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Infrared imaging observations have detected a dozen faint young stellar objects 
(YSOs) in the Taurus and Chamaeleon molecular clouds whose near-infrared 
colors are similar to those of classical T Tauri stars (TTS). They are around four 
magnitudes fainter than Low-luminosity YSOs in Taurus detected in earlier 
surveys and as much as eight magnitudes fainter than typical TTS. The extreme 
faintness of the objects and their Lower Luminosity relative to previously iden- 
tified brown dwarfs in the Pleiades indicate that these faint YSOs are very young 
brown dwarfs on the order of 1 million years old. 

The recent discovery of very low mass (M < each VLL-YSO in Taurus with NIR pho- 
0.08 Ma) objects, including the cold (T < tometry (7). First, we assumed the age 
1000 K) brown dwarf G1229B (I), a dozen range of VLL-YSOs to be lo6 to lo7 years, 
relatively young brown dwarfs in the Pleiades similar to that of the TTS (10). Second, we 

of Hawaii (UH) 2.2-m telescope in October 
1997 with the facility camera, which gave an 
image scale of 0.0612 arc sec per pixel. The 
UH observations complement previous Tau- 
rus observations made at the Hale 5-m tele- 
scope in November 1996 using the D-78 InSb 
camera, which gave an image scale of 0.125 
arc sec per pixel. The Chamaeleon observa- 
tions were made at the Cerro Tololo Inter- 
American Observatory 1.5-m telescope in 
March 1996 with the Cerro Tololo IR Imager, 
which gave an image scale of 1.16 arc sec per 
pixel. More details of these observations and 
reduction procedures can be found elsewhere 
(19, 20). 

We detected six "companions" to 23 
VLL-YSOs in Taurus (Table 1 and Fig. 1) 
(19). These sources were selected on the NIR 
color-color diagram (Fig. 2A) in the same 
manner as the VLL-YSOs were selected from 

(2), and several field brown dwarfs detected assumed that most of the J-band flux is the survey observations (7); the selected 
by all-sky surveys (3), has provided addition- from the YSOs' photosphere (11). Third, sources have NIR color excesses that cannot 
a1 observations about a class of objects that ' we corrected for reddening by dust between be explained by the colors of normal stars 
are too small to be stars and too large to be the objects and Earth by using the NIR with the cloud extinction (12, 21). The star 
planets. Although we have more observations color-color diagram (12). Here we assumed counts from the galactic models (22) and 
of brown dwarfs, we do not know much about the intrinsic color of the VLL-YSOs to be the galaxy counts (23) suggest that the 
where and how these substellar objects similar to that of the TTS (13) and we expected number of background stars or 
formed. It has been suggested (4) that brown applied the standard reddening vector (14). galaxies in a 10 X 10 square arc sec region 
dwarfs form in molecular clouds (5) by pro- Using the bolometric correction ( I S )  we is less than 0.1 at K < 18 (24). Further- 
cesses similar to those that form normal low- estimated the upper limit of the total lumi- more, the detected sources are point-like at 
mass (0.3 to 3 M,) stars or by other processes nosity from the reddening corrected J-band this resolution. Therefore, we conclude that 
like gavitational instability in disks. fluxes. Comparing the assumed ages and the detected sources are YSOs associated 

