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ABSTRACT

While following up L dwarf candidates selected photometrically from the Two Micron All Sky Survey, we
uncovered an unusual object designated 2MASS J01415823�4633574. Its optical spectrum exhibits very strong
bands of vanadium oxide but abnormally weak absorptions by titanium oxide, potassium, and sodium. Morpho-
logically, such spectroscopic characteristics fall intermediate between old field early-L dwarfs [ log (g) � 5] and
very lateM giants [ log (g) � 0], leading us to favor low gravity as the explanation for the unique spectral signatures
of this L dwarf. Such a low gravity can be explained only if this L dwarf is much lower in mass than a typical old
field L dwarf of similar temperature and is still contracting to its final radius. These conditions imply a very young
age. Further evidence of youth is found in the near-infrared spectrum, including a triangular-shaped H-band con-
tinuum, reminiscent of young brown dwarf candidates discovered in the Orion Nebula Cluster. Using the above
information along with comparisons to brown dwarf atmospheric and interior models, our current best estimate is
that this L dwarf has an age of 1–50 Myr and a mass of 6–25MJ. Although the lack of a lithium detection (pseudo–
equivalent width <1 8) might appear to contradict other evidence of youth, we suggest that lithium becomes
weaker at lower gravity like all other alkali lines and thus needs to be carefully considered before being used as a
diagnostic of age or mass for objects in this regime. The location of 2MASS 0141�4633 on the sky coupled with a
distance estimate of �35 pc and the above age estimate suggests that this object may be a brown dwarf member of
either the 30 Myr old Tucana/Horologium association or the �12 Myr old � Pic moving group. Distance as
determined through trigonometric parallax (underway) and a measure of the total space motion are needed to test
this hypothesis.

Subject headinggs: stars: individual (2MASS J01415823�4633574) — stars: low-mass, brown dwarfs

1. INTRODUCTION

The search for dwarfs later than late-M has had a brief but sur-
prisingly productive history. The first L dwarf was discovered
during a search for brown dwarf companions to nearby (white
dwarf ) stars byBecklin&Zuckerman (1988). Now the total num-
ber of L dwarfs recognized in the solar neighborhood exceeds

400 and the number of their cooler brethren, the T dwarfs, ex-
ceeds 60.3 Research on L and T dwarfs is a rapidly maturing
field, and having such a large number of cool objects enables
studies that might not otherwise be possible (Kirkpatrick 2005).
One such study is the identification of L and T dwarfs that

show rare spectroscopic traits. A few notable L and T dwarfs with
unusual or unique spectroscopic features have been identified.
Explanations for the unusual features vary, 2MASS J05185995�
2828372 is believed to be a close binary composed of a late-L
andmid-T dwarf (Cruz et al. 2004),whereas 2MASS J05325346+
8246465 is probably a low-metallicity L dwarf member of the halo
(Burgasser et al. 2003). In this paper we present the discovery of
a field L dwarf whose unique spectroscopic signatures are likely

1 Some of the data presented herein were obtained at the W. M. Keck Ob-
servatory, which is operated as a scientific partnership among the California
Institute of Technology, the University of California, and the National Aero-
nautics and Space Administration. The Observatory was made possible by the
generous financial support of the W. M. Keck Foundation.

2 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. 3 See the compilation at http://www.DwarfArchives.org.
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caused by low gravity, which implies that it is a very young,
low-mass brown dwarf.

2. DISCOVERY AND DATA ACQUISITION

2MASS J01415823�4633574 (hereafter simply 2MASS 0141�
4633) was discovered during a photometric search for L dwarfs
using data from the Two Micron All Sky Survey (2MASS;
Skrutskie et al. 2006). The goal of this search was to produce a
sizable list of southern hemisphere targets whose trigonometric
parallaxes could be obtained from the Anglo Australian Obser-
vatory. 2MASS 0141�4633 was selected because of its red
color (J � Ks ¼ 1:735 � 0:054) and relatively bright magni-
tudes of J ¼ 14:832 � 0:043, H ¼ 13:875 � 0:026, and Ks ¼
13:097 � 0:032, asmeasured by the 2MASSAll SkyPoint Source
Catalog.4 Figure 1 shows optical and near-infrared finder charts
of the region. Additional information on other objects discov-
ered during this L dwarf search can be found in J. D. Kirkpatrick
et al. (2006a, in preparation).

