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A bstract. We present observations of a sam pie of 13 very 
low mass stars and brown dwarfs in the central region of 
the Chamaeleon 1 star forming cloud. The observations 
include slitless spectroscopy around HO' to identify new 
members, low resolution long-slit visible and near-infrared 
spectroscopy, deep ROSAT PSPC X-ray observations, 
and ISOCAi\1 mid-infrared observations. Our sample adds 
seven new objects to those discussed by Comeron, Rieke, 
and \euhauser (1999, A& A, 343, 477) and extends the 
range of spectral types up to ~18. \\<'e study different 
narrow-band indices as a tool for detecting and classifying 
very late-type young stellar objects. As to K -band spec
tra, we find that the visible features are not appropriate 
to yield a spectral classification more accurate than a few 
subclasses at best beyond \16. 

\one of our sources displays K -band excess emis
sion, bu t fou r have excess at 6.7 J.lm suggesting that, 
although circumstellar disks are common around young 
very low mass stars, their inner regions are in general 
not hot enough to radiate significantly in the K band. 
!\Iid-infrared emission loosely correlates with HO' emis
sion: sources without mid-IR excesses are always weak HO' 
emitters, while rnid-IR excess sources have a broad range 
of HO' equivalent widths. X-ray emission is detected for 
7 objects with spectral type 1\16 or later, including one 
bona-fide brown dwarf and three objects near the border 
separating stars and brown dwarfs. X-ray to bolometric 
luminosity ratios are typical of low mass, fully convective 
stars. The non-detection of X-ray emission at comparable 
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levels from more evolved brown dwarfs suggests t.hat x
ray activity may be restricted to early stages of brown 
dwarf evolution. 

We discuss in detail the temperatures and lurninosit
ies of our object.s based on t.heir magnitudes and spect.ra, 
and use the derived values t.o estimate masses and ages 
according to two different sets of pre-main sequence evol
utionary tracks. Both set.s of models are in good agreement 
concerning the mass derived for our objects, shO\\'ing that 
four of them are bona-fide brown dwarfs, six are trans
ition objects, and three are low mass stars. Derived ages 
differ significantly depending on the adopted models, es
pecially at the lowest masses. This is mainly due to the 
objects lying on opposite sides of the deuterium-burning 
main sequence depending on whether one or another set 
is used. Csing Baraffe et al. (1998, A&A, 337,403) models 
for the dating of each object in the area of our survey with 
mass below 1 M0 , we find that most have ages near 2· 106 

years, with a small spread around that value. However, a 
few objects appear to have ages near 2· 107 years, suggest
ing that most, but not all, star formation in that region of 
Chamaeleon I may have happened almost simultaneously 
~n a recent burst. 

Comparing predictions on members of the star forming 
region based on K -band star counts with the number of 
members actually identified through HO' emission suggests 
that sensitive HO' surveys are very efficient in producing 
a complete or nearly complete magnitude-limited census 
of young stellar objects in Chamaeleon I. Cnder the as
sumption that our sample is complete, we derive a mass 
function of Chamaeleon I between 0.03 and 1 M0 which 
can be approximated by a nearly flat powerlaw in log
arithmic mass units, in agreement with results for other 
young aggregates. 

Key words: Stars: pre-main sequence; low-mass, brown 
dwarfs; activity; circumstellar matter; formation; mass 
function 
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1. Introduction 

Young star forming regions within a fe\\" hundred parsecs 
from the Sun, like those in Orion, Taurus, Ophiuchus, Ser
pens, R Coronae Australis. Lupus, or Chamaeleon, have 
become one of the main targets for studies of the low
est mass stars and brown dwarfs. Deep surveys plus high 
resolution, multiwavelength observations of the faintest 
members of these aggregates from the ground and from 
space have opened up the possibility of studying in detail 
multiple aspects concerning their intrinsic and collective 
properties. These observations provide essential insights 
on features accompanying the earliest phases of the life of 
a star, such as the generation of the magnetic field, the 
onset of nuclear reactions at the core, the evolution of the 
circumstellar envelope or disk, or the late stages of accre
tion onto the surface. They also contain information on 
the processes determining the build-up of the stellar mass 
function or the formation of multiple systems. 

An important question is to what extent the observa
tional signatures displayed by young very low mass stars 
are also common to young brown dwarfs. Some basic sim
ilarities between these two classes of objects at ages of 
only a few million years are predicted by theoretical mod
els, and hinted for instance by the similar properties of 
HQ' emission (Luhman et al. 1997; Comeron et al. 1999a, 
hereafter CR~) or X ray emission detected from recently 
formed brown dwarfs (~euhauser & Comeron 1998, here
after ~C, :'Iieuhauser et al. 1999). On the other hand, the 
shape of the stellar mass function and the statistics of bin
arity in the brown dwarf domain may provide information 
on the relative importance of the competing processes of 
fragmentation and accretion at very low masses, thus con
straining models on the collapse of molecular cores all the 
way through the formation of the compact object (Shu et 
al. 1987), either star or brown dwarf. An investigation of 
all these aspects from an observational perspective must 
be based on the existence of samples as large as possible, so 
that the different features under study can be conveniently 
correlated and conclusions on collective properties can be 
made statistically sound. This requires the use of appro
priate techniques for the detection and identification of the 
objects of interest and, once such identifications are made, 
the investment of considerable amounts of observing time 
with a variety of highly sensitive astronomical instruments 
to collect multiwavelength information of each individual 
object. 

The Chamaeleon I complex of star forming clouds and 
young stars (Schwartz 1991) is one of the most prom
ising grounds for obsen'ational projects on young very 
low mass objects. It is nearby (160 pc; Wichman n et 
a!. 1998, Knude & Hog 19911), the extinction is low as 
compared to other star forming regions (Cambresy et al. 
1997, Cambresy 1999), and it lies at a relatively high 

galactic latitude, implying a moderate density of back
ground objects. The highest concentration of members is 
found in the proximities of the star H 0 97048 ..-\s shO\\fl 
by visible-light pictures, this star lies near the middle of 
a low extinction strip running roughly from !\ortheast to 
Southwest. Other bright members of the aggregate, like 
LkHQ' 332-17 and \.\\" Chao are located in this region too 
(Lawson et al. 1996, and references therein)" A ne,'", deep 
HQ' objective prism and near-infrared imaging survey of a 
~ 100 arcmin 2 of this area, centered at Q' = Il h 07m 2G', 
fJ = -77°36'50" (J2000.0), was presented by CR:\. This 
survey revealed six new emission line sources, rising the 
number of members identified in the area to 11', most of 
them with til-type spectra. It also constrained the number 
of non-identified members and the slope of the initial mass 
function by means of J< -band star counts. 

In this paper we report on ne\'- results from a deeper 
survey and follow-up observations of the same area as 
studied in CRl\, as well as a survey of an adjacent region 
South of that one. The available material now includes 
visible and near infrared imaging, near infrared low resolu
tion spectroscopy, and space-based observations in X-rays 
and the thermal infrared. The study presented here greatly 
expands the work of CR:", both concerning to the quant
ity of objects discussed as to the quantity and quality 
of information available for most of the objects. The ob
servational material and some details of the observations 
are described in Section 2. Section 3 presents a variety 
of results derived from these observations, concerning the 
visible and near infrared photometric and spectroscopic 
properties, as well as the X-ray and mid-infrared proper
ties of the objects under study_ The discussion in Section 
4 focuses on the H- R diagram at the lowest masses and 
the implications concerning the evolutionary status and 
the mass funcion in that range. Our conclusions are sum
marized in Section 5. 

2. Observations 

2.1. Ground-based observations 

The ground-based observations presented In this paper 
consist of: 

A deeper slitless spectroscopy survey of the area stud
ied in CR:", for which we carried out additional obser
vations using DFOSC at the Danish 1.5 m telescope in 
La Silla on 26 and 27 March 1999. We used the same 
instrumental setup as in the observations reported in 
that paper (i.e., a Gunn r filter to isolate the HQ' region 
and reduce the bright background caused by moon
light). This made it easy to stack the new observations 
with the ones reported in CR]\'. Moreover, we improved 
the source detection method by implementing an auto
mated spectrum extraction procedure, rather than re
lying on the visual inspection of the slitless spectro
scopy frame as was done in CRl\. Basically, an image 
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of the field was used to link a reference star with its 
spectrum in the slitless spectroscopy frame, manually 
defining the spectrum extraction area. In this way, the 
position of the spectrum relative to the image of the 
object was determined. :\ext, sources \\ere automat
ically detected in the image frame using DAOPHOT, 
and a spectru m was extracted for each one using the 
offset between the image of the star and its spectrum 
as defined from the reference star. A review of all the 
spectra obtained in this way allowed an easy and fast 
selection of the best targets for follow-up spectroscopy, 
made on the basis of Ha emission and a late spectral 
type as judged from the appearance of the stellar con
tinuum feature at 6800 A < .A < 7100 A. Five new 
late \l-type emission objects were found in this way, 
in addition to the] 7 members that had been identi
fied in previous surveys (including the six of CR:\). :\0 
attempt was made to provide a detailed classification 
of the other 73 spectra obtained in this field, but the 
vast majority clearly correspond to earlier-type, back
ground stars. 
Slitiess spectroscopy of a new area of Chamaeleon I, to 
the South of the one studied in CRf\, carried out with 
the same telescope, instrument, and setup on 26-28 
April J999. The available time and observing condi
tions allowed us to integrate for a total of four hours 
on the field, thus reaching a sensitivity level similar to 
the one of CRN, in which the same integration time 
was used. Spectra were automatically extracted and 
examined as described above for 110 objects (the lar
ger number with respect to the Northern field being 
due to the lower extinction in the Southern half of the 
field), nine of which displayed Ha emission. Two of 
them turned out to have been unidentified by previ
ous surveys. A tenth object in the field, Cha Has, had 
most of its spectrum outside the slitless spectroscopy 
frame. 
Long slit Jow resolution spectroscopy of the objects 
reported by CIl:\, plus others discovered in a new slit
Jess spectroscopy survey of the same area reaching to 
magnitudes fainter than those in CRf\. Low resolution 
spectroscopy \\'as carried out using E\1MI, the visible 
imager and spectrograph at the NTT, on 17 and 18 
April 1999. The grism used provided a resolving power 
of ~ 270 over the interval 3850 A to 10000 A. Expos
ure times were adjusted according to the magnitudes 
of the objects and previous experience with observa
tions of Cha Ha 1 carried out at the same telescope 
and with the same setup. Spectra were extracted and 
reduced following the same procedures used for our 
previous spectroscopy of Cha Ha 1, described in !\c. 
"ear-infrared (K band) low resolution spectroscopy of 
the objects reported by CR!\, plus others newly dis
covered in the deep survey of the same area. These ob
sen'ations were carried out in service mode at the :\TT 
using the infrared camera and spectrograph SOFI on 7 

