07 0.00

96............... . . . 219 3 29 08.58 31 22 29.6 17.46 0.07 15.53 0.03 14.28 0.03

108............. . . . 220 3 29 08.93 31 26 23.4 16.64 0.02 15.57 0.01 14.69 0.02

33............... . . . 221 3 29 08.91 31 22 56.3 16.26 0.02 13.39 0.00 11.51 0.00

36............... . . . 222 3 29 09.03 31 23 05.8 14.46 0.01 12.80 0.00 11.63 0.00

51............... . . . 223 3 29 09.02 31 21 29.4 . . . . . . 15.66 0.06 12.63 0.01

157............. . . . . . . 3 29 09.20 31 27 15.5 17.07 0.03 16.15 0.02 15.66 0.04

57............... . . . 224 3 29 09.11 31 21 44.7 . . . . . . 14.38 0.01 12.70 0.01

70............... . . . 225 3 29 09.27 31 21 04.3 16.07 0.02 14.24 0.01 13.14 0.01

60............... . . . . . . 3 29 09.44 31 27 20.5 13.94 0.00 13.18 0.00 12.84 0.01

7................. . . . 226 3 29 09.59 31 22 56.5 11.09 0.00 10.43 0.00 9.62 0.00 SVS 7

94............... . . . 228 3 29 10.15 31 27 15.4 15.30 0.01 14.63 0.01 14.24 0.01

164............. . . . . . . 3 29 10.34 31 23 58.0 16.82 0.03 16.10 0.03 15.69 0.06

1................. . . . 230 3 29 10.32 31 21 59.5 9.34c . . . 8.23c . . . 7.45c . . . SVS 3, neb.

120............. . . . . . . 3 29 10.34 31 20 00.5 16.13 0.02 15.76 0.02 14.92 0.03

55............... . . . 231 3 29 10.41 31 23 34.9 15.51 0.01 13.75 0.00 12.68 0.01

121............. . . . 232 3 29 10.57 31 23 44.2 17.72 0.07 16.01 0.03 14.93 0.03

62............... . . . 233 3 29 10.75 31 22 30.2 14.56 0.01 13.48 0.01 12.92 0.01

162............. . . . . . . 3 29 10.82 31 19 53.6 . . . . . . 18.00 0.22 15.68 0.07

49............... . . . 239 3 29 11.27 31 22 57.1 14.68 0.01 13.32 0.00 12.51 0.01

171............. 33 . . . 3 29 11.50 31 18 28.4 18.38 0.13 17.79 0.19 15.81 0.13 Neb. in HH 6 complex

118............. . . . 246 3 29 11.71 31 26 09.1 16.98 0.03 15.77 0.02 14.89 0.03

58............... 85 245 3 29 11.60 31 20 37.8 15.15 0.01 13.62 0.00 12.76 0.01

81............... . . . 244 3 29 11.78 31 21 56.1 16.27 0.10 14.99 0.04 13.60 0.05

52............... . . . 248 3 29 11.81 31 21 27.4 . . . . . . 15.32 0.03 12.66 0.01

124............. . . . . . . 3 29 11.98 31 25 48.7 15.82 0.01 15.33 0.01 115.01 0.03

161............. 31 . . . 3 29 12.07 31 18 32.4 . . . . . . 18.40 0.32 15.67 0.10 Neb. in HH 6 complex

119............. . . . . . . 3 29 12.19 31 23 07.1 18.14 0.09 16.36 0.04 14.92 0.03

126............. . . . 251 3 29 12.31 31 27 22.7 15.55 0.01 14.99 0.01 15.03 0.03

75............... 83 257 3 29 12.73 31 20 07.9 14.47 0.01 13.78 0.00 13.33 0.01

42............... . . . 258 3 29 12.84 31 23 29.4 13.32 0.00 12.62 0.00 12.01 0.00

98............... 60 260 3 29 12.85 31 18 45.6 17.21 0.04 16.89 0.07 14.30 0.02 Star in HH 6 complex

8................. . . . 262 3 29 13.05 31 22 52.9 13.00 0.00 11.05 0.00 9.92 0.00

168............. 84 . . . 3 29 13.10 31 19 49.9 . . . . . . 17.41 0.11 15.75 0.06

184............. . . . . . . 3 29 13.43 31 24 40.1 18.96 0.16 17.44 0.08 15.97 0.06

127............. . . . . . . 3 29 13.48 31 23 46.8 17.95 0.09 16.29 0.04 15.05 0.03

114............. . . . 266 3 29 14.03 31 29 41.4 17.43 0.06 15.81 0.03 14.84 0.03

128............. 82 . . . 3 29 14.03 31 20 33.3 15.86 0.01 15.50 0.01 15.07 0.03
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TABLE 1—Continued

MBOa ASRb LAL96c
R.A.

(J2000.0)

Decl.

(J2000.0) J d �J
e H �H K �K Comments

187............... . . . . . . 3 29 14.15 31 22 47.8 . . . . . . . . . . . . 16.00 0.08 HH 344 neb.

66................. . . . 269 3 29 14.36 31 22 36.2 14.34 0.00 13.55 0.00 13.00 0.01

214............... . . . . . . 3 29 14.87 31 23 25.1 18.57 0.11 17.24 0.07 16.43 0.08

158............... . . . . . . 3 29 15.30 31 29 34.1 . . . . . . 18.12 0.18 15.66 0.05

147............... . . . . . . 3 29 15.54 31 22 43.1 18.13 0.10 16.81 0.06 15.51 0.06

218............... 59 . . . 3 29 15.58 31 19 11.5 . . . . . . 19.17 0.43 16.51 0.11

131............... . . . 277 3 29 16.50 31 24 46.0 16.77 0.03 15.83 0.02 15.17 0.03

24................. . . . 276 3 29 16.53 31 23 49.6 13.18 0.00 11.84 0.00 11.08 0.00

48................. . . . 278 3 29 16.49 31 21 02.8 14.83 0.01 13.26 0.00 12.43 0.01

79................. . . . 279 3 29 16.75 31 23 25.3 15.18 0.01 14.30 0.01 13.54 0.01

136............... . . . . . . 3 29 17.43 31 24 54.6 . . . . . . 17.07 0.09 15.22 0.06

195............... . . . . . . 3 29 17.58 31 24 43.8 17.11 0.05 16.58 0.06 16.16 0.11

2................... . . . 283 3 29 17.60 31 22 45.1 9.78c . . . 8.93c . . . 8.32c . . . LkH� 270,SVS 2, neb.

185............... . . . . . . 3 29 17.61 31 20 46.0 17.04 0.03 16.31 0.03 15.97 0.06

64................. 80 286 3 29 17.70 31 19 48.5 14.60 0.01 13.57 0.00 12.98 0.01

16................. . . . 293 3 29 18.67 31 23 25.5 11.25 0.00 10.72 0.00 10.28 0.00

109............... 81 . . . 3 29 18.61 31 20 18.1 18.31 0.09 16.22 0.03 14.70 0.02 400 from MBO 154

154............... . . . . . . 3 29 18.61 31 20 21.7 18.89 0.15 17.04 0.05 15.61 0.05 400 from MBO 109

4................... . . . 295 3 29 19.72 31 24 56.9 8.81c . . . 8.59c . . . 8.46c . . . BD +30�549, SVS 1, neb.