2.1. Keck LRIS Data

2MASS 0141�4633 was followed up spectroscopically us-
ing the Low-Resolution Imaging Spectrograph (LRIS; Oke
et al. 1995) at the 10 m W. M. Keck Observatory on the clear
night of 2003 December 24 UT. A 400 lines mm�1 grating
blazed at 85008was used with a 100 slit and a 2048 ; 2048 CCD
to produce spectra covering the range 6300–10,100 8 and hav-
ing a resolution of 9 8. The OG570 order-blocking filter was
used to eliminate second-order light. Flat-field exposures of the
interior of the telescope dome were used to normalize the re-
sponse of the detector. 2MASS 0141�4633 was observed in

two 1200 s exposures. Between these two exposures, a 20 s
spectrum of the G0 dwarf HD 11342, 1N5 away on the sky, was
observed to provide a template for telluric correction. An ob-
servation of the A0 star Feige 56 (Hamuy et al. 1994), taken on
the same night, was used for flux calibration. The data, all taken
at the parallactic angle to mitigate differential color refraction,
were reduced and calibrated using standard IRAF routines,5 as
detailed in Kirkpatrick et al. (1999). We interpolated the contin-
uum across the O2 bands at 6867–7000 and 7594–7685 8 and
the H2O bands at 7186–7273, 8161–8282, �8950–9300, and
�9300–9650 8 in the resulting spectrum of HD 11342 to
produce a ‘‘telluric-free’’ version. This cleaned spectrum of the
G dwarf was then divided into the precleaned spectrum of itself
to produce a telluric correction factor as a function of wave-
length. The reduced spectrum of 2MASS 0141�4633 was then
multiplied by this correction factor to produce a telluric-corrected
version of the target.

2.2. IRTF SpeX Data

Near-infrared spectra of 2MASS 0141�4633 were obtained
with SpeX (Rayner et al. 2003) on the 3 m NASA Infrared Tele-
scope Facility. The target was first observed on 2004 September
05 UT in prismmode to provide continuous coverage from 0.7–
2.5 �m in a single order on a 1024 ; 1024 InSb array. Use of the
0B5 slit resulted in a resolving power of k/�k � 150. For ac-
curate sky subtraction, the target was observed in three sets of
dithered pairs having 180 s integrations per position. On the fol-
lowing night, the target was observed in cross-dispersed mode
to provide higher resolution spectra over 0.9–2.4 �m in four

4 See http://www.ipac.caltech.edu/2mass/releases/allsky/doc/explsup.html.

Fig. 1.—Finder charts for 2MASS J01415823�4633574. Each field is centered on the target and is 50 wide with north up and east to the left. The top two images
come from the Digitized Sky Survey, and the bottom three images from the Two Micron All Sky Survey. Bandpasses and observing epochs (in UT) are noted on
each image. The object is not seen at the R-band, but an arrow marks its position in the other four.

5 IRAF is distributed by the National Optical Astronomy Observatory,
which are operated by the Association of Universities for Research in Astron-
omy, Inc., under cooperative agreement with the National Science Foundation.
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orders. Use of the 0B5 slit resulted in a resolving power of
k/�k � 1200. In this mode the target was observed in four dith-
ered pairs, having 300 s integrations for each position. Obser-
vations of the A0 dwarf HD 8977 were taken on both nights
near a similar air mass and time as the target to provide both
telluric correction and flux calibration. For all observations the
instrument rotator was positioned at the parallactic angle. For
instrumental calibration, internal flat-field and argon lamps were
observed immediately after the observation of the A0 star. Stan-
dard reductions were employed using the Spextool package
version 3.2 (Cushing et al. 2004; Vacca et al. 2003) as described
in Burgasser et al. (2004).

2.3. Keck NIRSPEC Data

2MASS 0141�4633 was also observed on 2004 November
06 UTwith the Near-Infrared Spectrometer (NIRSPEC; McLean
et al. 1998, 2000) on the 10 m W. M. Keck Observatory. Large
fluctuations in relative humidity were noted during the observa-
tions, but sky transparency was otherwise fine. Using a 1024 ;
1024 InSb array and the spectrograph in low-resolution mode,
we selected the grating angle to cover the part of the J-band win-
dow from 1.14 to 1.36 �m, where the most diagnostic near-
infrared features lie. Use of the 0B38 slit results in a resolving
power of k/�k � 2500. The data were obtained in two sets of
dithered pairs, with a 300 s exposure obtained at each position.
To measure telluric absorption, the A0 dwarf HD 8977 was ob-
served in a couple of 60 s nodded pairs shortly after the target
and close to the same air mass; such early-A stars are essentially
featureless in this region, only the star’s hydrogen Paschen line
at 1.282 �m needed to be interpolated over during the telluric
correction step. Calibrations consisted of neon and argon arc
lamp spectra, a dark frame, and a spectrum of a flat-field lamp.
Standard reductions using the REDSPEC package were em-
ployed, as described in detail in McLean et al. (2003).

3. ANALYSIS

3.1. Optical Spectral Features

3.1.1. Empirical Comparisons

The LRIS optical spectrum of 2MASS 0141�4633 is dis-
played in Figure 2 along with a comparison sequence of late-M
and early-L dwarf standards from Kirkpatrick et al. (1999). Al-
though the gross appearance of the spectrum is clearly that of a
late-M or early-L dwarf, details of the optical spectral morphol-
ogy of 2MASS 0141�4633 are unlike that of standard M and
L dwarfs and, in fact, do not resemble any dwarf seen previ-
ously. Specifically, the VO bands from 7334 to 75348 and from
7851 to 79738 look most like those seen in an L0 dwarf but are
considerably stronger than any of the spectra in the standard
sequence. Furthermore, the TiO bands at 70538 and shortward
are veryweakor absent, and those at 8206 and84328 have strengths
similar to those same bands in an L1 dwarf.