and 8 .'\lay 1999. The setup and data reduction process 
were also identical to those of our infrared obsen'ations 
of Cha Ha 1 in '\Iay 1998 (:\C). 

In addition, we make use in the present study of the 
J H K photometry presented by CR:", plus B\' Rclc pho
tometry obtained simultaneous to the slitless spectroscopy 
observations. The photometry \\'as calibrated taking as a 
reference the magnitudes given for stars in the same field 
as listed by Gauvin &: Strom 1992 and Lawson et al. 1996, 
as done in CR:", with the exception ofCH\R 78:\£ for the 
reasons given in that paper. Additional medium-resolution 
spectroscopy of the objects descri bed by C R\', pi us !\\'o 
more found during the deeper slitless spectroscopy frame 
of the same area (Cha Ha 7 and 8), has been published in 
\euhauser &: Comeron 1999, In that study, radial velocit
ies \\'ere derived and found to be consistent with member
ship in the star forming region for all the studied objects. 
\Ioreover, all of them were found to show lithium absorp
tion in their spectra, as expected from newly formed very 
low mass objects. 

2.2. ROSA T observations 

We have merged the data of two ROSAT PSPC pointed 
observations (31 ks by PI H. Zinnecker plus 5 ks by PI E. 
Feigelson) centered both on the Cha I dark cloud (see !\C). 
Then, we have performed local and map maximum likeli
hood source detection - in principle very similar to what 
we explained and used in NC, CR\', and Neuhauser et al. 
1999. For the detection of faint sources in the rSF wings 
of much brighter nearby X-ray sources, we have modified 
the MIDAS/E\SAS detection proceedure. Originally, a 
preliminary (local) source detection is done first. Then, 
photons from detected sou rce are removed from the back
ground image. Then, another (map) source detection is 
done. Finally, the local and map sources are merged to 
obtain the final source list. In the revised proceedure, we 
do these steps in three consecutive iterations and Wf' also 
scale the numbers of photons to be removed by the profile 
of the PSF of the detected sources. This two modifica
tions allow us to also detect very faint sources near bright 
sources, e.g. Cha Ha5. A detailed description of the results 
is given in Section 3.4. 

2.,'1. ISOCAM observations 

The ISOCAM data are taken from a survey of Cha I in 
the two broad band filters LW2 (5 - 8.5 j.Lm) and LW3 (12 
- 18 j.Lm), described by ~ordh et al. (1996), Olofsson et al. 
(1998) and Persi et al. (2000). The region of interest in this 
study was covered in the 18' X 21' field named" Cha I S C", 
observed in raster mode with 3/1 /pix resolution and 0.28 
seconds integration, staying a total of 15 seconds per sky 
position. In order to avoid saturation by bright infrared 
sources in the field, this lowered sensitivity, compared to 
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Fig. 1. Finding charts for the central reglOn of Chamaeleon 
I (top) and th(' overlapping region South of it (bottom). AJI 
the members identified in the present and previous surveys 
an' marked. Both images were taken with DFOSC at the 1.5 
Danish telescope in La SiJla, and have a field of wie\' of 13' x 13'. 
~orth is at the top and East to the left. The top imagp was 
obtained through the Ie filter, and the bottom one through 
the Re filter. 

the n 'rninal set-up, was used. Data reduction was per
form( as described in the above references. 
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Fig. 2. Spectra of objects Cha Ha I to ]] at \'isible 
wavelengths, ordered by increasing spectral subtype. 
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Fig. 3. Spectra of objects Cha Ha ]2 and 13 in the Ha region. 

3. Results 

3.1. New late type members and their visible spectra 

The purpose of the slitless spectroscopy surveys is the 
identification of new, faint late type Chamaeleon I mem
bers through their Ho emission. Although Ho emis~ion 

is not unique to young low mass objects, the confirma
tion that objects detected in this way are indeed young 
can be carried out with follow-up spectroscopy (CH.!\, 
Neuhauser & Comeron 1999). The slitless spectroscopy of 
Chamaeleon I obtained by CR!\ demonstrated that lightly 
embedded, young brown dwarf candidates in nearby star 
forming aggregates are within the reach of small-sized tele
scopes with a modest investment of observing time. 

:\ew observations carried out using this approach havf' 
allowed us to increase the number of identified Ho emit
ting objects with a late r-.I spectrum in the central region of 
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Chamaeleon I to 13, as compared to the 6 initially identi
fied by CR:\. \10reover. high S/:\ spectra covering the en
tire visible range (as opposed to a narroll' band of ~ 1000 
A around Ha of the lower S/"\, spectra presented by CR:'\) 
and K-band spectra for II of these objects are now avail
able, including the 6 nel\' Ho emitters studied by CR:\. 
For the other 2, only lower S/':'. spectra in the 6200 A-7200 
A range are available so far. For the 6 Ha emitters dis
cussed by CR:\ and two of the newly discovered objects, 
medium-resolution spectroscopy has also been obtained 
and discussed separately ("\,euhauser & Comeron 1999). 

Figure I contains finding charts with all the objects 
discussed in this paper, plus other brighter members of 
the aggregate that had been previously identified by other 
authors. The visible spectra of the objects observed with 
long-slit spectroscopy are displayed in Figure 2, and the 
Ho-region spectra of the two additional objects South of 
the main surveyed area are displayed in Figure 3. Table I 
lists the positions and photometry, when available, of all 
the objects, as well as their spectral types. 

We have classified the objects for which we have the 
full visible spectra following the criteria described in detail 
by CIt:\' for the classification of Cha Ho 1, i.e. using both 
the general appearance of the spectrum to compare it to a 
sequence of field late 1\1 dwarfs, as well as a variety of flux 
ratios proposed by different authors to produce a quant
itative classification of M dwarfs. The spectral classifica
tions provided in Figure 2 and in Table 1 are obtained by 
comparing the individual spectra to the sequence defined 
by Kirkpatrick et al. ]991 for field 1\1 dwarfs. Since these 
classifications are in general based on spectra of much bet
ter quality than those used by CR"\, (with the only excep
tion of Cha Ha I), the spectral types given in Figure 2 
and Table I differ slightly in some cases from the ones 
attributed in that work. We estimate the accuracy of the 
spectral types derived here to be ±0.5 subtypes. Adopt
ing these classifications as the reference ones allows us to 
study the behaviour of the different flux ratios in very 
young late-type objects, which is an important issue in 
deciding on both their adequacy for narrow-band imaging 
surveys, and their ability to discriminate between young 
and evolved 1\1 dwarfs. 

:\. set of such ratios was proposed by Kirkpatrick et al. 
1991 to measure the strenghts of a number of temperature
and gravity-sensitive spectral features over the range 6900 
A- 8600 A. In general, these ratios present monotonic 
trends for dwarfs down to a spectral type :\15-1\17, and 
they reverse the behaviour for the latest spectral types. 
For ratio A, measuring the strength of the CaH feature 
centered at 6975 A, our objects display a nearly unifofln 
value of 1.34, with a scatter of less than 0.03, which is 
less than the typical scatter for field dwarfs. The average 
values that we find are similar to those of field dwarfs of 
types around \14.5 or later than 1\17. At the spectral type 
;\16 our ratio A is below that of field dwarfs by ~ O. I, 
but well above that of giants. For ratio B, measuring the 

strength of the Til feature near 7358 A, we find typically 
values between 1.06 and 1.]0, well within the range offield 
dwarfs between ~14 and ~17. Two of our objects, Cha Ho 
9 (type ~16) and Cha Ha 7 (\18) display somewhat higher. 
morc giant-like values of 1.14, but the difference with field 
dwarfs is still small. Similarly, for ratio D measuring the 
Call feature at 8542 A we find values of 1.05-1.10, near 
the minimum of the values measured in field dwarfs which 
occurs at 1\15-\16. In summary, our objects are dwarf-like 
concerning the behaviour of ratios A, B, and D, and the 
fact that they lie in the range \I'here the monotonic trends 
of these ratios with temperature break down makes them 
of little use in classifying our objects or discriminating 
them from field dwarfs. The similarity between the values 
found for our objects and those typical of field stars sug
gests that the ,'eiling of the spectral features of our young 
objects is small at most. 