203............... . . . . . . 3 29 19.72 31 22 58.0 15.99 0.02 16.12 0.04 16.24 0.10 In neb. from LkH� 270

76................. 77 297 3 29 19.83 31 18 48.1 17.21 0.04 14.67 0.01 13.35 0.01

46................. . . . 296 3 29 19.98 31 24 07.6 18.48 0.16 14.93 0.01 12.16 0.01

115............... . . . 299 3 29 20.49 31 26 34.3 16.56 0.02 15.26 0.01 14.87 0.02

17................. 112 300 3 29 20.38 31 18 34.4 14.25 0.01 12.14 0.00 10.59 0.00 SVS 5, star in HH 17 neb.

174............... . . . . . . 3 29 21.05 31 21 59.7 17.43 0.05 16.38 0.03 15.85 0.06

61................. . . . 302 3 29 21.22 31 23 46.4 17.43 0.05 14.66 0.01 12.91 0.01

183............... . . . . . . 3 29 21.32 31 22 54.5 . . . . . . 17.46 0.10 15.96 0.07

41................. . . . 303 3 29 21.44 31 25 12.6 13.14 0.00 12.43 0.00 12.00 0.01

32................. . . . 304 3 29 21.49 31 21 10.7 12.25 0.00 11.84 0.00 11.45 0.00

23................. . . . 306 3 29 21.96 31 24 15.4 11.89 0.00 11.41 0.00 11.06 0.00

186............... . . . . . . 3 29 21.95 31 20 44.5 17.05 0.03 16.18 0.03 15.98 0.07

177............... . . . . . . 3 29 22.30 31 21 37.1 17.61 0.05 16.53 0.04 15.91 0.05

167............... . . . . . . 3 29 22.87 31 22 35.4 16.82 0.02 16.15 0.02 15.74 0.05

207............... . . . . . . 3 29 22.96 31 26 31.1 19.16 0.20 17.75 0.09 16.28 0.08

104............... . . . 309 3 29 23.21 31 29 53.6 15.97 0.02 15.01 0.01 14.61 0.03

201............... . . . . . . 3 29 23.11 31 23 57.3 . . . . . . 17.76 0.11 16.21 0.08

54................. . . . 308 3 29 23.18 31 26 52.9 13.67 0.00 12.96 0.00 12.67 0.01

30................. 78 310 3 29 23.08 31 20 30.6 12.26 0.00 11.73 0.00 11.37 0.00

166............... . . . . . . 3 29 23.19 31 24 46.5 19.08 0.23 17.14 0.07 15.70 0.07

204............... . . . . . . 3 29 23.23 31 25 43.4 . . . . . . 20.07 1.20 16.24 0.07

29................. . . . 311 3 29 23.41 31 23 31.0 12.65 0.00 11.87 0.00 11.32 0.00

56................. . . . 312 3 29 23.62 31 25 09.3 13.91 0.00 13.11 0.00 12.69 0.01

193............... . . . . . . 3 29 24.18 31 29 33.5 17.77 0.08 16.53 0.04 16.14 0.08

85................. 79 313 3 29 24.02 31 19 57.9 15.45 0.01 14.22 0.01 13.74 0.01 Star in HH 4 neb.

69................. . . . 314 3 29 24.41 31 28 14.5 14.28 0.00 13.38 0.00 13.12 0.01

77................. . . . 315 3 29 24.76 31 24 06.3 14.27 0.00 13.81 0.00 13.36 0.01

129............... . . . . . . 3 29 25.25 31 21 50.1 16.74 0.03 15.66 0.02 15.09 0.03

9................... . . . 318 3 29 25.87 31 26 39.9 11.00 0.00 10.56 0.00 10.01 0.00 SVS 4, double

176............... . . . . . . 3 29 26.01 31 23 44.9 17.66 0.06 16.42 0.03 15.91 0.06

137............... . . . . . . 3 29 25.97 31 20 55.9 16.79 0.02 15.78 0.02 15.27 0.03

153............... . . . . . . 3 29 26.26 31 22 50.3 17.30 0.03 16.14 0.02 15.60 0.04

15................. . . . 321 3 29 26.76 31 26 47.2 10.97 0.00 10.52 0.00 10.27 0.00 SVS 6

202............... . . . . . . 3 29 27.24 31 29 32.0 18.26 0.12 17.16 0.08 16.23 0.08

72................. . . . 324 3 29 27.54 31 21 10.3 14.64 0.01 13.57 0.00 13.23 0.01

111............... . . . 325 3 29 27.78 31 21 20.3 16.17 0.02 15.09 0.01 14.73 0.02 3B5 from MBO 110

133............... . . . . . . 3 29 27.94 31 25 10.6 17.54 0.04 16.08 0.02 15.18 0.03

212............... . . . . . . 3 29 28.03 31 22 35.6 18.01 0.07 16.88 0.05 16.35 0.09

110............... . . . . . . 3 29 28.01 31 21 18.0 16.02 0.01 15.01 0.01 14.72 0.02 3B5 from MBO 111

101............... . . . 326 3 29 28.10 31 23 59.2 16.30 0.02 15.01 0.01 14.41 0.02

59................. . . . 327 3 29 28.01 31 18 38.9 15.01 0.01 13.54 0.00 12.82 0.01

181............... . . . . . . 3 29 28.93 31 24 28.8 17.33 0.04 16.24 0.03 15.93 0.05

210............... . . . . . . 3 29 29.39 31 27 03.6 17.16 0.03 16.47 0.03 16.30 0.08

22................. . . . 331 3 29 29.22 31 18 34.5 12.51 0.00 11.36 0.00 11.05 0.00
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CIT photometric system, we first compared our magnitudes
for 54 sources with KP 13:5 mag with those determined from
the Simultaneous Quad Infrared Imaging Device (SQIID)
survey of Lada et al. (1996, hereafter LAL96). To place our H
and K data in the same photometric system as LAL96, only a
zero-point correction determined from this comparison was
needed. The conversion of our J magnitudes used the fol-
lowing correction:

ðJ�KÞSQIID ¼ 1:03ðJ�KÞMBO � 0:14: ð1Þ

To convert our photometry into the CIT photometric system,
which is very close to the SQIID system, we used the pre-
scription of Kenyon, Lada, & Barsony (1998). Only the sta-
tistical errors in the photometry are quoted in Table 1.
However, these errors can be exceeded by uncorrected varia-
tions in the responsivity across the array due to vignetting that
introduce an uncertainty of �0.05 mag. Errors as large as
�0.10 mag can occur in the outer regions of the mosaic due to
the lower signal-to-noise ratio. A histogram of the number of
sources versus apparent magnitude was constructed for each
wavelength, and the turnovers in the histograms were used to
estimate the completeness limits of our survey at J, H, and K
to be 17.5, 16.5, and 16 mag, respectively. The positions in
Table 1 were computed relative to a secondary reference
frame defined by Herbig & Jones (1983) and are accurate to
�0B5.

2.2. Selection of Brown Dwarf Candidates

Brown dwarf candidates were selected based upon their
broadband near-infrared colors. The majority of the 25 can-
didates lie in a region of the K versus H�K diagram shown in
Figure 2 with M < 0.1 M�, and K < 14 mag. We adopted an
age of 1 Myr based on the K luminosity function by LAL96.
The isochrones in Figure 2 were derived from the models of
D’Antona & Mazzitelli (1994, 1997; M > 0:2 M�) and
F. D’Antona & I. Mazzitelli (1998, private communication;
M � 0:2 M�) in the CIT photometric system using intrinsic
colors and bolometric corrections for dwarf stars (see
Appendix A in WGM99). The data and reddening law (Cohen
et al. 1981) are also in the CIT photometric system. The list of
brown dwarf candidates observed spectroscopically is given in
Table 2.