Figure 3 shows details of the same spectra to emphasize how
the spectrum of 2MASS 0141�4633 departs from the norm. The
alkali lines, K i, Na i, Rb i, andCs i, are noticeablyweak compared
to the same lines in standard late-M/early-L spectra. Moreover,
in addition to being weaker, the K i lines are distinctly narrower;
the cores of these lines have full widths at half minima (relative
to the local pseudocontinuum) that are 1.2 to 1.7 times smaller
than those of the other late-M and early-L dwarfs show in Fig-
ure 3. The Li i doublet is not present either, although this is not
unusual at this resolution and spectral type in the standard spec-
tral sequence. Hydride bands of FeH and CrH are also weaker
than normal.

Figure 4 places these anomalies in a different context. Shown
for comparison here are the LRIS spectrum of 2MASS 0141�
4633 compared to LRIS spectra of the old, L1 dwarf companion
GJ 1048B and the late-M giant IRAS 14303�1042 (= BR 1430�
1042). In the spectrum of 2MASS 0141�4633, the strength of
the Na i and K i lines falls intermediate between the strengths
seen in the dwarf and the giant. Likewise, the VO strengths fall
intermediate between the high- and low-gravity objects. The TiO
strengths, on the other hand, are very similar to those of the dwarf
and quite unlike those of the giant.
The inset in Figure 4 shows one final optical spectral compar-

ison. The uppermost spectrum in the inset is the 2MASS 0141�
4633 spectrum from 2003 December 24 (UT). Just below that is
a poorer signal-to-noise ratio spectrum of the same object from
a night earlier. (Due to poor sky subtraction at longerwavelengths,
this earlier spectrum is not considered further in this paper.) The
later spectrum exhibits an H� emission line with a pseudo–
equivalent width of 10:5 � 1:5 8. The earlier spectrum shows
that the emission was persistent, the measure in this case being
5:0 � 2:5 8. Although these two measurements are only 2 �
discrepant, it appears that the pseudo–equivalent width mea-
sure in the earlier spectrum is contaminated by a noise spike at
shorter wavelengths, as the width of the line is broader than in

Fig. 2.—Far red optical spectrum of 2MASS J01415823�4633574 (red)
compared to a sequence of normal field late-M and early-L dwarfs (black). The
plotted standards are 2MASSW J1434264+194050 (M8), 2MASSW J1239194+
202952 (M9), 2MASP J0345432+254023 (L0), 2MASSW J1439284+192915
(L1), Kelu-1 AB (L2), and 2MASSW J1146345+223053AB (L3), as plotted in
Fig. 6 of Kirkpatrick et al. (1999). All spectra were taken with LRIS at the 10 m
W. M. Keck Observatory, and none of these have been corrected for telluric ab-
sorption. The flux scale is in units of Fk normalized to 1 at 8250 8. The spectra
are separated by half-integral offsets along the y-axis for clarity. Atomic absorp-
tion by alkali metals (green) and molecular absorption by oxides (blue) and hy-
drides (magenta) are marked. Telluric absorption and intrinsic H� emission are
also marked (cyan). Note the weak or absent TiO bands, strong VO bands, weak
alkali lines, weak FeH and CrH bands, and notable H� emission in the spectrum
of 2MASS 0141�4633.
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the later spectrum and offset to shorter wavelengths. Hence we
believe that these spectra provide strong evidence for variability
in the H� line itself.

Also shown in this inset in Figure 4 is the spectrum (bottom
line) of the low-gravity L2 dwarf G196-3B, which has a mea-
sured Li i pseudo–equivalent width of 6 8 (Kirkpatrick et al.
2001). However, no discernible Li i line is seen in either spec-
trum of 2MASS 0141�4633 to a level of �1 8.

3.1.2. Physical Interpretation

We interpret the spectral features in the optical as follows.
Alkali lines have long been known to be gravity sensitive, in
which case the weakness of these lines in 2MASS 0141�4633
can be explained if this object has a much lower gravity than
a typical field L dwarf. The narrower appearance of the K i

doublet also points to lower gravity, because these lines lack
the familiar pressure-broadened wings seen in normal early-L
dwarfs.

At face value the strengths of the oxide bands are harder
to interpret, but nonetheless point to low gravity as well. Both
TiO and VO disappear along the standard late-M/early-L dwarf
sequence due to condensation, TiO disappearing first and VO at
somewhat colder values of Teff (Kirkpatrick et al. 1999). Lower
gravity leads to low atmospheric pressure, which tends to in-
hibit condensation in the sense that condensation does not occur

until even colder temperatures are reached.6 (see, for example,
Table 2 and Fig. 2 of Lodders 2002) In the case of 2MASS
0141�4633 the Teff is low enough that the formation of TiO-
bearing condensates has begun but not low enough to trigger
VO-bearing condensation.