A more interesting behaviour concerning Kirkpatrick 
ct a!.'s ratios is found in ratio C, which measures the 
strength of the !"al feature around 8190 A. This line, and 
to a lesser extent the ~al line at 2,207 Ji-m as well (Luh
man & Rieke ]998), is a sensitive surface gravity indicator, 
able to discriminate between evolved and field dwarfs. Our 
results, yielding a value of the ratio between 0.8 and 1.0 
for our objects, not only confirm that it is much smaller 
than for dwarfs (for which measured values are above 1.2 
at \16), but also show that it is clearly below the ratio 
measured for giants as well, at least down to spectral type 
\15, in which ratio C is around J.05. Ratio C is thus a very 
useful tool for confirming the membership of late M-type 
objects in star forming regions. 

Concerning temperature indicators for very late-type 
1\1 dwarfs, Kirkpatrick et al. 1995 have proposed the use of 
an index measuring the strength of the VO feature around 
7445 A as the most suitable one for spectral classification 
at spectral types \17 or later. We find indeed a good correl
ation between spectral type and VO index for our objects 
as well, as illustrated by Figure 4. We only find a slightly 
smaller YO index for a given spectral subtype when com
paring the values given by Kirkpatrick et a1. 1995, which 
may be due to remaining surface gravity effects, but the 
possible offset ofVO-based spectral subtypes between field 
dwarfs and very young M-type objects does not seem to 
exceed 0.5 spectral subclasses. 

Given the usefulness of slitJess spectra including only 
a narrow band centered at Ha for the identification of 
new candidate members of star forming regions, it is in
teresting to check the suitability of indices defined in this 
region to produce a preliminary classification of the ob
jects so found. Two useful indices in this region, denoted 
as R3 1R2 and R4.1 R7 , have been defined by Prosser et al. 
1991 and used by CRN to classify the objects in their sur
vey. We have calculated these indices for the II objects 
for which we have high quality visible spectra, and have 
found that the R4.1 H7 index (which measures the depth 
of the TiO bandhead at 7053 A) continues to be well cor
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Table 1. Positions, photometry, and spectral types of faint late-type Chamaeleon I members 

.'\ame u (2000) 6 (2000) B \. Re Ie J H 1'( Sp. t~'pe E\\(Hu) (A) 

Cha 110 1 11:07: 17.0 -77:35:54 22.8: 21.0 18.7 16.17 13.55 12.78 12.28 :\17.5 99
 
Cha Hu 2 11:07:43.0 -77:33:59 21.9: 19.R 17.60 15.0R 12.59 11.43 11.15 ~16.5 32
 
Cha Hu 3 Il:07:52.9 -77:36:56 21.5 19.51 17.38 1-1.89 12.46 11.64 11.11 1\17 13
 
Cha Hu 4 11:08:19.6 -77:39:17 20.5 18.52 16.70 11.34 12.20 11.42 11.04 1\16 11
 
Cha Hu 5 11:08:25.6 -77:41:46 21.3 19.18 17.14 14.68 12.14 11.21 10.76 ~[6 II
 

Cha Hu 6 11:08:40.2 -77:34:17 21.7 19.75 17.60 15.13 12.43 11.61 11.09 1\17 76
 
Cha Hn 7 Il:07:38.4 -77:35:30 23.7:: 22.2: 19.5 16.86 13.89 13.00 12.51 1\[8 45
 
Cha Hn 8 11:07:47.8 -77:40:08 22.2: 20.1 17.96 15.47 ~16.5 9
 
Cha Ho 9 11 :07: 19.2 -77:32:52 >23.7 23.1: 20.1 17.34 13.92 12 ..')9 11.82 \16 lti
 

Cha Ho 10 11 :08:25.6 -77:39:30 22.6: 21.6 19.4 16.90 14.41 13.68 13.27 1\[7.5 9
 
ChaHall 11 :08:30.8 -77:39:19 23.3:: 21.9 19.9 17.35 14 72 13.98 13.57 :\IR 23
 
Cha Hu 12 11:06:37.5 -77:43:07 >21.3 20.6 18.3 15.58 :\17: 20:
 
Cha Ho 13 11:08: 18.4 -77:44:12 20.4 18.46 16.58 1'-1.09 1\15 11
 

Magnitude!; indicated with two decimal are those ha\'ing accuracies of 0.05 or better; a colon indicates an uncertaint~· greater 
than 0.2, and two colons, greater than 0.5. 

related with the spectral index weJJ beyond the [\15.5 type 
originally considered by Prosser et al. 1991, as shown by 
the middle panel of Figure 4. Our classification of Cha 
Hn 12 and 13 given in Table] and Figure 3 is based on 
this index. Judging from the appearance of L-type spectra 
(Kirkpatrick et al. 1999), the correlation may extend down 
to a bout L1. A poorer correlation is found for the ratio 
fbi H 2 , which may be largely due to inaccuracies in the ar
tificial subtraction of the Hn line present in the R2 band. 
The need to remove the Hn emission, and the subsequent 
errors and biases derived from the subjective estimate of 
the continuum level, discourage the use of this index for 
strong Hn emitting objects like the ones discussed here. 

We finally considered the pseudocontinuum indices 
proposed by Martin et al. 1996 for the classification of 
young brown dwarfs, with the exception of indices PC4 
and PC5 which require measurements at wavelengths bey
ond the interval covered by our spectra. In general we find 
a poor correlation of the three indices considered (PCl, 
PC2, and PC3) with the spectral type, and values sys
tematically higher than those found by t\.'lartin et al. 1996. 
Lnlike the indices described in the previous paragraphs, 
these pseudocontinuum ratios involve fluxes measured at 
wavelengths typically 500 Aapart, and extinction effects, 
even for relatively lightly embedded sources like ours, can 
be noticeable. The scatter and systematic effects that we 
see in our data are consitent with such an explanation. 
Since a proper correction for reddening is not straightfor
ward (see Section 3.3), we consider that spectral classific
ation based on pseudocontinuum indices is not adequate 
for objects whose foreground extinction may be import
ant, such as those discussed here. 

3.2. Near-infrared spectra 

The availability of both visible and near-infrared spectra 
for a sample of 11 Chamaeleon I members of types 1\16
1\18 offers a good opportunity to study the correspondence 
between both, and therefore the possibility of establishing 
a near-infrared spectral sequence for very young late-type 
objects. Such a spectral sequence should be of great use 
for the study of other star forming regions, whose mem
bers are too heavily obscured for spectroscopy in the vis
ible and where the K band is the only accessible domain 
for spectral classification. Spectral sequences for lale \1 
dwarfs in the near infrared have been published by Jones 
el al. 1994 (see also Williams et al. 1995 for references 
on earlier work), and detailed comparisons between at
mosphere models and observed spectral features in the 
infrared with the purpose of establishing a temperature 
scale have been carried out by Leggett et a!. 1996 and 
Jones et al. 1996. These and other works have been based 
on field M dwarfs, whose surface gravity exceeds by more 
than one order of magnitude that typical of brown dwarfs 
in star forming regions. Therefore, their results may not 
be directly applicable to very young objects such as the 
ones studied here. In a different approach, Luhman & 
Rieke 1998 used visible spectra of a sample of late-type 
members of the LJ495E cloud, selected by their tin or 
X-ray emission, to empirically calibrate the \II spectral 
sequence of very young objects in the infrared. They per
formed a careful analysis to quantify the degree of veil
ing in the K band, which can affect spectral features at 
that wavelength. The latest spectral type included in their 
analysis, 1\16, just falls short of probing the brown dwarf 
region. l\Iore recently, Luhman 1999 have extended the 
comparison between visible and infrared spectra in a star 
forming region to Ie 348. :\Ithough three likely brown 
dwarfs are included in their sample with spectral types as 
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Fig.4. Evolution of the \'0 and R4 /R7 indices (see text) 
versus spectral type and versus each other. Both indices 
prOl'idp useful quantitative criteria for spectral classification, 
although the \'0 index is clearly preferrable whenever both 
are available. 

late as M8, they were too faint for infrared spectra to be 
obtained. Some possible and bona-fide brown dwarfs have 
been observed spectroscopically in the p Ophiuchi cloud 
(Williams et al. 1995; Luhman & Rieke 1999; Wilking et 
al. 1999), but spectra both in the infrared and in the vis
ible have not been obtained yet for any of these objects. 
Our sample of types later than Nl6 is thus well suited to 
extend the calibration of near-infrared spectra into the 
brown dwarf domain. 