2.3. Low-Resolution Spectroscopy

Infrared spectroscopic observations were obtained using the
3 m NASA Infrared Telescope Facility at Mauna Kea, Hawaii
during 2000 November 10–13. Spectra in the K band were
obtained for 25 brown dwarf candidates, eight M giants, and
eight M subgiants using the 256� 256 InSb facility infrared
camera (NSFCAM) with the HKL grism and a 0B3 pixel�1

scale. The 0B6 slit allowed us to cover the 2.0–2.5 �m band
with a resolution of R ¼ k=�k � 300. Exposures of the dome
interior illuminated with incandescent lamps through the

TABLE 1—Continued

MBOa ASRb LAL96c
R.A.

(J2000.0)

Decl.

(J2000.0) J d �J
e H �H K �K Comments

222........................ . . . . . . 3 29 29.50 31 23 59.7 18.11 0.09 17.35 0.07 16.94 0.15

27.......................... . . . 333 3 29 29.72 31 21 02.9 12.49 0.00 11.60 0.00 11.32 0.00

68.......................... . . . 335 3 29 30.49 31 27 27.9 13.91 0.00 13.42 0.00 13.11 0.01

28.......................... . . . 336 3 29 30.34 31 19 03.5 11.98 0.00 11.30 0.00 11.32 0.00

135........................ . . . . . . 3 29 30.53 31 23 11.5 17.54 0.04 16.04 0.02 15.21 0.04

25.......................... . . . 337 3 29 30.76 31 23 52.9 12.75 0.00 11.71 0.00 11.21 0.00

163........................ . . . . . . 3 29 31.46 31 25 27.4 17.02 0.03 16.49 0.04 15.68 0.05

40.......................... . . . 342 3 29 32.46 31 24 36.8 12.88 0.00 12.71 0.00 12.00 0.00

53.......................... . . . 344 3 29 32.80 31 27 12.7 13.59 0.00 12.94 0.00 12.66 0.01

178........................ . . . . . . 3 29 32.81 31 22 05.5 17.22 0.04 16.37 0.03 15.92 0.07

190........................ . . . . . . 3 29 33.44 31 20 42.3 17.29 0.04 16.29 0.03 16.07 0.07

140........................ . . . . . . 3 29 33.80 31 20 36.2 16.24 0.02 15.74 0.02 15.38 0.04

196........................ . . . . . . 3 29 34.12 31 23 34.0 19.13 0.22 17.24 0.07 16.17 0.07

103........................ . . . 346 3 29 34.22 31 23 42.7 16.61 0.03 15.24 0.01 14.52 0.02

160........................ . . . . . . 3 29 34.22 31 21 55.1 16.74 0.03 15.97 0.02 15.67 0.05

211........................ . . . . . . 3 29 34.36 31 28 29.9 . . . . . . 17.63 0.15 16.31 0.13

74.......................... . . . 348 3 29 34.33 31 19 10.7 14.51 0.01 13.27 0.00 13.32 0.01

43.......................... . . . 350 3 29 34.69 31 29 07.8 13.85 0.00 12.38 0.00 12.02 0.01

200........................ . . . . . . 3 29 35.22 31 19 11.0 18.22 0.15 16.98 0.08 16.20 0.10

189........................ . . . . . . 3 29 36.29 31 19 45.4 17.27 0.05 16.20 0.04 16.06 0.08

10.......................... . . . 355 3 29 36.51 31 29 46.5 . . . . . . 10.59 0.01 10.04: 0.00 Edge of K frame

99.......................... . . . 356 3 29 36.73 31 28 46.7 14.76 0.01 14.24: 0.01 14.30 0.02 Edge of H frame

159........................ . . . . . . 3 29 36.81 31 26 39.4 17.33 0.05 15.99 0.03 15.67 0.05

65.......................... . . . . . . 3 29 37.65 31 22 02.8 13.72 0.00 13.23 0.00 13.00 0.01

175........................ . . . . . . 3 29 37.61 31 18 43.0 17.24 0.05 16.13 0.04 15.88 0.08

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
a Mount Bigelow Observatory number (this study).
b From Aspin et al. 1994.
c From Lada et al. 1996.
d JHK photometry transformed into the CIT photometric system (see text).
e The ‘‘�’’ values quoted for the JHK photometry are the statistical errors only and can be exceeded by uncorrected variations in the pixel to pixel response

across the array of � 0.05 mag in the central regions of the mosaic and as large as � 0.10 mag in the outer regions.
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broadband K filter were used for flat fielding. A set of
observations consisted of the star observed at two positions
along the slit, separated by 1000. A typical exposure time for
the brown dwarf candidates was 120 s per slit position and
limited by variations in the atmospheric OH emission. Total
on-source integration times were typically 2 minutes for the
standard star observations and ranged from 8 to 36 minutes for
the brown dwarf candidates (see Table 2).

All data were reduced using IRAF. Before extraction, the
spectral images in each set were sky-subtracted using their
companion image and divided by a normalized, dark-sub-
tracted flat field. Wavelength calibration was established using
OH emission lines. After extraction, the spectra were median-
combined after matching their wavelengths. The resulting
spectra were shifted to the same wavelength scale as a spec-
trum of either the A0 V star HR 1237 or the A1 V star HR 1027
that was observed close in time and air mass by cross-corre-
lating telluric absorption lines. Telluric features in the com-
bined spectra were removed by dividing by the appropriate
A-star spectrum. No attempt was made to restore the true
continuum shape of the program objects; to recover the true
shape, one could multiply each spectrum by a blackbody
spectrum corresponding to the effective temperature of the
telluric standard. Because of the steep response function of the
grism, it was not possible to extrapolate over the Br� absorp-
tion line in the telluric standard and hence we were not sen-
sitive to Br� emission in the program stars. The signal-to-noise
ratios achieved in the normalized continua (S/Ncont) of the
reduced spectra are listed in the last column of Table 2.

3. SPECTROSCOPIC ANALYSIS

3.1. Spectral Classification Using a Water Vapor Index

In the K band, water vapor absorption bands centered at
1.9 and 2.5 �m provide the best means for deriving spectral
types for reddened M stars. These bands are not only sensi-
tive to temperature for cool stars (Jones et al. 1994), but
also are well resolved in low-resolution spectra. Water vapor
indices have been used to derive spectral types for very low
mass YSOs in � Ophiuchi (WGM99; Cushing, Tokunaga, &
Kobayashi 2000), IC 348 (Najita et al. 2000), the ONC
(Lucas et al. 2001), the Chamaeleon cloud (Gomez & Persi
2002), and the Taurus cloud (Itoh, Tamura, & Tokunaga
2002). In WGM99, we defined a Q index that was independent
of reddening as a measure of the depth of the water vapor
absorption:

Q ¼ ðF1=F2ÞðF3=F2Þ1:22; ð2Þ

where F1, F2, and F3 are the average relative fluxes in narrow
bands covering 2.07–2.13 �m, 2.2695–2.2875 �m, and
2.40–2.50 �m, respectively. The uncertainty in Q was cal-
culated by using equation (2) and propagating error estimates
for the mean fluxes in F1, F2, and F3. The error in Fi is given
by �Fi

¼ Fi=ð
ffiffiffiffi
N

p
� S=NcontÞ, where N is the number of

channels in Fi and S/Ncont is the signal-to-noise ratio in the
continuum. This assumes the flux uncertainty in each channel
of the band Fi is the same. As a check, we calculated the
uncertainty in the Q values for three brown dwarf candidates