As lower gravity can successfully explain all of the spectral
peculiarities of 2MASS 0141�4633, we propose that this is the
physical reason underlying its unique spectral signature. Lower
gravity means that this object is lower in mass or larger in radius
than a typical field dwarf of the same temperature. Both con-
ditions would be present in a very young brown dwarf, because
it would still be contracting to its final radius, and it would not

Fig. 4.—Far red optical spectra of a normal L1 dwarf GJ 1048B (top black
line), the peculiar L dwarf 2MASS 0141�4633 (red line), and the very late type
M giant IRAS 14303�1042 (bottom black line). All spectra were taken with
LRIS on Keck and in this case all spectra have been telluric corrected. Spectra
have been normalized to 1 at 82508 and separated vertically by 1 dex for ease of
comparison. Color coding of features is the same as in Fig. 2. In the spectrum of
2MASS 0141�4633, the strength of the Na i and K i lines, as well as the strength
of the VO bands, falls intermediate between the strengths seen in the dwarf and
the giant. The TiO strengths, on the other hand, are very similar to those of the
dwarf and quite unlike those of the giant. The inset shows an expanded version
of the 2MASS 0141�4633 spectrum (red) along with a spectrum of the same
object taken one night earlier (orange). Note the change in H� emission strength
between the two nights. Also shown in the inset for comparison is the low-
gravity L2 dwarf G196-3B (black). Unlike G196-3B, the spectrum of 2MASS
0141�4633 shows no indication of Li i absorption. All three spectra in the inset
have been normalized to unity at 6650 8, displayed in linear flux units, and
separated vertically from one another by units of 0.5.

6 At their very low gravities, log (g) � 0, late-M giants never reach tem-
peratures low enough to trigger the formation of TiO- and VO-bearing con-
densates. Because the weakening and disappearance of these two molecules is
the hallmark of the M/L transition, this explains why there is no such thing as an
‘‘L giant.’’

Fig. 3.—Detailed slices of the spectral sequence shown in Fig. 2. Vertical off-
sets between spectra have been adjusted to ease comparison; vertical adjustments
are in quantized units of 0.15 for the leftmost panel, then moving toward the right,
0.25, 0.5, 0.5, and 1.5 for subsequent panels. The ordering from top to bottom and
the color coding are the same as in Fig. 2. As noted before, K i, Na i, Rb i, and Cs i
lines in 2MASS 0141�4633 are noticeably weaker than those of standard late-M
and early-L dwarfs. (The other alkali line, Li i, is not seen in 2MASS0141�4633.)
Moreover, the cores of the K i doublet are also much narrower in 2MASS
0141�4633. Hydride bands of FeH and CrH are also weaker and H� emission
more prominent in the spectrum of 2MASS 0141�4633.
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yet have had the time to cool to the temperatures typical of old
field objects of the same mass.

The lack of lithium in 2MASS 0141�4633 may at first con-
sideration seem to contradict our hypothesis of a young age and
lower gravity. Many previous studies have used the presence of
lithium absorption as an indicator of low mass, as solar met-
allicity brown dwarfs below a mass of �60MJ never burn their
initial lithium content. Young brown dwarfs are expected to ex-
hibit lithium absorption, whereas older, higher mass objects
at the same temperature (spectral type) are not. The L2 dwarf
G196-3B, shown in the inset of Figure 4, is an example of such
a young brown dwarf. In 2MASS 0141�4633 alkali lines of
Na i, K i, Rb i, and Cs i (Fig. 3) are noticeably weaker than those
of normal field late-M and early-L dwarfs. The low gravity hy-
pothesis for our object implies a low mass (see x 4), so it will
have retained its nascent lithium content too; however, low
gravity will also serve to diminish the Li i line strength, just as it
does for the other alkali lines. We propose that the Li i line is not
detected at our signal-to-noise ratio and resolution simply be-
cause the gravity of 2MASS 0141�4633 is uncommonly low.
This should serve as a cautionary tale; at very low gravities, the
strength of the Li i line will decrease markedly, greatly de-
creasing its usefulness as a test of substellarity.

3.2. Near-Infrared Spectral Features

3.2.1. Empirical Comparisons

The SpeX near-infrared spectrum of 2MASS 0141�4633 is
shown in Figure 5 along with SpeX spectra of normal field late-
M and early-L dwarfs from Cushing et al. (2005). Most notable
in the spectrum of 2MASS 0141�4633 is the triangular-shaped
appearance of the H-band spectrum, which stands in stark con-
trast to the more rounded H-band peaks seen in the compari-
son objects. Furthermore, the near-infrared spectrum of 2MASS
0141�4633 is much redder than spectra of normal late-M/early-
L dwarfs. Its color of J � Ks ¼ 1:74 � 0:05 from the 2MASS
All Sky Point Source Catalog is significantly redder than the
average color of J � Ks � 1:40 found for normal field L0 dwarfs
(Kirkpatrick et al. 2000).
Also notable are two deep molecular bands centered near