Unfortunately, the signal-to-noise ratios for some our 
faintest objects is insufficient for spectral classification 
purposes. However, the fact of having in our sample many 
objects within a narro\\' range of spectral types allows us 
to produce averaged spectra with higher signal-to-noise 
ratio by combining those of all the objects with similar 
spectral types. In this way. \\'e have produced represent
ative near-infrared spectra for \16 objects by combining 

ZI" "lOr'
,vc!\fi.~ I I 

r'~~V:M6 

~~~I	 
~	 M7 

,	 
i ~ <6i 

I. 
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L I 
___~~~----,-I~~__-,----,----~_~ L-.------'----------

1.6 1.8 2 2.2 

Wavelength (iJrn) 

Fig. 5. Infrared spectra in the long wavelength portion of the 
H band and in the K band. The spectrum marked as l'1"16 is the 
sum of the spectra of Cha Ha "J, 5, and 10; 1\17 is the sum of Cha 
Ha 2, 3, 6, and 8; and 1\IH is the sum of Cha Ha 1, 7, 10, and 
1 :.. The spectra have been ratioed b~' that of a late Ootype star 
observed at a similar airmass to correct for telluric features, 
and multiplied by a blackbod~' spectrum at 35,000 K to obtain 
a relative flux calibration. The main features that appear in 
Hand K band spectra of late 1\1 dwarfs are indicated. Also 
indicated are the positions of the narrow bands in which t.he 
fluxes II, 12, h, and 14 proposed in Section 3.2 are measured . 
The blank interval centered near). = 1.9 pm and marked as E9 
is due to telluric absorption. 

those of Cha Ho 4, 5, and 9; for M7 objects, by combining 
those of Cha 0 2, 8, 3, and 6 (i.e., individual types M6.5 
and M7); and for M8 objects, by combining those of Cha 
Ho 1, 10,8, and 1] (i.e., individual types M7.5 and M8). 
In this latter group we have also included the spectrum of 
Cha Ho 1 presented and discussed by NC. Given the low 
extinction at near-infrared wavelengths in the direction of 
all those objects and their lack of near-infrared excesses 
as derived from the available BF Helel H K photometry 
(see Section 3.3), the reduced spectra have been directly 
combined without any further corrections. The combined 
spectra are shown in Figure 5. The positions of the main 
spectral features expected in both the H and the K band 
are marked. However, the spectra are expected to be very 
nearly featureless in the H band, according to the spec
tral sequence in that domain presented by Meyer et al. 
1998: the strongest feature observed in their latest-type 
M dwarf, GL 725A (type M3V) is the All (1.6742 I-lm) 
line with an equivalent width of 3.5 A, near the detection 
limit of our composite spectra. 

A Ithough Luhman & Rieke 1998 identified useful cor
relations between the spectral type and the strength of 
some features, such correlations break down at the late 
spectral types under consideration here. This was already 
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Table 2. Equi"alenl widths (in A) of the main features ob
served in our K-band spectra. 

spectral type :'\al Cal CO
 
(2.2] lim) (2.26 lim) (2.29 lim)
 

1\16 7±2 3±] 9±2 
M7 3 ± ] -'I±] 16 ± 3 
MR 6±2 1 ± 1 ]3 ±3 

pointed out for field dwarfs by Luhman & Rieke 1998, and 
is confirmed by our measurements of the most prominent 
features observed in the K band that we list in Table 2, in 
which no clear correlation with spectral type is apparent 
for any of them. Spectral classification based on these nar
row features, at least at the resolution and signal-to-noise 
ratio that can be normally attained with current instru
mentation, does not seem to be feasible to an accuracy 
level of a fe\\·· spectral subtypes. 

An alternative way suggested by Wilking et al. 1999 
in based on the use of the broad H20 bands which appear 
at the limits of the atmospheric K window. \Vilking et 
al. defined a reddening-free Q index based on the ratios 
of fluxes in narrow wavelength intervals, some of which 
include the wings of the H 2 0 absorption. One of the in
tervals runs from 2.4 to 2.5 t-tm, a region in which our 
spectra are poorly observed due to the rapid increase of 
the atmospheric background emission (Wilking et al. used 
spectra obtained with the lRTF from Mauna Kea, a site 
with much better average near-infrared conditions than 
La Silla). Therefore, our data do not allow us to obtain 
reliable values of the Q index as defined by Wilking et al. 
1999. We can nevertheless define another reddening-free 
index, IH,o, measuring the depth of the wings of the wa
ter band centered near 1.9 jJlll. To do this, we define four 
bands of 0.05 t-tm width each centered at the wavelengths 
of 1.675t-tm, 1. 750t-tm, 2.075t-tm, and 2.250jJm, calling II, 
h, 13, and 14 to the respective fluxes measured in each 
of these bands. We assume that the extinction law is the 
same as derived by Rieke & Lebofsky 1985, which we ap
proximate as A>. ex A-1.47 over the Hand K bands as 
done Wilking et al. 1999. In this way, our IH,o is defined 
as 

I = 11 (14 )0.76 (I)
H,O h h 

When IH,o is calculated for our objects, we obtain 
values between 1.19 and 1.48 without any apparent cor
relation with the spectral subtype. This may be due to 
the narrow range of su btypes represented by our spectra, 
in agreement with the accuracy of ±1.5 subclasses estim
ated by Wilking et al. 1999 for their Q index. However, it 
may also be due to saturation effects, as suggested by the 
comparison among infrared spectra of the latest field \1 
dwarfs and L dwarfs (Kirkpatrick et al. 1999). Luhman & 
Rieke 1~99 hinted that such effects may be visible in very 

young \I-type objects at spectral types as early as 1\16. 
Although our data do not all0\\' to discern bet\\'een these 
two possibilities, it seems clear that no accurate spectral 
classification based on near infrared spectra like the ones 
presented here is possible. 

3.3. Extinction and near inimred excess 

To estimate the extinction in the direction to each of our 
sources, we use the accurate spectral types available for 
most of them together with empirical calibrations of in
trinsic colour vs. spectral type, and then compare the in
trinsic and observed colours to obtain the reddening. This 
was already done by CR~ using the (Ie - H) colour in
dex, or (F - Ie) when the latter was not available. The 
intrinsic colour indices adopted in that work \\"Cre those 
compiled by Kenyon & Hartmann 1995, based on field 
objects and extending down to spectral type \16. Such a 
choice has the double inconvenient of being based on ob
jects of systematically higher surface gravity than those 
considered here, and of requiring a rather large extrapol
ation to reach to 1\18. For the present work, we have pre
ferred instead to use an intrinsic colour index vs. spectral 
type relationship based on the observations of very low 
mass stars and brown dwarfs in the Pleiades published 
by Zapatero-Osorio et al. 1997. This cali bra tion has the 
advantage of including later-type spectra than those tabu
lated by Kenyon &. Hartmann 1995, and of being based on 
objects that, although older than ours, should have phys
ical characteristics closer to them than field 1\1 dwarfs. 
As seen from table 1 of Zapatero-Osorio et a!. 1997, the 
(Re - Ie) index is the one showing the most regular be
haviour with spectral type, and therefore we have used it 
for our calculations, as moreover it is available for all our 
sources l . The age difference between the members of the 
Pleiades (ages ~ 108 years) and of Chamaeleon 1 (ages 
< ]07 years) may be expected to produce somewhat bluer 
(i.e., giant-like) (Re - le)() indices for our objects at a 
given spectral type. The difference between the indices for 
Pleiades (Zapatero-Osorio et al. 1997) and giants (FI uks 
1998) is approximately 0.40 mag over the interval M6-M8. 
Given the rather dwarf-like appearance of our spectra, and 
lacking more quantitative criteria for the determination of 
the correction to be applied to the colours measured by 
Zapatero-Osorio et al. 1997, we have decided rather ar
bitrarily to assume intrinsic (Re - Ic)o colours for our 
objects bluer by 0.10 mag than those listed in that work, 
of which 0.U3 mag would correspond to the foreground 
reddening in the direction of the Pleiades (Crawford & 
Perry 1976). The values observed within a given spectral 
type have then been averaged, and these averages have 

1 (\' _ Ie), having a larger baseline, may be more suitable to 
derive the extinction, but the fair>tness of many of our objects 
in \. and the subsequent lesser photometric accurac~' discour
ages its use. 
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Table 3. i\dopted intrinsic colour indices (He -Ie)a, (H - K)a 

spectral type (He - le)a (H - K)o 

\16 2.20 0.30 
~16.5 2.30 0.35 
M7 2.40 0.'10 

\17.5 2.50 0.45 

1\18 2.60 0.50 

then been fitted as a linear function of the spectral type. 
The adopted colour index vs. spectral type calibration is 
listed in Table 3, and we estimate it to be accurate to 
::::: 0.10 mag. 

We calculate the extinctions in the Ie band as 

AI = 1.812[(Re - Ie) - (He - Ic)o] (2) 

where (Re -Ie) is the observed spectral index. The coef
ficient 1.812 comes from the extinction law of Rieke & 
Lebofsky 1985. The actual val ue for Chamaeleon I may 
be somewhat different (Whittet et a1. 1987), as sometimes 
observed in star forming regions. However, given that devi
ations from the standard extinction law tend to decrease 
towards longer wavelengths and that the extinctions to
wards our objects are small, especially in the Ie band in 
which we will base our luminosity estimates, we are con