Fig. 2.—Color-magnitude diagram for the NGC 1333 double cluster. Photometry is taken from this study (northern cluster) or from the survey of Aspin et al.
(1994) (southern cluster), transformed into the CIT system. The Aspin et al. (1994) JHK photometry for the southern cluster was transformed into the CIT system
using the formulation of Casali & Harwarden (1992). Isochrones are shown for 1 Myr (0.02–2.0M�) and for 5� 108 yr (0.1–2.0M�, labeled ‘‘ZAMS’’). Reddening
lines from the 1 Myr isochrone are shown for selected masses by dashed lines and were calculated using the extinction law derived by Cohen et al. (1981). For
comparison, a reddening vector for an Av = 10 mag is also shown.
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by calculating the standard deviation of the ensemble of Q
estimates from individual spectra. The two estimates are in
excellent agreement.3

A linear fit to a plot of the Q index versus the optically
determined M spectral type for dwarf standards weighted by
the uncertainties in Q for stars from M0.5 V–M9 V yields the
following relation:

M V subclass ¼ ð�20:20 � 0:30ÞQþ ð18:41 � 0:35Þ; ð3Þ

with a correlation coefficient of r = 0.98 for a sample of 12
measurements. This relation supersedes that in WGM99, since
it uses an improved wavelength calibration, a redefinition of
the F2 band, and a better estimate of the uncertainty in Q. This
relation is plotted in blue in Figure 3.

3.2. The Water Index as a Function of Surface Gravity

A sample of seven subgiants were selected for infrared
spectroscopic observations from the MBM 12 and IC 348 YSO
populations (Hearty et al. 2000; Luhman 2001; Luhman et al.
1998; Luhman 1999). The median age of these clusters is es-
timated to be 2 Myr, and the median age of the sources in our
sample is 1 Myr. As shown in Figure 3 in green, the linear fit to

the subgiant sample is consistent with the dwarf relation, and
there is no strong sensitivity of the Q index to surface gravities
in the dwarf to subgiant range. This is in agreement with the
findings of Gorlova et al. (2003), who found the linear rela-
tionship between the water index and M spectral type of young
cluster objects (log g = 3.68� 0.42) closely resembled that of
a sample of field stars (log g = 5.17� 0.38).
The Q values for the eight giants observed show a much

greater scatter from a linear fit (shown in red in Fig. 3). In our
sample, the giant star spectra are distinct from those of dwarfs
and always display weaker water vapor absorption than dwarfs
for a given spectral type (see Appendix A). In fact, water vapor
absorption from the 1.9 �m band is not evident until a spectral
type of M7 III. Yet, the Q index for giants can be smaller than
that of dwarfs of the same spectral type due to enhanced
absorption by CO that mimics water vapor absorption in the
2.40–2.50 �m band. Variability must also contribute to the
scatter in the giant sample; all of the stars from M4–M9 are
known variables and two (VY Peg and AW Psc) are Mira
variables. We conclude that the Q index is not a useful measure
of spectral type for objects with the surface gravities of giant
stars.

4. PROPERTIES OF THE BROWN DWARF CANDIDATES

4.1. Spectral Types

We observed one-half of the 50 sources in an extinction-
limited sample defined in Figure 2 with estimated masses of

TABLE 2

Log of Brown Dwarf Candidate Observations

Objecta

(3h, +31�) MBO No.b ASR No.c LAL96 No.d X-Ray IDe

Int. Time

(s) S/Ncont
f

2852.7+1626 ...... . . . 46 128 . . . 600 85

2853.9+1654 ...... . . . 42 131 Ch 26 960 120

2855.2+1735 ...... . . . 38 142 . . . 960 55

2856.8+1550 ...... . . . 15 153 . . . 1200 40

2856.9+2049 ...... 91 . . . 152 . . . 2160 35

2857.0+1534 ...... . . . 17 156 . . . 1320 65

2858.2+2209 ...... 73 . . . 164 tL 164 960 60

2858.4+2257 ...... 80 . . . 165 tL 165 1200 50

2900.2+1339 ...... . . . 51 178 R12, Ch 43 1440 55

2900.3+2046 ...... 45 133 177 Ch 44 720 95

2902.0+1611 ...... . . . 3 184 Ch 47 1200 55

2902.8+1601 ...... . . . 2 188 R13, Ch 48 480 75

2903.3+1840 ...... 88 63 193 . . . 1440 40

2910.8+2230 ...... 62 . . . 233 Ch 66 960 55

2911.2+1717 ...... . . . 24 243 Ch 67 720 75

2912.7+2008 ...... 75 83 257 Ch 70 1200 40

2914.1+2236 ...... 66 . . . 269 Ch 75 720 60

2916.8+2325 ...... 79 . . . 279 . . . 960 45

2917.7+1948 ...... 64 80 286 . . . 1200 70

2923.2+2653 ...... 54 . . . 308 . . . 720 105

2923.6+2509 ...... 56 . . .. . . 312 Ch 94 960 70

2924.0+1958 ...... 85 79 313 . . . 1440 50

2924.4+2814 ...... 69 . . . 314 tL 314 1080 70

2924.8+2406 ...... 77 . . . 315 Ch 97 960 75

2932.8+2713 ...... 53 . . . 344 Ch 106 720 80

a Object R.A. (minutes, s) and decl. (arcmin, arcsec) in J2000.0.
b Mount Bigelow Observatory number, this study.
c From Aspin et al. 1994.
d From Lada et al. 1996.
e X-ray source from the ROSAT study of Preibisch 1997 (‘‘R’’) or the Chandra study of Getman et al.

2002 (‘‘Ch’’); ‘‘tL’’ denotes a tentative X-ray detection of a LAL96 source by Getman et al.
f The signal-to-noise ratio measured from the continuum of a normalized spectrum.

3 Uncertainties in Q quoted in WGM99 used the sample standard deviations
of the average values in the bands F1, F2, and F3 and overestimate the true
statistical error in Q.
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M = 0.04–0.10 M� and Av < 10 mag. All 25 brown dwarf
candidates displayed late-type photospheres with absorption
due to water vapor and CO. Spectra are presented in Figure 4.
Since the surface gravities of objects in this sample are likely
to resemble closely those of the subgiants observed, spectral
types were derived using equation (3), which is appropriate for
both subgiants and dwarfs. Q values and the resulting spectral
classifications for the brown dwarf candidates are presented in
Table 3. Uncertainties in the Q index were � 0.010–0.022
due to statistical errors alone leading to uncertainties in the
M spectral type of �0.2 to �0.4 subclasses. The derived spectral
types vary between M2.5 and M8.0, with 17 of 25 candidates
displaying spectral types between M6.0 and M8.0. Visual
extinctions were derived using the relation Av ¼ 9:09
½ðJ�HÞobs � ðJ�HÞ0�, where (J�H )0 is the instrinsic color for
a given spectral type (WGM99). The values for Av are � 4 mag
for all but two sources and �7 mag for all sources, consistent
with their locations in the color-color diagram (Fig. 5).