1.06 and 1.18 �m that are not present in spectra of the normal
late-M/early-L dwarfs. Figure 6 shows this region in more de-
tail, revealing that both bands are caused primarily by VO. Note
also that lines of Na i and K i along with bands of FeH are
weaker in 2MASS 0141�4633 than in the comparison spectra.
In this figure the nature of the peculiarities in the 2MASS 0141�
4633 spectrum mirrors that seen in its optical spectrum.
A further comparison is shown in Figure 7, which presents

the NIRSPEC J-band spectrum of 2MASS 0141�4633 along
with NIRSPEC spectra of a normal early-L dwarf and a late-M
giant. As is seen in the optical spectra of Figure 4, the spec-
trum of 2MASS 0141�4633 looks like a hybrid of a dwarf and a
giant. Lines of K i are clearly weaker than those in the dwarf, but

Fig. 5.—Near-infrared spectra of normal field late-M and early-L dwarfs
(black) and the peculiar L dwarf 2MASS 0141�4633 (red). The comparison
spectra are vB 10 (M8), LHS 2924 (M9), 2MASSI J0746425+200032AB
(L0.5), and 2MASSW J1439284+192915 (L1) from Cushing et al. (2005). All
spectra were taken with SpeX on the 3 mNASA Infrared Telescope Facility and
have been normalized to 1 at 1.30 �m. Spectra have been separated vertically in
units of 0.5 for clarity. Most notable in the spectrum of 2MASS 0141�4633 is
the triangular-shaped appearance of the H-band spectrum. Also notable are two
deep bands centered near 1.06 and 1.18 �m that are not present in spectra of the
normal late-M /early-L dwarfs. As can also been seen in this figure, the near-
infrared spectrum of 2MASS 0141�4633 is much redder than spectra of normal
late-M /early-L dwarfs.

Fig. 6.—Detail of the J-band spectra from Fig. 5. The ordering and color
coding are the same as in that figure. Compared to the sequence of normal late-
M and early-L dwarfs, the spectrum of 2MASS 0141�4633 shows alkali lines
(green) and FeH bands (magenta) that are weaker than normal and VO bands
(blue) that are stronger than normal, mirroringwhat is seen in the optical spectra.
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not nearly as weak as those in the giant. The broad depression
between 1.17 and 1.22 �m appears to be caused by two major
absorptions, VO, which is strong in the giant and very weak or
absent in the dwarf, and FeH, which is strong in the dwarf and
much weaker or absent in the giant. These two features, VO at
shorter wavelengths and FeH at longer ones, conspire to make a
broad V-shaped depression centered near 1.20 �m in 2MASS
0141�4633. Lastly, the strong absorption bands of TiO starting
near 1.24 �m in the giant appear to have no analog in either the
normal dwarf or 2MASS 0141�4633.

3.2.2. Physical Interpretation

As discussed for the optical spectrum, the weakness of the
alkali lines and the strength of VO bands in the near-infrared
can also be attributed to low gravity. Can a lower gravity also be
the cause of the oddly shaped H-band peak and the red J�Ks

color? It should be noted that triangular-shaped H-band peaks
have been reported previously in the spectra of low-mass brown
dwarf candidates in the Orion Nebula Cluster (Lucas et al. 2001).
In fact, the strangeness of theH-band spectra was used by those
authors as proof that their candidates were neither normal fore-

ground nor background stars. Because low-gravity model atmo-
spheres by Allard et al. (2000) reproduce the spirit of this feature,
this was taken as further evidence of youth.

Those authors did not attempt to explain the physical rea-
son for the change in theH-band pseudocontinuum, but we note
that this is probably due to a reduction in H2 collision induced
absorption (CIA). This feature is created by the collective in-
duced dipolar moments on symmetric hydrogen molecules by
van der Waals forces in a dense gas. Such perturbations are
enhanced in atmospheres of higher pressures and densities.
From the equation of hydrostatic equilibrium in stellar atmo-
spheres, we know that atmospheric pressure scales as dP/d� �
P/� � g/�R, where P is pressure, � is the optical depth, g is grav-
ity, and �R is the Rosseland mean opacity. Photospheres of lower
pressure can be produced either through lowering the gravity or
increasing the metal content (increasing �R). As it is unlikely
that 2MASS 0141�4633 is a super metal-rich L dwarf—this
would explain only the strength of the VO bands but neither
the weakness of the TiO bands nor the alkali lines—the most
likely explanation is that H2 CIA is reduced because of lower
gravity.

As Borysow et al. (1997) show, H2 CIA produces a very
broad feature in the near-infrared. At the temperatures typical of
late-M and early-L dwarfs (�2300–2500 K) the strongest part
of the absorption at JHK bands is located near 2.5 �m, with a
gradual weakening toward shorter wavelengths. A diminishing
of this absorption would have two main effects; (1) less ab-
sorption at K band relative to J band produces a redder J�Ks

color, and (2) the H-band peak appears less rounded and more
peaky. The latter effect is illustrated, albeit for a slightly hotter,
2800 K object, in the lower right panel of Figure 5 in Borysow
et al. (1997).