fident that the possible errors introduced by our choice of 
the extinction law are not significant. 

K-band infrared excesses are usually an indicator of 
the presence of circumstellar material in the proximity of 
a star (e.g. Meyer et al. 1997). For some of our objects, 
the presence of circumstelJar material can be much bet
ter assessed or constrained by its emission at the longer 
wavelengths imaged by ISO (see Section 3.5). However, 
K -band excess is a sign of cau tion in interpreting the near
infrared spectra, as it may indicate a significant amount of 
veiling of the spectral features in that region (Luhman & 
Riekf~ 1998). It is thus important to check for its possible 
presence in our objects. 

'\lear-infrared excesses can be expressed as 

.3.(H - K) = (H - K) - (H - K)o - 0.38AI (3) 

where (H -K) and (H -K)o are respectively the observed 
and intrinsic colour indices. For the (H - K)o colour in
dices we have directly averaged and fitted the (H - K) 
values measured by Zapatero-Osorio et al. 1997, with no 
corrections in this case due to the insignificant reddening 
in (H - K) towards the Pleiades and the small difference 
(0.05 mag or Jess) between those averaged values and the 
ones determined for giants between 1\16 and 1\18 (Ftuks 
1998). The adopted (H - K)o colours are listed in Table 
3. 

Table 4 lists the extinction and ncar-infrared excess de
rived for our sources. It should be noted that these quant
ities (actually, in the J band in the case of the extinction) 

Table 4. Extinctions and near-infrared excesses 

spectral t~'pe AI u(H  K) 

Cha Ho I 0.11 0.01 
Cha Ho 2 0.'10 -0.22 
Cha Ho 3 0.16 0.07 
Cha Ho ,I 0.29 -0.03 
Cha Ho 5 0.47 -0.03 
Cha Ho- 6 0.13 0.07 
Cha Ho 7 0.14 -0.06 
Cha HQ 8 0.34 
Cha Ha 9 0.76 0.18 
Cha Ha 10 0.05 -0.06 
Cha Ho II O· -0.09 
Cha Ho 12 0.5: 
Cha Ho 13 0.89 

.: The adopted (He -Ie), (He -Ie)o would give AI = -0.11 
for this object. 'Ye ha"e assumed AI = O. 

were already deri ved for objects 1 to 6 by C R:\. The small 
discrepancies between the present values and those found 
in that work are due to the somewhat different proced
ure used to calculate them, as remarked above, as well as 
to the slightly different spectral classifications in some in
stances as a consequence of the much better spectra avail
able now. It can be seen that none of our objects displays 
a significant !l(H - K), and the values of Cha Ha 2 and 
Cha Ha 9 can be due to the combination of photometric 
errors and deviations from the intrinsic colours and extinc
tion law assumed here. This confirms that the correlation 
between strong Ha emission and K-band excess emission 
that is commonly observed for brighter objects does not 
apply anymore at the very low luminosities that we are 
dealing with here, probably due to the insufficient tem
perature of the inner parts of the circumstellar disk. This 
will be discussed in more detail in Section 3.5. However, 
it is intriguing that K -band excess does seem to exist in 
other very low mass objects observed in other star form
:.ng regions, as discussed by CRN, who identified 2-3 faint 
sources with K -band excess in the near-infrared survey of 
the area discussed here. In addition, Oasa et al. 1999 have 
reported the existence of some very faint objects, possi bly 
brown dwarfs, with apparent K-band excess in the Noth
ern part of the Chamaeleon I complex. 

3 ..( Results on X-ray emission. 

The improvements in sensitivity near bright X-ray sources 
provided by our upgraded EXSAS source detection 
routine, as outlined in Section 2.2, enables us now to ob
tain detections for Cha Ha 4 and 5, which are located 
very close to the bright X-ray sources HD 97048 and VW 
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Table 5. X-ra~' data of Cha Ha to 13 

Object off-set off-axis Exp. 
[arcsec] [arcmin] [ks] 

Cha Ha 1 3.8 5.0 37.8 
Cha Ha 2 (n.r.) 5.5 37.8 
Cha Ha 3 16.8 7.1 37.5 
Cha Ha 4 15.9 9.7 370 
Cha Ha 5 14.0 11.7 35.1 
Cha Ha 6 10.3 8.6 31.8 
Cha Ha 7 (n.r.) 5.7 37.8 
Cha Ha 8 (n.r. ) 9.1 37.1 
Cha lIa 9 (n.d.) 4.1 35.8 
Cha Ha 10 (n.r. ) 10.1 37.0 
Cha Ha II (n.r.) 10.2 37.0 
Cha Ha 12 1.2 10.3 36.5 
Cha Ha 13 ]3.9 13.-1 35.2 

\IL X-ray Hardness ratios log Lx
 
counts HR I HR 2 [erg/s]
 

33.6 31.7 ± 7.8 > -U.33 0.15 ± 0.22 28.·H ± 0.10 
not resolved from nearb~' bright X-ray source CHXR 26 (*) 
11.3 12.1 ± 4.2 > -0.60 0.05 ± 0.34 21<.00 ± 0.13 
28.4 21.0 ± 7.9 0.78 ± 0.60 0.53 ± 0.27 28.25 ± 0.13 
16.2 29.1 ± 8.2 0.55 ± 0.8'~ 0.29 ± 0.56 28.-11 ± 0.11 
7.2 9.4 ± 5.3 > -0.66 -0.08 ± 0.41 27.96 ± 0.20 

not resolved from nearby bright X-ra~' source B 34 (*) 
not resolved from nearby bright X-ra~' source Hl\1 15 (*) 
(n.d.) < 12.9 (n.d.) (n.d.) < 28.05 
not resolved from nearb~' X-ra~' source Cha lIa 4 
not resolved from nearby X-ray source Cha Ha 4 
26.8 2-1.8 ± 7.6 0.79 ± 0.64 0.74 ± 0.22 28.32 ± 0.11 
98.7 81.1 ± 11.7 0.83 ± 0.]6 0.20 ± 0.13 28.85 ± 0.06 

log
 
Lx / Lbol
 

-~.21 

-4.12 
-4.08 
-3.86 
--1.05 

< -327 

-3.66 
-3.76 

Remarks: Off-set is distance between X-ray and optical position (n.r. for not resolved, n.d. for not detected). Off-axis is distance 
between the center of the X-ra~' pointed observation and the X-ray source position. l\IL is maximum likelihood for existence of 
X-ray sourc~ (:\'/L=5 is ~ 3 a). X-ray luminosities Lx at 160 pc distance for absorbed one-temperature (1 ke\') Ra~'mund-Smith 

X-ray spectra (see text for details). 
(*) Lnresolved X-ray source is elongated towards the Cha Ha object. 
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Fig. 6. ROSAT PSPC image of central part of Cha I dark 
cloud with the objects Cha Her 1 to 13 marked as crosses. X
ray sources identified with any of those objects are marked by 
circles (centered on the X-ra~' positions). The remaining bright 
X-ra~' sources \'isible on this image are other young stars in Cha 
I. Cha Ha 1,3, el, 5,6, 12, and 13 are detected, Cha Ha 2, 7, 8, 
10, and 11 are unresolved, and Cha Her 9 is clearly undetected. 

Cha, respectively 2. On the other hand, the X-ray emis

i'iote that. we used and listed a slight.l~ wrong posit.ion for 
Cha Her 5 in :\C. CR\", and \"euhiiuser et al. 1999. but correct 
in '\euhiiuser & Cameron 1999. 

sion of Cha Ho 1, first reported in NC, has been recently 
confirmed by ASCA observations (Tsu boi, Koyama, and 
Neuhauser, in prep.). Still, Cha Ho 2, 7, 8, 10, and II 
cannot be resolved from other nearby X-ray sources. How
ever, as far as Cha Ho 2, 7, and 8 are concerned, they are 
located next to bright X-ray sources that are elongated 
towards them, and therefore they are probably also faint 
X-ray sources. They should be detectable and resolvable 
with Chandra. The X-ray source identified as Cha Ho 4 
is located close to Cha Ho 10 and 11 too, but Cha Ho 4 
is much closer to the X-ray source. \\'e also present new 
detections of Cha Ho 12 and 13. All X-ray data are listed 
in Table 5. The ROSAT PSPC image is shown in Figure 
6. Cha Ho 9 is undetected, and we present upper limits. 

For converting the observed count rate (or an upper 
limit) to an X-ray luminosity, we assume that the objects 
emit one-temperature Raymond-Smith X-ray spectra, like 
low-mass pre-main sequence T Tauri stars. We assume I 
keY as the energy of the emitting plasma. This is justi 
fied, because the late-type young T Tauri stars studied by 
Neuhauser et al. (1995) in Taurus are observed to emit 
such spectra, and they should be similar coronal sources 
as our low-mass objects in Cha I. For the individual ab
sorbing column density, we can use the Al values listed 
in Table 4. Those values range from Al = 0.05 to 0.89 
mag, which corresponds to log(NH/cm- 2

) ~ 20.2 to 21.5. 
As seen in Figure 3 of Neuhauser et al. 1995, the energy 
conversion factor is very flat in this parameter range, so 
that we can use 1011 cts cm- 2 erg- I for all objects. \\'ithin 
their 1-(7 error bars, the values are not different from those 
listed before in ~C, CR:", and ;\euhauser et al. 1999. For 
estimating the X-ray to boJornetric luminosity ratio, we 

2 
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use the Lbol values listed in Table 6, which have been 
revised as compared to CR\' (see Section 4.1). Hence, 
the Lxi Lbo! values change accordingly compared to \'C, 
CR\'. and C\'euhauser et a!. 1999. 

The X-ray detected young \16 to \IR dwarfs in Cha [all 
have X-ray luminosities of log Lx(erg S-I)::::::: 28, \\'hich is 
confirmed to be the typical X-ray luminosity of young late 
:\'I-type T Tauri stars and brown dll'arfs (see :\C, CRC\', 
and :\euhauser et ai, 1999). Cha Ha 13 with the earliest 
spectral type (\15) is brighter in X-rays than all other 
objects studied here, The X-ray to bolometric luminosity 
ratio ranges from ....... 10-3 to ....... 10--1, similar to normal 
late \I-type stars, 

In :\euhauscr et a!. 1999, only one additional bona-fide 
brown dwarf (p Oph GY 202) and only four candidate 
brown dwarfs (\'410 x-ray 3, \'410 Anon 13, :\IHO-4, and 
:VIHO-5) were detected as faint X-ray sources. Like the 
Cha Ha objects studied here, they are all located in star 
forming regions, i.e. have similar ages, ....... I 1\lyr. I\lore 
recently, X-ray detections with Chandra of at least two 
brown dwarf candidates in the Trapezium cluster have 
been reported by Hillenbrandt 2000. \'either the inter
media te age Pleiades brown dwarfs (....... J08 yrs at ....... 125 
pc) nor the old but nearby field brown dwarfs have been 
detected as X-ray sources, despite of some very deep poin