The majority of the candidates appear to be YSOs of very
low mass. The projection of this sample on the high column
density core (Av > 10 mag), coupled with the relatively low
visual extinctions of the candidates, minimizes the chance
that some objects are background M stars. In addition, 15 of
the 25 candidates are known X-ray sources, including three
tentative detections (Getman et al. 2002; Preibisch 2003). The
detection of X-ray emission argues in favor of the youth of
this sample, as X-ray luminosity and stellar activity are known
to decline with age for K and M stars (Fleming, Schmitt, &
Giampapa 1995). Finally, we estimate the number of fore-
ground stars at this galactic latitude and longitude using star
count models. Using the Wainscoat et al. (1992) models,
which have been found to agree with the observed star counts

from the Two Micron All Sky Survey to within 15% (Carpenter
2000), we predict at most two foreground objects in the sample
of 25.

4.2. Infrared Excesses

There are no strong infrared excesses among the spectro-
scopic sample of brown dwarf candidates. The candidates are
plotted on a J�H versus H�K diagram in Figure 5 relative to
the loci of giants, dwarfs (through M6), and classical T Tauri
stars (CTTSs; Meyer, Calvet, & Hillenbrand 1997). Objects
that lie to the right of the reddening band for main-sequence
stars have possible K excesses. ASR 79 lies to the left of the
reddening band, a likely result of an associated infrared nebula
known optically as HH 4. In addition, we have computed the
excess emission at K, defined as rk ¼ FKex

=FK	 , for each
source where FKex

is the K-band flux from circumstellar emis-
sion and FK	 is the expected stellar flux at k = 2.2 �m.4 These
values are presented in Table 3. While moderate K-band
excesses are indicated for ASR 38 andMBO 79, the majority of
objects have colors consistent with no K-band excess. As noted
in WGM99, strong veiling by dust can lead one to derive
spectral types using the Q index that are too early by two to
three subclasses. It is possible that the calculated spectral types
for ASR 38 and MBO 79 are too early by one to two subclasses
due to moderate veiling, but it is expected that the spectral types
for the remaining objects are relatively unaffected.

Objects without strong K-band excess emission may also
possess circumstellar disks. Disk luminosities are expected to

Fig. 3.—The Q index vs. M spectral type for dwarf standards (blue), subgiants (green), and giants (red). Linear fits to the dwarf, subgiant, and giant data are
shown in the same color scheme. The dwarf sample is from WGM99. The subgiants in MBM 12 and their optically determined spectral types include: LkH� 262
(M0), LkH� 263 (M3), S18 (M3), and RX J0258 (M4.5). The subgiants in IC 348 and their optically determined spectral types include: Luhman source
identifications 158 (M5), 312 (M6), and 355 (M8). The giant sample is described in Appendix A.

4 rk is calculated by comparing dereddened observed colors to intrinsic
colors, i.e., rk ¼ FKex

=FK	 ¼ ½ð1þ rhÞf10 H�Kð Þ� H�Kð Þ0�0:065	Av½ �=2:5g� � 1. Our
estimates for rk are lower limits since, by dereddening to intrinsic dwarf colors,
we have assumed rj ¼ rh ¼ 0 (e.g., Meyer et al. 1997).
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be lower for very low mass stars and substellar objects resulting
in cooler inner disks and little or noK-band excess. Such a trend
has been observed in the ONC (Hillenbrand et al. 1998). In-
deed, L-band surveys have been shown to be more sensitive to
the thermal disk emission in low-mass objects (Haisch, Lada, &
Lada 2001). A recent L 0 survey by Liu, Najita, & Tokunaga
(2003) has revealed that about 80% of the young brown dwarfs
in their sample showed evidence for circumstellar disks.

4.3. Masses and Ages of the Brown Dwarf Candidates

We followed the procedure outlined in WGM99 to estimate
the masses and ages of the brown dwarf candidates. Briefly,
the adopted temperature scale for M dwarfs derived in
WGM99 is based on the modified blackbody fits of Jones et
al. (1996). This temperature scale overlaps with the scale
adopted by Dahn et al. (2002) for M5–L8 dwarfs and is
consistent within mutual uncertainties. Effective temperatures
for each brown dwarf candidate derived in this manner are
given in Table 3. Their typical uncertainties of �95 K or
�0.016 dex are due to nearly equal contributions from the
errors in the determination of the spectral type and the tem-
perature scale. However, systematic effects could affect the
derived effective temperatures. As alluded to earlier, the
presence of moderate veiling in two objects could lead us to
overestimate their effective temperatures by �150 K. The
assumption of dwarf, rather than subgiant, surface gravities
could also systematically affect our results. For spectral types
of M2 and later, giant star temperatures are warmer than
dwarfs by 300–500 K for stars of the same spectral type (for
example, see Fig. 4 in Itoh et al. 2002). Hence by assuming a
dwarf surface gravity, we may be underestimating the effec-
tive temperature of an M2 subgiant by �150 K and of an
M6–M9 subgiant by �250 K. With these caveats in mind, we
adopt the temperatures listed in Table 3 for our brown dwarf
candidates assuming a dwarf temperature scale. Values for
log ðLbol=L�Þ were derived from the absolute J magnitude
and are presented in Table 3. The formal uncertainties of log
ðLbol=L�Þ are �0.18 dex and were estimated by propagating
errors in the bolometric correction, the J magnitude, the dis-
tance modulus, and the extinction at J.
In Figure 6, we have plotted our 25 brown dwarf candidates

on Hertzsprung-Russell diagrams overlaid with the theoretical
tracks and isochrones from the models of D’Antona &
Mazzitelli (1997, 1998, private communication, hereafter
collectively DM), Baraffe et al. (1998, hereafter B98), and
Burrows et al. (1997, 1998). The DM models use opacities
from Alexander & Ferguson (1994), the full spectrum of tur-
bulence convection model of Canuto & Mazzitelli (1991), and
assume mass fractions of helium, metals, and deuterium of
Y = 0.28, Z = 0.02, andXD = 2 � 10�5. B98 models have been
extended to include objects with masses as low as 0.02
M� and assume a mass fraction of helium Y = 0.275, solar
metallicity, and a general mixing length parameter of � = 1.
The Burrows et al. models are constructed specifically for
giant planets and brown dwarfs and assume mass fractions of
helium, metals, and deuterium of Y = 0.25, Z = 0.02, and
XD = 2 � 10�5. As found in most young clusters, there is a
scatter in age due in part to real age differences between sources
and to uncertainties in luminosities that arise from variations in
distance and errors introduced by the photometry and dered-
dening (the latter are represented by the error bar in Fig. 6).
Ages can be overestimated due to underestimating the lumi-
nosity of a source or overestimating its temperature. The former

Fig. 4.—Infrared spectra for the 25 brown dwarf candidates observed with
the IRTF grism. Spectra have been smoothed to a resolution of R = 170 for
display purposes. The removal of telluric absorption lines, accomplished by
dividing a spectrum by that of an AV star, leaves a false emission line at the
wavelength of B�, which has been blanked out. The wavelengths of absorption
lines of Na, Ca, and six CO band heads are marked at the bottom of the plot. The
three wavelength ranges averaged to compute the water vapor index Q are
labeled at the top of the plot as F1, F2, and F3. Fig. 4a shows spectra for the
sources with spectral types ranging from M2.3 (top) to M5.6 (bottom) as indi-
cated by the increasing depth of the water vapor bands. (b) Spectra for the
sources ranging from M6.2 to M7.4; (c) spectra for sources ranging from M7.4
to M8.2.

Fig. 4a

Fig. 4b

Fig. 4c
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could be due to underestimating the extinction toward the
source owing to unresolved scattered light (e.g., ASR 79), and
the latter could be due to an infrared excess as discussed in x 4.2
(e.g., MBO 79).