It is worth noting that another early-L dwarf exhibiting fea-
tures of low gravity, the L2 dwarf G196-3B (see Fig. 4), also has
an unusually red color. The Dwarf Archives Web site7 currently
lists 37 objects with well-measured types of L2, and the average
2MASS J � Ks color for these is 1.53. Of these 37, G196-3B
has the reddest color of all, J � Ks ¼ 2:053 � 0:057. This object
is a companion to a young field M dwarf and has been assigned
an age of �100 Myr (Rebolo et al. 1998). We expect the re-
duced influence of H2 CIA, and consequently an uncommonly
red J � Ks color, to be typical of low-gravity brown dwarfs
such as this one.

As was the case for the optical spectral features, lower grav-
ity can successfully explain all of the spectral peculiarities of
2MASS 0141�4633 in the near-infrared. In the next section we
use theoretical spectra to attempt to measure the gravity and
temperature of 2MASS 0141�4633, which will further allow us
to estimate its mass and age.

4. COMPARISON TO MODEL SPECTRA

Using data presented in the previous sections, we have pieced
together a high-resolution version of the spectrum covering
0.6–2.4 �m. These pieces have been assembled using the LRIS
optical spectrum and the four orders of the SpeX cross-dispersed
near-infrared spectrum. The four orders all fall on the same array
and have the same relative scaling, so we havemerely normalized
this set at its peak flux and then normalized the SpeX prism
spectrum to 1 at the same wavelength. We then multiplied the
LRIS spectrum by a constant to bring its flux value in agreement

Fig. 7.—Keck NIRSPEC spectrum of 2MASS 0141�4633 compared to
NIRSPEC spectra of a normal field L0 dwarf (2MASP J0345432+254023, from
McLean et al. 2003) and a late-type M giant (IO Virginis, from McGovern et al.
2004). Spectra have been normalized to 1 at 1.27 �m and offset by half inte-
gers to separate the spectra vertically. Color coding of features is the same as in
Fig. 2. As with Fig. 4, the spectrum of 2MASS 0141�4633 in this wavelength
regime shows features intermediate between the dwarf and the giant. K i lines
are considerably weaker than those seen in the dwarf, but not as weak as the
practically nonexistent lines in the giant. The broad trough between 1.17 and
1.22 �m is caused by a combination of features, a deep VO band (strong in the
giant) on the short wavelength side and a deep series of FeH bands (strong in the
dwarf ) on the long wavelength side. Bands of TiO situated longward of 1.24 �m,
which are seen in the giant, appear not to be present in either the normal L0
dwarf or the spectrum of 2MASS 0141�4633.

7 See http://www.DwarfArchives.org.
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with the SpeXprism spectrum at 0.9�m.The scaled LRIS spectrum
and SpeX cross-dispersed spectral orders are plotted together in
Figure 8 and overlain on the full SpeX prism data as a com-
parison. The internal agreement is excellent.

This combined high-resolution spectrum was then compared
to a grid of synthetic spectra computedwith the PHOENIXmodel
atmosphere code. Thesemodels are similar to the ‘‘dusty’’models
described in Allard et al. (2001); however, they include many
improvements incorporated into PHOENIX since 2001. Our
model grid spanned TeA ¼ 1500–3000 K in 100 K increments
and log (g) ¼ 2:0–6.0 (in cgs units) in 0.5 dex increments.

The effective temperature was obtained by fitting the 0.6–
2.4�m spectrumwhilemasking the 1.32–1.60 and 1.75–2.20�m
regions. These two regions correspond to strong H2O absorp-
tion bands known to be poorly represented by current brown
dwarf model atmospheres. A best fit of TeA ¼ 2000 � 100 K
was determined using a simple least-squares method. With Teff
fixed to this value, the gravity was determined by simultaneously
fitting the two K i doublets in the J-band spectrum, again with a
least-squares method. These pairs of K i lines are known to be
sensitive gravity indicators (Gorlova et al. 2003; McGovern
et al. 2004) and together yield a best fit of log (g) ¼ 4:0 � 0:5.
Figure 9 shows these best fits.We note that our 2000 K best fit to
the entire spectral energy distribution (SED) could also be used

to estimate gravity, as the CIA H2 is a huge contributor to the
SED shape at H and K bands. This best fit yields log (g) ¼ 3:5,
consistent with the line-fitting method.
Empirically, these derived values roughly agree with expec-

tations. For normal field early-L dwarfs with measured trigo-
nometric parallaxes, we find TeA � 2500 2300 K (Kirkpatrick
2005). Very late Mira-typeM giants such as our comparison stars
IRAS 14303�1042 (Wils 2003) and IO Virginis (Kazarovets
et al. 1993) have types between M8 and M10+ (Kirkpatrick
et al. 1997), and the values of Teff for such stars range from�2000
to�2500 K (van Belle et al. 1996). Based on this empirical evi-
dence, we would expect that the effective temperature of 2MASS
0141�4633 would also fall intermediate between the giant and
dwarf temperatures ranges, i.e.,�2200 K, or somewhat warmer
than the model-fit estimate of TeA ¼ 2000 � 100 K. The em-
pirical guess should only be used as a crude guide, but it at least
shows that the value from model fits is plausible.
As for the value of log (g), we would expect a value lying

intermediate between that of a dwarf [ log (g) � 5] and a giant
[ log (g) � 0] but probably closer to that of a dwarf, since over-
all the spectral features are a better match to the former than the
latter. So the model-fit estimate of log (g) ¼ 4:0 � 0:5 also agrees
with expectations.
Using these model-fit estimates of Teff and log (g), we can plot