Nearby (about 500 light years from the total luminosities with recent evolutionary with the Taurus cloud. Although at present 
sun) molecular clouds such as the Taurus and theories (16) (hereafter DM) of very low there is no direct evidence that the fainter 
Chamaeleon clouds are known to be active mass YSOs, we have determined that the YSO is physically associated with the 
formation sites of low-mass stars. Optical, faintest VLL-YSOs are just below the mass brighter YSO, their close associations (2 to 
infrared (IR), and x-ray surveys have detected boundary of 0.08 M, between brown 5 arc sec) and the similarities of their red- 
hundreds of YSOs in these clouds (6). The dwarfs and stars. However, because of the 
most significant populations of YSOs are the uncertainties associated with the age as- 
pre-main sequence stars of 0.3 to 3 Ma and of sumption [see note for (16)] and because [ 
ages between lo5 and lo7 years. The optical the suggested mass is still near the star- 
counterparts of such YSOs are known as brown dwarf boundary, we claim only ten- 
classical TTS. Recent near-IR (NIR) surveys, 
however, have detected another population of 
very low-luminosity (VLL) YSOs in Taurus 
(7). These NIR objects are fainter by 2.5 to 
6.5 magnitudes than typical TTS whose mag- 
nitude range at J-band (1.25 km) is about 7 to 
10.5. Such VLL-YSOs have been detected in 
the nearby molecular clouds Taurus (3, 
Ophiuchus (8), and Chamaeleon (9). This 
suggests that VLL-YSOs may be ubiquitous 
in any star-forming regions. 

It is possible to estimate the mass of 

tatively that some VLL-YSOs are young 
brown dwarfs. 

According to recent NIR spectroscopic 
studies of the relatively bright VLL-YSOs 
(1 7, 18), their temperatures are low (around 
3000 K). Therefore their positions in the 
Hertzsprung-Russell diagram suggest that our 
age assumption is correct (in the range of lo6 
to 10' years) and most of the observed VLL- 
YSOs are close to the boundary mass (0.1 to 
0.2 M,). Thus, any objects with lower lumi- 
nosities than these VLL-YSOs of the same 
age in the same distant clouds are considered 
to be of substellar mass. Fig. 1. K-band image of ITC 45, one of the 

M. Tamura and T. Nakajima, National Astronomical To search for objects even fainter than VLL-YSOs detected in the Taurus survey (7). 
Obse~atory, Osawa 2-21-1, Mitaka, Tokyo 181-8588, VLL-YSO~ in nearby clouds, we have con- The fainter source (ITC 45 B) is an ELL-YSO 
japan. Y. ltoh and Y. Oasa, University of Tokyo, Osawa reported in this paper. Data were taken at the 
2-21-1, Mitaka, Tokyo 181-8588, Japan. ducted kinds (i) a ~~l~ 5-m telescope. separation of the two 

'Present address: Subaru Telescope, National Astro- and high Vatial JHK (H = sources is 2.3 arc sec. corresponding to 320 AU 
nomical Observatory of Japan, 650 North A'ohoku km, K = 2.2 km) imaging survey for corn- at the distance of the Taurus molecular cloud; 
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dening imply that they are companions. In 
all cases the companions are much fainter 
than the primary VLL-YSOs. The J magni- 
tude of the companions ranges from 16 to 
19, about 8 magilitudes fainter than the 
typical TTS in the same region (Fig. 2B). 
We call these companions ELL (extre~nely 
low luminosity)-YSOs. 

In the core of the Chamaeleon cloud. we 
have detected several faint sources whose 
NIR lun~inosities and colors (Table 1 and Fig. 
2) are similar to those of the conlpanion 
ELL-YSOs in Taurus; therefore; we suggest 
that these are ELL-YSOs associated with the 
cloud (20). The Chamaeleon ELL-YSOs are 
apparently isolated single sources with a res- 
olution of 1 to 2 arc sec; in contrast to the 
Taurus companions. However, this might be 
a bias due to different obseivillg techniques. 

The Chainaeleon obselvations had less reso- 
lution than the Taurus observations, reducing 
our ability to detect any companions in 
Chamaeleon. 

It is possible to estimate the mass of the 
Taurus and Chamaeleon ELL-YSOs by the 
same method as described above. Assuming 
ages of lo6 and lo7 years with the DM 
evolutiollary tracks and the tracks for the 
brown dwarfs and giant planets (25), we ob- 
tained the upper limit of the mass of the 
fainter ELL-YSOs (ITG 9C, 33B, 45B; OTS 
11, 48) of 0.012 1Z.f3. This is below the star- 
brown dwarf inass boundary and is close to 
the giant planet mass regime (50.013 11,) 
(25). Their J-band lu~ninosities are compara- 
ble to or less than those of the lcnown brown 
dwarfs in the Pleiades whose ages are about 
10' years (2). Therefore, even if we take into 

account the uncertainties of the age assump- 
tion (16). the substellar nature of the ELL- 
YSOs appears secure. 