For the DM models (Fig. 6a), the brown dwarf candidates
have masses ranging from less than 0.02 to 0.25 M�, with 16
objects at or below the hydrogen-burning limit. The probable
brown dwarfs are indicated in the last column of Table 3. The
median age for the sample implied by the models is 0.3 Myr.
Similar ranges in ages and masses are implied by considering
the B98 models (Fig. 6b). The Burrows et al. models generally
yield lower masses and younger ages with 23 objects at or
below the hydrogen-burning limit. The median age for the
sample implied by these models is less than 0.3 Myr.

4.4. Surface Gravity Estimates

Surface gravities (g = GM/R2) have been estimated for the
brown dwarf candidates using the DM mass estimates and the
radii derived from the luminosity and effective temperature.
Values range from log g = 3.0 to 4.6 in cgs units with a me-
dian value of 3.3. These estimates assume a temperature scale,
intrinsic colors, and bolometric corrections derived from
dwarf standards. For comparison, the log g of the Sun is 4.4
(Livingston 1999). Surface gravity estimates increase under
the assumption of giant properties, primarily due to their
higher effective temperatures for a given M spectral type,
implying that our estimates of log g are lower limits. Thus, as

shown in Figure 7, the surface gravities of our objects more
closely resemble dwarfs than giants, implying that our use of
a dwarf temperature scale has led to an underestimation of the
temperature for M6–M9 stars of no more than �250 K.

The dominant source of uncertainty in our mass estimates is
the surface gravity dependence of our temperature determi-
nations. The arrows in Figure 6 indicate the maximum shift in
temperature for an object of a given spectral type if its tem-
perature is midway between that of a dwarf and giant rather than
that of a dwarf as assumed. While as many as 16 of our can-
didates have masses at or below the hydrogen-burning limit (in
the DM models), only nine are cool enough to be classified as
brown dwarfs after undergoing this shift. In Table 3, we dis-
tinguish between objects that lie 250 K or more to the right of
the hydrogen-burning limit (‘‘bd’’ in last column) and those to
the right of the limit but within 250 K (‘‘bd?’’). In the group of
nine brown dwarfs is the moderately veiled source ASR 38, and
four X-ray sources, including the X-ray flare source ASR 24.

5. PROPERTIES OF THE NORTHERN CLUSTER

To explore further the properties of the young stellar and
substellar population in NGC 1333, we have defined a sub-
sample of 141 sources from our JHK survey of the northern
cluster that lie within a 79 arcmin2 box enclosing the highest
column density gas. The southwest corner of the box is located
at R.A. = 3h02m53s, decl. = +31

�
1801900 (J2000.0) and the

northeast corner at R.A. = 3h29m30s, decl. = +31�2801900

TABLE 3

NGC 1333 Brown Dwarf Candidate Properties

Object Q a Sp. Type log Teff J�H H�K K Av
b log (Lbol/L�) rk

c Phot?d Commentse

ASR 46 ....... 0.61 M6.2 3.436 0.60 0.43 12.56 0 �1.44 0.08 LAL bd?

ASR 42 ....... 0.60 M6.3 3.433 0.85 0.46 11.73 2 �0.98 �0.04 LAL . . .

ASR 38 ....... 0.52 M7.9 3.389 0.71 0.70 13.73 1 �1.98 0.22 LAL bd

ASR 15 ....... 0.54 M7.4 3.403 0.81 0.58 13.61 2 �1.82 0.06 LAL bd

MBO 91 ...... 0.57 M6.8 3.420 0.82 0.51 13.99 2 �1.93 0.02 LAL bd

ASR 17 ....... 0.54 M7.4 3.403 1.25 0.74 13.23 6 �1.49 �0.04 LAL bd

MBO 73 ...... 0.60 M6.4 3.431 1.43 0.87 13.40 7 �1.48 0.02 LAL bd?

MBO 80 ...... 0.56 M7.1 3.412 0.94 0.72 13.57 3 �1.79 0.13 MBO bd

ASR 51 ....... 0.78 M2.7 3.520 1.04 0.52 11.51 4 �0.66 0.03 LAL . . .

MBO 45 ...... 0.59 M6.6 3.425 0.96 0.51 11.94 3 �1.03 �0.06 LAL bd?

ASR 3 ......... 0.71 M4.2 3.486 0.57 0.19 13.72 0 �1.76 �0.06 LAL . . .
ASR 2 ......... 0.80 M2.3 3.528 0.59 0.19 11.99 0 �0.95 �0.02 LAL . . .

ASR 63 ....... 0.54 M7.4 3.403 0.99 0.74 13.87 3 �1.89 0.11 MBO bd

MBO 62 ...... 0.55 M7.4 3.403 1.05 0.60 12.91 4 �1.42 �0.06 LAL bd?

ASR 24 ....... 0.51 M8.2 3.380 0.67 0.41 12.84 0 �1.54 �0.04 ASR bd

ASR 83 ....... 0.53 M7.7 3.394 0.64 0.40 13.37 0 �1.76 �0.02 LAL bd

MBO 66 ...... 0.58 M6.6 3.425 0.79 0.55 13.00 2 �1.57 0.07 MBO bd?

MBO 79 ...... 0.79 M2.5 3.524 0.88 0.76 13.54 3 �1.66 0.39 MBO . . .
ASR 80 ....... 0.59 M6.5 3.428 0.99 0.54 13.08 3 �1.48 �0.05 LAL bd?

MBO 54 ...... 0.64 M5.6 3.452 0.72 0.38 12.32 1 �1.24 �0.02 LAL . . .

MBO 56 ...... 0.64 M5.5 3.454 1.00 0.42 12.45 4 �1.15 �0.13 LAL . . .

ASR 79 ....... 0.78 M2.6 3.522 0.98 0.27 13.83 4 �1.52 �0.16 LAL . . .
MBO 69 ...... 0.55 M7.4 3.403 0.78 0.35 12.84 1 �1.44 �0.13 LAL bd

MBO 77 ...... 0.58 M6.7 3.423 0.54 0.30 13.43 0f �1.70 �0.03 LAL bd?

MBO 53 ...... 0.67 M4.9 3.469 0.56 0.39 12.24 0 �1.27 0.09 LAL . . .

a Water vapor index Q. One sigma errors range from 0.010 to 0.022 with a median error of 0.014.
b Visual extinction Av ¼ 9:09½ðJ�HÞobs � ðJ�HÞ0�.
c Excess emission at k ¼ 2:2 �m, rk ¼ FKex

=FK	, assuming no excess emission at H. Estimates are lower limits to the true values.
d Infrared photometry obtained by this group (MBO), the study of Aspin et al. (1994, ASR), or that of Lada et al. (1996, LAL) and transformed into the

CIT system (see text).
e Objects that lie 250 K or more to the right of the hydrogen burning limit shown in Fig. 6a are denoted by ‘‘bd’’ and objects that lie in the brown dwarf

regime within 250 K of the hydrogen burning limit are denoted by ‘‘bd?’’.
f Observed J�H colors are smaller than instrinsic color implied by spectral type. The luminosity was estimated assuming the visual extinction was zero.
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(J2000.0). The average visual extinction (as implied by the
C18O column densities) is greater than 10 mag over 85% of
the area. The total mass of gas from these data is estimated to
be 100 M�, with a factor of 2 uncertainty (Hatchell et al.
2004).