ted observations. Hence, many of them are fainter than 
young brown dwarfs in terms of X-ray luminosity Lx. Be
cause the Pleiades and field brown dwarfs are older than 
the brown dwarfs in star forming regions, they are also 
fainter in Lbol. The upper limits to their Lx/ Lbol ratios 
(see I\euhauser et al. 1999) arc only rarely in the range 
obtained here for Cha I (see Table 5), 1\'lore sensitive X
ray telescopes (e.g. XI\'I\I) are needed to test whether or 
not brown dwarfs at the age of the Pleiades or older emit 
X-rays. The recent detection by Chandra of the bona
fide brown dwarf LP944-20 during a flare (G. Basri, priv. 
comm.) suggests that indeed increased sensitivity may re
veal at least episodic X-ray activity from evolved brown 
dwarfs. :\'evertheless, the level of possible quiescent X-ray 
emission of field brown dwarfs remains an open question. 

If confirmed that only young brown dwarfs emit qui
escent X-rays, a number of explanations may be possible 
(see also :\euhauser 2000, f\euhauser &: Cameron 2000): 

X-ray emission in young brown dwarfs may be due to 
the primordial magnetic fields of their parental mo
lecular cores, The magnetic field of the cloud is frozen 
in the brown dwarf, as in normal late-type stars, but 
it decays very fast. The decay time-scale is not known, 
but is believed to lie somewhere between a few years 
and a few million years. 
X-ray emission of young brown dwarfs could be due 
to interaction between the brown dwarf magnetic field 
(due to either its 0\\'[1 dynamo activity or a primor
dial magnetic field) and a possible gas and/or dust 
disk around the bro\\'n dwarf. Such disks are typical in 

young pre-main sequence stars like T Tauri stars, and 
may also exist in young brown dwarfs. There is some 
evidence for such disks in some of the young bona
fide and candidate brown dwarfs in p Oph (Wilking 
et a!. 1999) as lI'el] as in some of the candidate bro\\'n 
d\\'arfs in Taurus (Briceno et a!. 199R). Also, the X-ray 
detected bona-fide bro\\'n dwarf Cha Ho j shOI\'S ex
cess emission in the ISO data (Comeron et al. 1999b; 
see Section 3.5), 

If ;\-ray emission of brown d\\'arfs is due to dynamo 
acti\'ity, one would possibly expect a correlation betll'een 
X-ray emission and rotation as in late-type stars. How
ever, if X-ray emission of brown d\\'arfs is present only in 
very young objects, older brown dwarfs may very \I'cll ro
tate fast (eg. because they cannot loose a lot vf angular 
momentum because of very \I'eak \\'inds), but at the same 
time sholl' neither X-ray nor Ha emission. ;\n example 
of a very late-type star with fast rotation, but neither X
ray nor Ha emission, is BRlO021-0214, with spectral type 
1\19.5 (Basri et a!. 1996; ~euhauser 1999). However, this 
object is a star, not a brown dwarf, so that it still burns 
hydrogen in its center. However, the upper limit to its X
ray emission, 10gLx(ergs-l) ~ 25.41 (Neuhauser 1999) 
corresponds to log(Lx/ Lbol ) ~ - 4.68, which is slightly 
below the typical values found for X-ray detected very 
late-type stars. Hence, it may still be a very faint X-ray 
source. 

If X-ray emission in these very late-type objects is 
thermal emission of hot plasma confined in magnetic 
fields, there should also be other magnetic activity like ra
dio emission. Krishnamurthi et al.1999 have tried to detect 
radio emission from X-ray detected bona-fide and candid
ate brown dwarfs, selected from ~C and Neuhauser 1999, 
but they could not detect any object. Wilking et a!. 1999 
and I\euhauser 1999 quote P. Andre (private communica
tion) for the radio detection of the brown dwarf candidate 
GY 31 in the p Oph star forming region, identified as such 
by Wilking et al. 1999. This object was once detected at 
3.6 cm with a flux of 0.5 mJy and once undetected with 
an upper limit of ~ 0.1 mJy (P. Andre, private communic
ation). This particular object has not been detected as X
ray source (Neuhauser 1999) despite of very deep ROSAT 
PSPC and HRI pointings. The upper limit to I,he X-ray 
luminosity is log Lx(erg S-I) ~ 27.63 and corresponds to 
10g(Lx/ Lbod ~ - 5.81. Obviously, the radio and X-ray 
observations were not performed simu Itaneously. 

Moreover, Neuhauser 2000 and Neuhauser &: Comeron 
2000 have searched the VLA Sky Survey source catalog 
(Condon et al. 1998) for radio em ission of any of the known 
bona-fide and candidate brown dwarfs including the 
2MASS objects. One object is detected as a radio source, 
namely the brown dwarf 2\1 ASSWJ0438352+ 173634, a 
young Li-rich brown dwarf located behind the Hyades, 
probably in the Taurus star forming region (Cizis et al. 
1999). This is the first radio detected brown dwarf. Its flux 
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aIR (22-6., IJ'rn)Table 6. ISOCA\l photometr:. or upper limits for the 13 faint 3 __-_Cl -_2=--- -.:-1 ~----=-o __ 
late-type ChamaeJeon I members. 

reddening veclor /" 

F'14.3 

mJy 

1 95 6.7(1.8) 11.8(1.5)� 
2 111 24.5(1.4) 23.4(1.2)� 
3 116 5.9(0.9)� 
4 <4.5� 
5 144 7.4(1.3)� 
6 152 12.7(1.5)� 
7 <5.3� 
8 <6.9� 
9 98 11.4(0.9) 9.2( 1.3)� 
10 <4.5� 
11 <4.5� 
12 <6.1� 
13 137 8.0(0.8)� 

a ISO-Cha I identification In Persi et aJ. (2000) 

at 1.4 GHz is 3.6±0.5 mJy, and the radio source is located 
3" off the 2MASS position. This particular object has not 
been included in any ROSAT pointed observation, so no 
meaningful measurements or upper limits on its possible 
X-ray emission exist as yet. 

If it can be confirmed that young brown dwarfs usually 
are radio sources, or at least that X-ray emitting brown 
dwarfs usually are radio sources, then the following in
terpretation is supported, as in late-type stars: both x
ray and radio emission are due to magnetic activity, the 
X-ray emission being thermal emission from hot plasma 
confined in loops along the magnetic field lines and the 
radio em ission being non-thermal gyro-synchroton emis
sion from electrons gyrating around these magnetic field 
lines (see ~euhauser 2000). 

3.5. Results on thermal infrared emission. 

As a general result of the ISOCAM star formation survey 
ITl several nearby molecular clouds, a large number of new 
'foung Stellar Objects (YSOs) have been found through 
their mid-IR excesses (e.g. l\ordh et al. 1996; Bontemps 
et al. 1998; Olofsson et al. 1999; Kaas et aJ. 2000). The 
excess sources are well separated from reddened field stars 
at mid-IR wavelengths, and intrinsic excess can safely be 
established from one single colour index. The mid-IR ex
cess is likely to be due to thermal emission from dust in 
a circumstellar disk. The ISOCA~1 photometry (Persi et 
al. 2000) for the detected Cha Ha objects is shown in 
Table 6. For non-detections we have estimated upper flux 
limits case by case, due to noise and sky variations across 
the images from the presence of very bright sources and 
strong memory effects. 

The 3 sources that are detected in both ISOCA\I 
bands (Cha Ho 1, 2, and 9) all have excess emission 
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Fig. 7. The (J - K), (K -m6.7) colour diagram for those of Cha 
Ho 1-13 detected by ISOCA'\[ (filled circles) and ISOCA \1 up
per limits (triangles). The solid line shows the reddening vector 
for an AO star, adopting the Rieke & Lebofsk~' (1985) extinc
tion law, and 10 magnitudes of visual extinction for an AO star 
is indicated. Intrinsic colours of main sequence and giant stars 
are roughl~' indicated, based on Wainscoat et al. (1992). Indi
vidual error bars are given for the K - m6.7 index. The near-IR 
fluxes are accurate to about 0.05 magnitudes (CR!\'). 

in their log( F 14 .3 / F6 . 7) colour index. These are, toget her 
with the 4 sources with detections only at 6.7 p,m, as 
well as those with only upper limits, plotted in a (J 
K), (K - m6.7) colour-colour diagram in Fig. 7. J and K 
magni tudes are taken from Table 1, and for Cha Ha 8, 12, 
and 13 we have used the J and K. fluxes from the DE~IS 

survey (Persi et al. 2000; Persi, priv comm). The extinc
tion vector (Rieke & Lebofsky 1985) is indicated for an 
AO star. The intrinsic colours of main-sequence and giant 
stars are taken from \\'ainscoat et al. (1992), and for the 
6.7 p,m band we have found approximate values by inter
polating between 2.2 and 12 p,m. From its location well to 
the right of the reddening vector, it is evident that also 
Cha Ha 6 has mid-IR excess. None or only negligible IR 
excess is found for sources Cha Ha 3, 4, 5, and 13, while 
nothing can be concluded about ChaHa7, 8, 10, 11 and 
12. 

Since all the HQ objects are found to be only modestly 
extinguished by the cloud (Av < 2 magnitudes for all, see 
Table 4), the K - m6.7 colour index is not contaminated 
by reddening, and therefore it is a reliable measurement of 
the intrinsic IR excess. According to the current picture of 
star formation and young stellar evolution (Adams et at. 
1987; Lada 1987), YSOs can be classified according to the 
shape of their Spectral Energy Distributions (SEDs) as 
Class I (protostars), Class II (T Tauri stars) or Class III 
sources in an evolutionary sequence towards the main
sequence phase. In the absence of complete SEDs, which 
demand a huge observational effort, one can parametrizp. 
the SED by the mid-IR index 0 = d 10g(>.F.\)/(d log >.), 
calculated between two wavelengths, usually from 2 {tm 
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to 10 or 20 /lm. The mid-IR spectral index gives an indic
120 ----------~--,-------~-ation of the amount of circumstellar dust and is a conveni

ent too! in the IR spectral classification of YSOs. Sources 