2MASS 0141�4633 on the theoretical Teff versus log (g) plane
to deduce mass and age. Figure 10 shows this plane overplotted
with the ‘‘Dusty’’ evolutionary tracks from Baraffe et al. (2002)
and the 1 � error box for 2MASS 0141�4633. This suggests
that 2MASS 0141�4633 has an age between 1 and 50 Myr and
a mass between 6 and 25MJup. The most likely values give an
age between 5 and 10 Myr and a mass of�12MJup. Plotting the
values of Teff and log (g) on an alternative set of evolutionary
isochrones, such as those given by Burrows et al. (1997), results
in identical estimates of <50 Myr for the age and <25MJup for
the mass, with best guesses of 5 Myr and 11MJup.
It should be noted, however, that the theoretical models are com-

pletely untested in this regime of mass and age. Any derived

Fig. 8.—Plot of the full spectral energy distribution of 2MASS 0141�4633
from 0.6 to 2.5 �m. The data in black represent the Keck LRIS optical spectrum
from Fig. 2 along with the IRTF SpeX cross-dispersed spectrum from Fig. 5.
Overplotted in red is the IRTF SpeX prism spectrum. The SpeX prism spectrum
was normalized to 1 at its peak flux (at 1.32 �m). The SpeX cross-dispersed
spectrum was normalized to 1 at this same wavelength, and the LRIS spectrum
multiplied by a constant to match the prism spectrum at 0.9 �m. There is ex-
cellent agreement in all overlaps, between the SpeX prism and cross-dispersed
data, the SpeX prism and LRIS data, and even in the 0.94–1.01 �m overlap
between the short-wavelength order of the SpeX cross-dispersed spectrum and
the LRIS spectrum.

Fig. 9.—J-band (top) and K-band (bottom) spectra for 2MASS 0141�4633.
The observed spectrum is shown in red, and the best fitting brown dwarf model
spectrum [with TeA ¼ 2000 K and log (g) ¼ 4:0] is plotted in black. The gravity
sensitive K i lines are indicated in the J band as well as the weak Na i doublet
and the CO features in the K band.
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values for these quantities should be treated with utmost cau-
tion. At the moment they are useful only in comparing these
derived values (in a relative sense) to derivations for young, low-
mass brown dwarfs detected elsewhere. The absolute values
of these quantities are largely untestable at present, but we can
nonetheless compare the age estimate to other empirical data.
Based on a grid of late-M and early-L dwarfs that we are de-
veloping for a larger project (J. D. Kirkpatrick et al. 2006b, in
preparation), we can already argue that the age of 2MASS 0141�
4633 must be substantially younger than a Pleiades members of
similar type, because its spectral features belie an even lower
gravity. As the Pleiades are believed on other grounds to be of
age �125 Myr (Stauffer et al. 1998), this means that 2MASS
0141�4633 is substantially younger than that value. The fact
that the triangular peak in the H-band spectrum is so similar
to that of brown dwarf candidates in the Orion Nebula Cluster
(age �few Myr) is a further clue that the age is substantially
younger than that of the Pleiades. Hence, the theoretically de-
rived best-guess age of 5–10 Myr for 2MASS 0141�4633 is
realistic.

5. THE NATURE OF 2MASS 0141�4633

5.1. Is It a Member of a Young Association?

Up till now we have considered 2MASS 0141�4633 to be a
field object, but is this seemingly solivagant (solitary wandering)
L dwarf actually part of one of the recently recognized young,
nearby, southern associations? (See review by Zuckerman &
Song 2004.) An upper age estimate of 50 Myr opens up the pos-
sibility that this object is a member of either the AB Doradus
moving group (age �50 Myr),8 the Tucana-Horologium asso-
ciation (age �30 Myr), the � Pictoris moving group (age �
12Myr), or the TWHydrae association (age�8Myr). The best-

guess age estimate of 5–10 Myr gives a best match to either the
� Pic group or the TWHya association. The location of 2MASS
0141�4633 on the sky most closely matches the core of the
Tucana /Horologium group or the � Pic group, but this is not a
very strong constraint, because these associations are relatively
nearby and hence spread over a large angular extent of sky.

Distance can potentially be used as another crude criterion.
Using the best-guess estimate of 5–10 Myr for the age and a
best guess mass of�12MJup, we find a luminosity L/L� � �3:5
for 2MASS 0141�4633 (Burrows et al. 1997). Assuming that
the K-band bolometric correction for early-L dwarfs of 3.2
(Golimowski et al. 2004) holds for this object, we find that the
most likely distance, if 2MASS 0141�4633 is single, is�35 pc.
Unfortunately, this also fails to provide much of a constraint.
The median distances of proposed members is found to be 29 pc
for the AB Dor group, 47 pc for the Tucana/Horologium asso-
ciation, 39 pc for the � Pic group, and 54 pc for the TW Hya as-
sociation (Zuckerman & Song 2004). The proposed members
tend to scatter over distances of at least 20 pc either side of these
medians, meaning that the 35 pc distance estimate to 2MASS
0141�4633 sheds very little light on possible membership.