The detzction of isolated very young 
brown dwarf candidates in Chamaeleon and 
the discoveiy of very young br0a.n dwarfs as 
companions in the Taurus molecular cloud 
have several i~nplications concerning the for- 
mation of substellar objects. First, brown 
dwarfs form in molecular clouds where nor- 
mal solar-mass stars also foinl. Second, they 
appear to f o l ~ n  in isolated and binary sys- 
tems. Therefore, theoretical explanations for 
the foinlation of both types of extremely 
low-mass objects are needed. Third. because 
the ELL-YSOs are selected on the basis of 
their IR excesses; they inust be associated 
with circumstellar structures like disks. To 
address statistical questions such as the initial 

Table 1. Young brown dwarf candidates in the Taurus (Tau) and Chamaeleon from the primary VLL-YSOs t o  the companion. OTS 15 is more likely to  be a 
(Cham) molecular clouds. All Taurus sources are companions, and all Chamae- pre-TTS object, having a significantly larger IR excess. See (19, 20) for a 
leon sources are isolated. Magnitudes and colors are measured values, not complete list of all ITC and OTS sources. 
corrected for extinction. Numbers in Comments column are the separations 

Source 

ITC 9B 
ITG 9C 
ITC 158 
ITC 258 
ITC 330 
ITC 458 
OTS 7 
OTS 11 
OTS 15 
OTS 42 
OTS 44 
OTS 48 

Cloud 

Tau 
Tau 
Tau 
Tau 
Tau 
Tau 
Cham 
Cham 
Cham 
Cham 
Cham 
Cham 

H-K (mag) 

0.70 -C 0.04 
0.56 i 0.13 
0.73 i- 0.02 
1.28 i 0.01 
0.54 i- 0.03 
0.91 i 0.09 
0.88 i- 0.07 
1.42 i- 0.16 
2.37 i 0.02 
0.76 -C 0.02 
0.78 i 0.04 
1.06 i- 0.14 

Comments 

4.3 arc sec 
8.5 arc sec 
3.0 arc sec 
4.3 arc sec 
5.2 arc sec 
2.3 arc sec 

Pre-TTS? 

Fig. 2. (A) NIR ( j - H  
versus H-K) color- 
color diagram for the 
detected sources in  
Taurus and Chamae- 
leon. Candidates for 
ELL-YSOs in Taurus and 
Chamaeleon are shown 
in large filled circles 
and filled squares, re- 
spectively. Candidates 
for field stars in  Tau- 
rus and Chamaeleon 
are in  open circles 
and open squares, re- 
spectively. The VLL- 
YSOs i n  Taurus w i th  
companions (7) are in 
small filled circles. The 
loci of dwarfs, giants, 
supergiants, and red- 
dening vectors are also 
plotted as solid, dashed, 
dot-and-dashed, and 
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dashed lines, respectively. Each corresponding VLL-YSO and ELL-YSO dwarfs in  the  Pleiades (2) are shown in f i l led triangles, aftercorrecting 
pair is connected b y  a line. (B) The j - H  versus j color-magnitude for  t h e  distance modulus. The theoretical isochrones (76) for 1 M y r  
diagrams for  the  young  b rown dwarfs. The companion ELL-YSOs i n  (solid curve) and 10 M y r  (dot ted curve) ages, t h e  reddening vector, 
Taurus are shown i n  large f i l led circles, the  VLL-YSOs i n  Taurus (7) are and t h e  mass boundary o f  s tars lbrown dwarfs for t h e  10 M y r  age 
i n  small  f i l led circles, t h e  Chamaeleon ELL-YSOs are in  f i l led squares, (broken line) are also p lot ted.  Two crosses on t h e  isochrones corre- 
and the  classical TTS are i n  dots. Some of t h e  known young  b rown spond t o  0.08 M:. 
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R E P O R T S  