5.1. Membership and Stellar Density

The high column density gas in this region should minimize
the contamination of the sample by background field stars. To
estimate the degree of contamination, we used the C18O column
densities to subdivide the cloud core into six extinction regions
as defined by the contours in Figure 1 with average visual
extinctions of 6.5, 13.5, 20.5, 27.5, 34.5, and 41.5 mag. Ga-
lactic star count models (Wainscoat et al. 1992) were then used
with the corresponding extinction screen to predict the number
of foreground and background stars in the field. We find that of
the 141 infrared sources in this region, it is estimated no more
than 15 are field stars. For an effective radius of 0.44 pc
(ReA ¼

ffiffiffiffiffiffiffiffiffi
A=�

p
, where A is the area of the box), this suggests a

stellar density of �360 stars pc�3. Such stellar densities are
typical of infrared clusters and underscore their stability against

tidal disruption by nearby clouds while gravitationally bound
by the molecular gas (e.g., Wilking 2001).

5.2. An Extinction-Limited Sample

Using the median age derived for the spectroscopic sample,
we will define an unbiased sample of YSOs to explore the disk
frequency and mass function of the northern cluster. First,
estimates for the extinction toward each member of subsample
are needed. Depending on their location in the J�H versus
H�K color-color diagram, and the MJ versus J�H color-
magnitude diagram, objects were dereddened either to the
CTTS locus (color-color diagram) or to a pre–main-sequence
isochrone (color-magnitude diagram).
If the J�H versus H�K colors of objects in our sample lie

within the reddened CTTS locus (Fig. 5), and the dereddened
absolute J-band magnitude is consistent with a mass greater
than 0.1 M�, the source was dereddened to the CTTS locus.
The CTTS locus is only valid for stellar mass objects with
spectral types earlier than M6, which corresponds roughly to
the temperature of an object near the hydrogen-burning limit
for the age of the cluster.
For objects that lie within the reddened main sequence in

the color-color diagram, as well as those within the CTTS
locus whose dereddened MJ suggest a mass below 0.1 M�, the
reddening was estimated by projecting objects in the color-
magnitude diagram to an isochrone consistent with the cluster
age derived above from the H-R diagram.
Once the extinction has been estimated, then the absolute

J-band magnitude can be calculated. Using intrinsic colors and
bolometric corrections for very late type dwarf stars (see
Appendix A in WGM99), we transformed the DM models to
estimate the mass from the absolute J magnitude.
In order to define a complete sample unbiassed toward stars

of higher mass, we defined an extinction-limited sample over a
fixed mass range. Adopting an age of 0.3 Myr for the low-
mass cluster members as suggested by the spectroscopic
observations, we sampled 46 objects down to 0.04 M� with
Av < 13 mag. This is the minimum mass for which we can
reliably estimate an age from our spectroscopic survey. Of
these, two objects exhibit extreme infrared colors similar to
flat-spectrum and Class I sources in the Taurus dark cloud (cf.
Kenyon & Hartmann 1995). These objects cannot be dered-
dened and are removed from the sample. Of the remaining 44,
five exhibit colors similar to early-type (B–A–F) YSOs (e.g.,
Hillenbrand et al. 1992; Lada & Adams 1992), 12 are stellar
mass objects within the reddened main sequence, 11 are stellar
mass objects within the reddened CTTS locus, and 16 are
brown dwarf candidates.
The total mass of stellar and substellar objects in this sample

is about 8 M�. For the seven objects in common between the
extinction-limited sample and the spectroscopic sample, mass
estimates for individual objects agree to within a factor of 2,
which is consistent with previous applications of this technique
(Meyer et al. 2000). It is important to note, however, that the
mean mass of the two samples is virtually identical (within
10%), emphasizing that the assumption of a common age
yields a meaningful mass estimate for a statistically significant
ensemble. The mass of gas associated this region where Av <
13 mag is estimated to be �70 M�. Given the total mass of
young stars, the efficiency of star formation would be 10%,
with a factor of 2 uncertainty from the mass estimate alone.
This value is consistent with that found in other young clusters

Fig. 5.—J�H vs. H�K diagram for the brown dwarf candidates. Pho-
tometry is from this study, the study of Aspin et al. (1994), or from Lada et al.
(1996) transformed into the CIT photometric system. The loci for the intrinsic
colors of dwarfs and giants were adopted from Bessell & Brett (1998), using
their conversion to the CIT system. The loci for CTTSs is adopted from Meyer
et al. (1997). Object symbols for identified X-ray emitters are filled with a
cross. An error bar of � 0.07 mag is shown that would arise in the colors from
uncorrected variations in the array responsivity due to vignetting.
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and suggests the eventual dispersal of the cluster once the gas
is removed (Carpenter 2000; Lada & Lada 2003).

5.2.1. Disk Frequency

The fraction of objects exhibiting IR excesses consistent
with the presence of active accretion disks within 0.1 AU of
the star can be determined from an object’s location in the

color-color diagram (Fig. 5). Within the Av-limited sample of
stellar mass objects defined here (greater than 0.1 M�), the
fraction of YSOs displaying an IR excess is FIRX ¼ 0:57 �
0:13 adopting Poisson errors. Because some T Tauri stars have
large inner holes in their disks that remove hot dust associated
with JHK excess emission, this inner disk fraction can under-
estimate the fraction of stars with active accretion disks. Again,

Fig. 6.—Hertzsprung-Russell diagrams for the NGC 1333 brown dwarf candidates assuming a distance of 300 pc. X-ray emitters are denoted by a cross and non–
X-ray emitters by a solid diamond. The positions of the candidates are shown relative to the theoretical tracks and isochrones of D’Antona & Mazzitelli (1994, 1997,
1998, private communication) in (a), relative to the models of Baraffe et al. (1998) in (b), and relative to the models of Burrows et al. (1997, 1998) in (c). Isochrones
from 105 to 108 yr are shown by solid lines and evolutionary tracks from 0.01 to 0.40 M

�
are shown by dashed lines. The bold dashed line marks the evolutionary

track for a star at the hydrogen-burning limit. The typical error bar for a candidate is shown in the bottom left of each plot and is �0.014 dex in log Teff due to
uncertainties introduced by the calculation of the Q index and the fit to derive the dwarf temperature scale. The error of �0.18 dex in log ðLbol=L�Þ is dominated by
uncertainties in the distance (�30 pc) and in the extinction at J (�0.37). An arrow labeled ‘‘250 K’’ indicates the maximum systematic error introduced by
assuming a dwarf temperature scale for a subgiant star.

Fig. 6a

Fig. 6b Fig. 6c
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using the Taurus dark cloud as a guide (Meyer et al. 1997), we
estimate the corrected fraction of active accretion disks at
Facc ¼ 0:75 � 0:20. These estimates are in excellent agreement
with those determined for the entire NGC 1333 cluster from the
SQIID survey by LAL96 and consistent with disk frequencies
estimated for clusters of comparable age (e.g., Haisch et al.
2001). We are not able to assess the disk frequency for the
substellar sample using the JHK color-color diagram alone
because the intrinsic colors of late-type stars overlap those
expected for active accretion disks. Complete spectroscopic
samples or longer wavelength photometry are required to assess
the disk frequency of the substellar objects in NGC 1333.

5.2.2. Mass Spectrum

While our sample is not large enough to examine the de-
tailed shape of the cluster’s mass spectrum, we can explore its
general properties. Among stellar objects, we can calculate the
ratio of intermediate-mass (1–10M�) to low-mass (0.1–1M�)
stars. The ratio R ¼ 0:08 � 0:04 with the error computed
assuming Poisson statistics. This ratio is consistent with being
drawn from the field star IMF (e.g., Miller & Scalo 1979;
Kroupa, Tout, & Gilmore 1993) and is similar to R values
computed from other clusters such as the ONC, Mon R2,
� Ophiuchi, and IC 348 (Meyer et al. 2000).