Another valuable piece of evidence is the true space velocity.
Astrometric measurements are currently underway by one of us
(C. G. T.), and these will provide a trigonometric parallax and a
tangential velocity. An accurate radial velocity will be required
to determine the true space velocity and to compare the (U, V,
W ) space motions to those of the aforementioned associations.
The mean (U, V, W ) motions of these groups are, not surpris-
ingly, very similar (see Table 7 of Zuckerman & Song 2004), but
a measurement for 2MASS 0141�4633 will at least test the
hypothesis of youth, in general, and the possibility that it is a
member of any of these. Using our highest resolution spectrum
(the NIRSPEC J-band spectrum), we derive a crude radial ve-
locity of 12 � 15 km s�1 for 2MASS 0141�4633. This value is
smaller than the total space velocity (�20–30 km s�1) for the
four young associations mentioned above, so there is no evi-
dence yet to rule out membership.

Given the scant information currently available, themost likely
match to the age, distance, and sky location of 2MASS 0141�
4633 is either the Tucana /Horologium association or the � Pic
moving group. Additional observations are clearly warranted.

5.2. What Is Its Spectral Type?

Given that 2MASS 0141�4633 is so different from the stan-
dard spectral sequence, its classification should include the fact
that it is spectroscopically peculiar. Given that it best matches
the spectral features of an early-L dwarf, we tentatively assign it
a spectral type of L0 pec. We predict that 2MASS 0141�4633
will begin to look less peculiar as other low-temperature, low-
gravity objects are found. Therefore, an augmentation of the
L and T spectral classification system will soon be warranted.

As pointed out in Kirkpatrick (2005), we are quickly heading
toward a need for other dimensions in our classification of L and
T dwarfs to capture information about metallicity and gravity,
the two other main parameters besides temperature and clouds
that modulate the appearance of the emergent spectrum. We sug-
gest a nomenclature in which the prefix (d, sd, esd) indicates the
metallicity type, the core indicates the temperature/cloud type
(L0, L1, L2, . . . , T0, T1, etc.), and the suffix (perhaps � , �, �,
etc.) indicates the gravity type. As usual, we intend to follow
the precepts of the MK process (Garrison 1984) and base our
system on only empirical constraints. Normal field objects of
solar metallicity would earn a prefix of ‘‘d.’’ Mildly metal de-
ficient L and T dwarfs would earn the prefix ‘‘sd’’ and extremely

Fig. 10.—Theoretical Teff - log (g) evolutionary tracks from Baraffe et al.
(2001) and Chabrier et al. (2000). Isochrones are plotted as dotted lines, while
thin solid lines indicate constant mass. Isochrones for 5 and 40 Myr have been
highlighted with thick solid lines. The filled circle with error bars marks the
best-fit Teff and log (g) values for 2MASS 0141�4633 deduced from brown
dwarf model spectra. With these values, the evolution models imply an age
between 1 and 50 Myr and a mass between 6 and 25MJup.

8 Luhman et al. (2005) argue that the age of AB Dor is closer to that of the
Pleiades, �125 Myr.
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metal poor dwarfs would earn the prefix ‘‘esd,’’ following the
nomenclature of Gizis (1997). The gravity index is actually a
measure of the change in line/feature strength at various ages.
Old L or T dwarfs in the field would have a suffix of � , those L
(and T) dwarfs of Pleiades age would earn a suffix of �, objects
roughly of TW Hya age would get a designation of �, and the
even younger objects, say of the age of the Orion Nebula Cluster,
would get a �. Following this reasoning, 2MASS 0141�4633
might eventually be tagged with a type such as dL0� or dL0�
to more fully incorporate its spectral appearance into the spec-
tral classification itself.

Establishing this spectral nomenclature scheme is the subject
of an ongoing program. Building an empirical spectroscopic
grid in metallicity (A. J. Burgasser et al. 2006, in preparation)
and gravity (J. D. Kirkpatrick et al. 2006b, in preparation) phase
space is the topic of future papers.

6. CONCLUSIONS

We have presented the discovery of 2MASS J01415823�
4633574, an odd, early-L dwarf whose peculiarities we prescribe
to unusually low gravity. Both empirical and theoretical consid-
erations point to a very young age, likely in the 5–10 Myr range.
Fits to model atmospheres suggest an effective temperature of
2000 � 100 K, and placement on theoretical evolutionary tracks
indicate a mass of roughly 12MJ. Its southerly declination, young
age, and implied mass suggest that this may be a very low-mass
brown dwarf member of a young association, such as the Tucana/
Horologium association or the � Pic moving group. Other de-
tailed observations of this object, including spectroscopic acqui-
sition at higher resolution or at longer wavelengths, astrometric
and radial velocity measurements, and imaging searches for even
fainter companions, are all important follow-up studies needed to
better understand the nature of this rare L dwarf.
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