Inass function of the brown dwarfsigiant 
planets; we need to co~lduct inore compre- 
hensive surveys for both types of (isolated 
and companion) ELL-YSOs. It is also iinpor- 
tant (26) to fill the gap between the vely 
young brown dwarfs at several hundred as- 
trono~nical units from their co~npanions de- 
scribed in this paper and the close (0.5 to 10 
astronomical units) extrasolar giant planets 
and brown dwarfs around nearby stars recent- 
ly discovered (27). 
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Ages of Prehistoric Earthquakes 
Revealed by Cosmogenic 

Chlorine936 in a Bedrock Fault 
Scarp a t  Hebgen Lake 

Marek Zreda and Jay S. Noller 

Cosmogenic chlorine-36 reveals dates of the multiple prehistoric earthquakes 
that have produced a scarp on the Hebgen Lake fault. Apparent chlorine-36 ages 
are stratigraphically correct, follow a predicted theoretical pattern, and produce 
geologically reasonable model ages of 24, 20, 7.0, 2.6, 1.7, and 0.4 thousand 
years ago. This result demonstrates the feasibility of using cosmogenic chlorine- 
36 t o  extract paleoearthquake records from bedrock fault scarps. 

Verification of long-term eai-thqualte models 
with field observatio~ls requires records that 
contain multiple, well-dated eai-thqualtes. 
However. such paleoseislnic records are rare 
because landforlns and sediilleilts that record 
faulti~lg are difficult to identify and are easily 
buried or eroded; con~monly, evidence of 
earlier earthquakes is obscured by later ones 
(1). Bedrock fault scarps are the best evi- 
dence of past eai-thqualtes. They are clearly 
associated with a particular fault, they fre- 
quently record inultiple eai-thqualtes, and they 
tend to remain uninodified because of their 
resistance to erosioa. A inajor past disadvan- 
tage of bedrock fault scarps is that they have 
not been datable by nuinerical techniques 
with adequate precisioil and accuracy (2). 
Here, we describe an approach to dating pre- 
historic earthquakes based oil the buildup of 
cos~nogenic 'TI in bedrock scarps exposed 
during surface faulting. and discuss its appli- 
cation to a li~nestoae scarp on the Hebgen 
Lake fault (3, 4); Moiltaila (Fig. 1).  The 
technique measures how long the different. 

episodically offset parts of the scarp have 
been exposed to cosmic radiation. 

Cos~nogeilic is produced by cosmic- 
ray neutroils and inuons that interact with 
39K, "'Ca, and 35Cl in materials in the top 
few meters of Earth's crust (5-7). Because 
the production rate of j6Cl (7, 8)  and its 
distribution below the surface (9, 10) are 
kao~vn. the concentration of cosinogenic 36Cl 
can be used to calculate how long a surface 
has been exposed to cos~nic radiation, that is. 
to deteimine its surface exposure age. In the 
case of a fault scarp, the cosrnogenic 36Cl 
exposure age is the time since the scalp face 
was suddeilly exposed during a large surface- 
faulting earthqualte. 

Before faultiag, only a small a~nouilt of 
cosrnoge~lic j6Cl acc~~mulates below the sur- 
face because of shielding by the overlying 
rocks. In li~nestones, this subsurface produc- 
tion is domi~lated by spallation of "Ca at 
depths of <3 m and by negative lnuon cap- 
ture by 'OCa below that depth (11). At a depth 
of 2 In; the total production rate due to spal- 
lation and negative lnuon capture decreases 
to < lo% of that at the surface. This inherited 

M. Zreda, Department o f  Hydrology and Water Re- 
sources, University o f  Arizona, Tucson, AZ 85721, 

cO1npollellt of '6C1 call be quantified and 
USA, J .  S .  Noller, Department o f  Geology, Vanderbilt subtracted from the total llleas~lred '6C1 to 
University, Nashville, TN 37235, USA. dete~lnine the surface exposure age of the 
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