with -1.6 < a < -0.3 fall in the Class II group, accord
ing to the updated classification scheme (.-\ndre & \Iont
merle 1994, Greene et aI.1994). Here we have calculated 
an a between the two wavelengths 2.2 and 6.7 J.1m and 
found that a = -1.6 corresponds to K - m6.7 = 1.5, and 
a = -0.3 to K - m6.7 = 3.1. Sources in Fig. 7 which 
have K - m6.7 > 1.5 can therefore reliably be classified as 
Class II sources. Class lIs are characterized by having their 
circumstellar matter distributed in an optically thick disk. 
Most Classical T Tauri stars (CTTS) are Class II objects. 
For reference, the median intrinsic J - K colour of CTTS 
in Taurus-Auriga is about 1.45 (Strom et at. 1993). Thus, 
we find clear signatures of circumstellar disks for 4 of the 
13 low mass objects of this study, including the bona-fide 
brown dwarf Cha Ha 1. 

The fact that some of these very low-mass objects are 
Class 11 sources would statistically imply ages of the or
der of 106 yrs. This is in nice agreement with the ages 
found from fitting the effective temperature and bolomet
ric luminosities to the evolutionary models by Burrows 
et a1. (1997) and Baraffe et a1. (1998) (see Section 4 and 
Table 7) for 3 of the 4 Class II type objects. Only Cha Ha 9 
is found to be somewhat older (20 - 25 I\lyr). The sources 
for which we find no IR-excess are, however, equally young 
according to this analysis. If all these objects were born 
with disks, the absence of a correlation between the de
rived age and the amount of IR-excess supports the idea 
of a wide range of variation in the disk dispersal timescale 
for different individual objects, allowing the coexistence 
of "old" objects like Cha Ha 9 still with a considerable in
frared excess and "young" objects that show no trace of 
circumstellar material at the wavelengths studied here. 

While no near-IR excess has been found for any of the 
13 Ha emission line objects, mid-IR excesses are found for 
at least 4 of them. Fig. 8 shows the equivalent width of 
the Ha emission versus the mid-IR excess. It is clear that 
objects without mid-IR excess ahvays have small equival
ent widths « 15 A), while mid-IR excess objects can be 
found with any quantity of Ha emission. This is in good 
agreement with what is found for YSOs in general, e.g. by 
Kenyon & Hartmann (1995) who used K - L as a measure 
of IR excess in Taurus-Auriga. 

The lack of near-IR excesses for all these 13 Ha emis
sion objects is somewhat surprising in view of the correla
tion commonly found between near-IR excess and strong 
Ha emission. It is well known, however, from studies of 
CTTS locations in the (J - H), (H - K) colour-colour dia
gram (Lada & Adams 1992; l\leyer et al. 1997), that many 
CTTS lack detectable near-IR excesses; up to 40% of them 
in Taurus-Auriga, according to Strom et al. (1993). In ad
dition, we know from the ISOCA\I surveys that the frac
tion of mid-IR excess sources \\'hich also exhibit detectable 
near-IR excesses, can be rather low. In the Serpens Cloud 
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Fig. 8. Equivalent width of Ha emission versus mid-IR excess. 
S~'mbols as in Fig. 7. :\ote that triangles again are upper limits 
onl~' for the K - m6.? colour. 

Core this fraction is only ~ 0.5 (Kaas et al. 2000), while 
in Chamaeleon I as a whole, around 0.65 (Kaas 1999). for 
weak-lined l' Tauri stars (\VTTS), one usually attributes 
the presence of mid-IR excess and lack of near-In. excess 
to an inner hole in the circumstellar disk (e.g. \'Ioneti et 
al. 1999). Sources which emit strongly in Ha, however, are 
believed to have inner disks since Ha emission llsually is 
interpreted as a signature of the accretion process onto 
the surface of the object. But the near-IR wavelength re
gion is strongly dominated by the photospheric emission, 
and rather large amounts of dust hot enough to produce 
a strong excess at 2 J.1m are therefore needed in order to 
distinguish intrinsic IR excess from the effects of scatter
ing and extinction in the (J - H), (H - K) diagram. A 
trend may thus be expected towards a decreasing fraction 
of objects with K band excess as one proceeds towards 
less massive objects, with lower temperatures and lumin
osities. 

In Fig. 9 we show the (J - H), (H - K) diagram 
for a number of ISOCAM Chamaeleon I sources with Ha 
equivalent widths 2: 15 A (open circles). The J H K pho
tometry for these sources is taken from Prusti et al. 
(1992) and the Ha information from Hartigan (1993). 
Intrinsic colours of main-sequence, giant and supergiant 
stars (Koornneef 1982) are shown as bold curves, and the 
reddening line of an AO star using an extinction law with 
slope E(J - H)/ E(H - K) = 1.7 is shown as a dashed 
line. While 83% of these sources (open circles) have ex
cess emission in the mid-IR, only about half of them are 
located sufficiently to the right of the reddening line to 
possess any near- IR excesses. The asterisks show the loc
ation of the 10 of the 13 very low mass stars and brown 
dwarf candidates of this study that have .J HK photometry. 
T he size of both types of sym boIs correlate wi th the 6.7 
J.1m brightness (or in case of the faintest asterisks: the 6.7 
J1.m upper limits). The flux in the 6.7 J1.m band is gen
erally found to be proportional to the stellar luminosity 
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Fig. 9. The (J - H), (H - K) colour diagram of all sources in 
the ISOCA\l sample that have measured lIa emission equi
valent widths:::: 15 A(open circles), together with the 10 of 
the 13 faint Ha sources of this study that ha\'e J H K photo
metry (asterisks). The symbol size is proportional to the 6.7 
/-1m brightness; the smallest asterisks mean 6.7 /lm upper lim
its. The 4 squares show the brown dwarf candidates with mid
IR excesses. l\ote that there are two nearly-overlapping points 
near (J - H) = 0.75, (H - K) = 0.41. 

for '{SOs. For Cha I the scatter is \\'ithin a factor of ~ 3 
for IR excess sources and somewhat larger when including 
sources without IR excesses (see Persi et al. 2000). Such a 
correlation is expected for Class II type of YSOs if the 6.7 
J-Im excess emission is dominated by reradiation of stellar 
light from a passive circumstellar disk (adding scatter due 
to different disk inclination angles) and not by the accre
tion luminosity from an active accretion disk, which is a 
reasonable interpretation in view of the recent findings of 
very low disk accretion rates for CTTS in general (Gull
bring et al. 1998). In the following we thus use the 6.7 /-lm 
brightness as a rough indication of the stellar luminosity. 
It is then evident from Fig. 9 that the fainter sources are 
all located to the left of the dashed line, while the brightest 
ones are located to the right. Intermediate sources form a 
transitional group found on both sides.3 

. Hence, although 
our sample is small, we find a tendency for the presence 
of near-IR excesses in sources with strong Ha emission to 
be correlated with luminosity. This suggests that young 
stars with strong Ha emission and mid-IR excess, which 
are also expected to exhibit near-IR excesses, do so only if 
they are hot and luminous enough to arise sufficient tem
perature at the inner parts of the circumstellar disks, in 
agreement with model predictions of their emitted SED 
(Nleyer et a1. 1997). 

The only slight exception is Cha Ha 2, the leftmost ob
ject in the diagram. \Ve note that this location could indicate 
the presence of scattered light in J and H, although extended 
emission is not detected in recent SOFI images in those bands 
having a full-width half maximum of 0"9. 

4.� The low-mass stellar and substellar population 
in Chamaeleon I 

4.1. Physical properties 

The accurate spectral types available for nearly all the 
stars of our sample allows their precise positioning in the 
temperature-luminosity diagram based on the availabil
ity of a reliable calibration of the temperature and the 
bolometric correction as a function of spectral type. The 
positions in the H-R diagram can in turn be compared to 
evolutionary model predictions. thus yielding estimates of 
the ages and masses of the objects. 

The temperature scale that we have used is the one 
intermediate between dwarfs and giants proposed by Luh
man 1999, which is:: 150 K hotter than the one for dwarfs 
proposed by Leggett et a!. 1996 and used by CR!\ over the 
range of spectral types of interest here. For an object of 
a given spectral type, the shift in the Tef f - L diagram 
implied by this new temperature scale results in a mass 
and an age that are respectively higher and older than 
those given by CR~ using the dwarf temperature scale 
and the same set of evolutionary models. \Ve note that 
this temperature scale has upper and lower bounds at any 
given spectral type set by the temperature scales of field 
1\1 dwarfs and giants, respectively. As discussed by Luh
man 1999, the former have been deri ved by Leggett et al. 
1996 by fitting the observed spectral features to synthetic 
spectra at different temperatures, and are supported by 
measurements of the eclipsing binaries YY Gem and Civl 
Dra (Luhman & Rieke 1998). On the other hand, the tem
perature scale for giants is obtained from measurements of 
stellar angular diameters. The scale proposed by Luhman 
1999 is to some extent an ad hoc averaging between both 
scales that is validated, when combining it with the evol
utionary tracks of BaraR'e et al. 1998, by its satisfactory 
reproduction of the coevality of the four components of the 