Turning to the subset of cluster members whose MJ sug-
gests a mass below 0.1 M�, we determine the ratio of stellar
(0.1–1 M�) to substellar mass (0.04–0.1 M�) objects within
our extinction-limited sample. The ratio Rss ¼ 1:1þ 0:8=�0:4,
which is a lower limit given possible contamination of the
substellar sample by field stars (x 5.1). Hence our value of Rss

sets an upper limit to the slope for the low-mass end of the
mass spectrum of � � 1:6, where dN=dM / M�� . This
suggests that the mass of the population in the mass range of

0.04–1 M� is dominated by low-mass stars and not brown
dwarfs. This upper limit is consistent with values of � = 1–2
derived from the observed distribution of L dwarfs in the solar
neighborhood (Reid et al. 1999). Our upper limit is also con-
sistent with the slopes derived for other young clusters; these
estimates range from � = 0.43 for the ONC (Hillenbrand &
Carpenter 2000) and � = 0.5 for IC 348 and � Oph (Najita et al.
2000; Luhman & Rieke 1999) to � = 0.8–1.2 for � Orionis
cluster (Béjar et al. 2001; Tej et al. 2002).

5.2.3. Sensitivity to Age

If we instead take an age of 1 Myr for the cluster associated
with NGC 1333, perhaps more appropriate for the mass range
0.1–2.5 M� (Aspin 2003; K. Luhman 2003, private com-
munication), our results do not change significantly. A trend of
increasing age with stellar mass is observed toward many
young clusters (e.g., Hillenbrand 1997), and it is suspected
that this is a problem with the isochrones rather than evidence
that the star formation rate varies with age and mass (Palla &
Stahler 1999). For an age of 1 Myr, our extinction-limited
sample becomes 52 objects with Av < 10 mag. Of these, two
have extreme colors similar to protostars and cannot be
dereddened as described above. Of the 50 remaining objects
in the sample, five have IR colors similar to ‘‘early-type’’
stars, 14 are within the stellar reddened main sequence, 11 lie
within the CTTS locus, and 20 are brown dwarf candidates. The
IR excess fraction is virtually unchanged with FIRX ¼ 0:59 �
0:15 and with a corrected active accretion disk fraction of
FIRX ¼ 0:80 � 0:20. The ratio of intermediate- to low-mass
stars is R ¼ 0:18 � 0:14, which is also consistent with being
drawn from the field-star IMF. This difference, although for-
mally in agreement with the results obtained assuming an age
of 0.3 Myr, is to be expected given the luminosity evolution of
pre–main-sequence stars over time. Finally, the ratio of stellar
to substellar mass objects is Rss ¼ 0:6 � 0:2 which implies an
upper limit to the slope for the mass spectrum at low masses of
� � 2. While formally consistent with the results quoted
above, this highlights the sensitivity of our estimate of the
substellar IMF with age.

6. SUMMARY

We have conducted a new near-infrared survey of the
northern cluster embedded in the NGC 1333 cloud. When
combined with previous surveys, near-infrared magnitudes
and colors were used to select 25 brown dwarf candidates in
the high-extinction cloud core. Low-resolution infrared spec-
troscopy in the K band revealed cool photospheres for all of
the candidates. Spectral classifications were achieved using a
water vapor index that is independent of reddening and in-
sensitive to surface gravity in the range expected for subgiants
and dwarfs. The derived spectral types varied between M2.3
and M8.2, with 17 of 25 candidates displaying spectral types
between M6.0 and M8.2. Based upon their superposition on
the high-extinction cloud core, their high incidence of X-ray
activity, and the low number of foreground objects predicted
by star count models, it is expected that at least 90% of the
sample are very low mass members of the NGC 1333 cluster.
Once spectral types and effective temperatures were deter-

mined, stellar luminosities were estimated. Comparisons of
these properties with three sets of theoretical models suggest a
median age for the sample of less than 1 Myr and a substellar
mass for at least nine of the candidates including the X-ray
flare source ASR 24. Another seven candidates lie near the

Fig. 7.—Surface gravities in units of cm s�2 for the brown dwarf candidates
estimated using their masses using the DM tracks. The YSO values are shown
by star symbols. For comparison, the surface gravities for dwarf (open tri-
angles) and giant stars (open squares) are from the compilation of Drilling &
Landolt (1999).
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hydrogen-burning limit and are possible brown dwarfs.
The largest uncertainty in our mass estimates arises from the
effective temperature and the sensitivity of the temperature
scale to surface gravity. We have shown that surface gravities
estimated for the brown dwarf candidates more closely re-
semble dwarfs than giants for a given spectral type and hence
a dwarf temperature scale is more appropriate than a giant
temperature scale for young objects.

Finally, we have used our near-infrared survey to define an
extinction-limited sample of YSOs in the high-extinction core
to investigate the properties of the northern cluster. For this
sample of 44 objects, the fraction of objects exhibiting IR
excesses is FIRX ¼ 0:57 � 0:13, in excellent agreement with
previous estimates for this cluster and other clusters of com-
parable age. Using masses estimated from intrinsic colors and
absolute J magnitudes for very late type dwarf stars and the
0.3 Myr DM models, we find a mass spectrum for interme-
diate- and low-mass stars that is indistinguishable from that in
other young clusters and the field-star IMF. Due to the pos-
sible presence of background stars in the sample, only an
upper limit to the slope of the mass spectrum at very low and
substellar masses can be estimated. The slope of � � 1:6 is
consistent with that found for substellar objects in other young
clusters and in the field.
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APPENDIX A

SPECTRA OF M GIANTS

Grism spectra were obtained for eight objects of low surface
gravity and are presented in Figure 8. Owing to the high-in-

frared brightness of these objects, the S/Ns in the unsmoothed
spectra are greater than 100. The giant sample includes the
following objects and their optically determined spectral types:
HD 236879 and BD +30

�
3647 (M0, Jaschek 1978), BD

+29�3674 and BD +06�4112 (M2, Jaschek 1978), HD 167654
(M4, Houk & Swift 1999), BD +27�3478 (M5, Jaschek 1978),
VY Peg (M7, Kirkpatrick, Henry, & Irwin 1997), CTI
+191258.9+280353 (M7, Kirkpatrick et al. 1994), and AW Psc
(M9, Solf 1978). We note that the luminosity class for AW Psc
is not well determined.

Features in the giant spectra are distinct from those in the
cluster member or dwarf star spectra. The giant star spectra are
dominated by the CO band heads and display weak Na i and
Ca i absorption lines. In addition to the four 12C16O (�� = 2)
band heads normally seen in infrared spectra, also seen is the
(6, 4) band head at 2.414 �m, the (7, 5) band head at 2.446
�m, and perhaps even the (8, 6) band head at 2.479 �m (see
Goorvitch 1994 for line list). This leads to an overall depres-
sion of the continuum in the 2.4–2.5 �m region and hence a Q
index such as defined in equation (2) cannot be used to mea-
sure the depths of the water bands. Water vapor absorption at
1.9 �m is first evident in the spectrum of the M7 III VY Peg
but is weak or absent in the M7 III VY Peg CTI +
191258.9+280353. This is no doubt related to the pulsation of
these variable stars which leads to fluctuations in their effec-
tive temperatures.
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