GG Tau system (White et al. 1999) and the independence 
of the age with the mass in the H-R diagram of IC 348. 
Therefore, in a strict sense this temperature scale is con
sistent only when used in combination with the BaraR'e 
et al. 1998 tracks (see below). However, given that it is a 
reasonable averaging of two temperature scales calibrated 
with independence of any evolutionary tracks, we will use 
the Luhman's 1999 scale as a convenient temperature vs. 
spectral type calibration, regardless of the actual set of 
pre-main sequence tracks used. An upper limit to the er
ror introduced in this way is the largest difference between 
this calibration and the temperature of a dwarf or a giant 
of the same spectral type, namely about 200 K at spectral 
type l\H, under the extreme assumption that the temper
ature scale of very young objects follows exactly either 
the field dwarf or the giant temperature scale. The actual 
uncertainty in the calibration is likely to be considerably 
smaller. 

For late 1\1 dwarfs, the bolometric correction in thf' Ie 
band, Bel, is small and changes relalively slowly with 

3 
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Table 7. Adopted fe-band bolometric corrections 

spectral type Bel 

\16 -0.28 
:\16.5 -0.35 
1\17 -0.'13 

\17.5 -0.51 
1\18 -0.59 

spectral ty pe (Kenyon &- Hartman n 1995). However, su r
face gravity effects may be important, as can be seen by 
comparing the values of BC, for dwarfs (Kenyon & Hart
mann 1995) and giants (Fluks 1998), either at a given 
spectral type or at a gi yen (Re - Ie )0 colour. For exam pie, 
BC, = -0.05 for a \16 dwarf, but it reaches -0.59 for a 
giant of the same spectral type; and if we compare the \16 
dwarf to a !\18 giant, which has the same (Re - Ic)o col
our, the value of BC, for the latter reaches -1.6 mag. To 
account in an approximate way for systematic effects due 
to the surface gravity, we have used the BC, vs. (Re-Ie)o 
relationships for dwarfs and giants using the empirically 
determined values found in Kenyon & Hartmann 1995 and 
Fluks 1998 respectively, and have used them to fit the coef
ficients aj of the function 

BC, = al + a2(Re - Ic)o + a310gg + a4(Re - Ic)o logg 
(4) 

obtaining the values al = 2.757, a2 = -1.838, a3 = 
-0.335, a.1 = 0.270. Assuming that logg = 4.9, logg = 
0.0, and logg = 3.9 are representative values for field M 
dwarfs, red giants, and very young objects at the age of 
Chamaeleon I respectively, we obtain for the latter: 

BCI = 1.451 - 0.785(Re - Ic)a (5) 

The values of BCI for the spectral types of interest 
here, derived through the adopted intrinsic colours listed 
in Table 3, are given in Table 7. At (Re - Ie)o = 2.30 
(M6.5 for very young objects), the difference between the 
BC, so calculated and that of dwarfs is -0.3 mag, while 
the difference between giants and dwarfs at the same 
(He - Ie)o is -1.55 mag, i.e., our adopted BCI are dwarf
like rather than giant-like, as would be expected from the 
closer spectral simi larity of our objects with the former. As 
an external comparison, we have also calculated the coeffi
cients aj for the BCI vs. (Re - Ie)o relationship obtained 
from model atmospheres of dwarfs and giants by Lejeune 
et al. 1999, and have obtained an alternative BCI scale 
which differs from ours by 0.24 mag at (Re - Ie)o = 2.30 
and 0.46 mag at (Re - Ic)o = 2.60 (the reddest intrinsic 
colour assumed for our objects), in the sense of Lejeune 
et aI's values being more negative than ours. Since Le
jeune et al.'s models predict BC, ~ -0.45 for dwarfs with 
(Re - Ic)o = 2.30, we believe that there are systematic 

effects in Lejeune's et al. scale which at least partially ac
count as well for the differences between their RC, scale 
and ours for young objects. It is difficult to give precise 
constraints on the systematic errors that may be present 
in the proposed BC, vs. (Re - Ic)o relationship, but as
suming as a limiting hypothesis that the values of BC, for 
very young objects may be actually identical to those of 
their field counterparts, we would be introducing an error 
of ~ 0.3 mag in BC,. 

Luminosities are calculated as 

log L(Ls ) = 1.86 - O.4(Ie - .-\, - D/Il + BCJl (6) 

for which we have used the extinctions A, listed in Table 
4, and a distance modulus DM = 6.0 corresponding to 
the distance of J60 pc gi yen in the 1ntrod uction. 

The temperature-luminosity diagram for our objects 
is displayed in Figure 10. Comparisons are made to the 
temperature and luminosities predicted as a function of 
age and mass by two sets of evolutionary tracks, by Baraffe 
et al. 1998 and by Burrows et al. 1997. The individual ages 
and masses are given in Table 8. 

A comparison of the results given in Table 8 shows that 
there is little variation in the estimated mass when using 
either Burrows et al. 1997 or Baraffe et al.'s 1998 evol
utionary tracks. Incidentally, the same conclusion about 
the similarity of derived masses when using different evol
utionary models was reached by CR~ when comparing the 
evolutionary tracks of Burrows et al. 1997 and D'Antona 
& Mazzitelli 1997. Based on these results we can say that, 
if we accept the adopted spectral type vs. temperature 
calibration, our sample can be divided into three broad 
categories regardless of the pre-main sequence evolution
ary tracks adopted. The first group, formed by Cha Hn 
1, 7, 10, and 11 (M7.5-M8) consists of bona-fide brown 
clwarfs with masses around or below 0.05 M8 . The second 
and most numerous group, Cha Hn 2, 3, 6, 8, 9, and 
12 (M6.5-M7), is formed by transition objects near the 
borderline separating stars from brown dwarfs, and their 
true character cannot be decided unambiguously with the 
presently available data. Note that Neuhauser & Comeron 
1999 considered Cha Hn 3, 6 as bona-fide brown dwarfs 
on the basis of their M7 spectral type and lithium absorp
tion. However, given their positions in the temperature
luminosity diagram from the revised calibrations used here 
and the uncertainties involved, it seems appropriate to 
adopt a more conservative borderline between stars and 
brown dwarfs, placing it at spectral type M7.5 instead. 
Finally, three objects of our sample, Cha Hn 4, 5, and 13 
(1\15-\16) are very probably very low mass stars. 

Significant differences appear when considering the in
dividual ages that we derive, both when comparing the 
present results with those of CRN, and when compar
ing the results that we obtain with each of the two sets 
of evolutionary tracks considered here. As we anticipated 
at the beginning of this Section, the adoption of a new 
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Table 8. Physical properties of ver.,· low-mass Chamaeleon I members, according to the adopted calibrations for the temperature 
and bolometric correction. and to the evolutionary models of Burrows et al. 1997 and Baraffe et al. 1998 

Burrows et al. 1997 
Object Tefl (K) log L(L8 ) age (~Iyr) mass (:\1 0 ) 

Cha Ha 1 2770 -1.96 8 0.05� 
Cha Ha 2 2910 -104 7 4.5 0.08� 
Cha Ha 3 2840 -1.46 2 0.07� 
Cha Ha 4 2980 -1.25 3.5 0.11� 
Cha Ha .5 2~8{J -1.31 3.5 0.11� 
Cha Ha 6 2840 -1.57 4 0.07� 
Cha Ha 7 2690 -2.19 10 0.05� 
Cha Ha 8 2910 -1.65 5.5 0.08� 
Cha HQ 9 2980 -2.26 25 0.09� 
Cha Ha 10 2770 -2.28 13 0.05� 
Cha Ha 11 2690 -2.4'01 15 0.04� 
Cha Ha 12 28'010 -1.60 4.5 0.06� 
Cha Ha 13 3130 -0.97 3 0.2� 

temperature scale in the present work leads us to assign 
somewhat higher masses than those found in CRN. How
ever, a more important effect of the new temperature scale 
comes from the fact that the new positions of the ob
jects in the temperature- luminosity diagram place most 
of them past the deuterium-burning main sequence when 
using the tracks of Burrows et al., rather than near or 
before it as was the case in CR:\'. Likewise, the relative 
shift between the two sets of tracks considered here suf
fices to place many of our post-deuterium burning objects 
according to Burrows et al. on or near the deuterium
burning main sequence in Baraffe et al. 's models. For ob
jects at the stellar jsu bstellar boundary, the deuterium
burning phase lasts for about 3 x 106 years, extending 
to ~ 8 x 106 years for the lowest masses found in our 
sample. This introduces differences of at least that amount 
in the derived age depending on whether an object is above 
or below the deuterium-burning main sequence. unfor
tunately, the uncertainties in the position of objects in 
the temperature-luminosity diagram precludes a definit
ive conclusion on their evolutionary stage concerning their 
passage through the deuterium-burning main sequence, 
with the consequent large uncertainty in the age. How
ever, the existence of a fairly large number of low mass 
stars in the region with ages near 2 x 106 years (see Sec
tion 4.2) suggests that the least massive members may not 
have passed yet through the deuterium-burning main se
quence, thus indirectly favouring the models of Baraffe et 
al. 

4.1.1.� Fits using predicted colours from evolutionary 
models 

Presently available evolutionary tracks for very low mass 
objects offer in principle a different approach to the de
rivation of the age and mass of the objects under study. 
A concern in the approach that we have followed so far is 

Baraffe et al. 1998 
age (:\I~T) mass (:\1 8 ) 

2 0.04 
2 0.07 

<2 0.06 
2 0.1 
2 0.1 

< 2 0.05 
2 0.03 
3 0.07 
20 0.07 
7 0.04 
10 0.03 

<2 0.05 
2 0.2 

the need to transform observable quantities, such as spec
tral type or magnitude, into the input quantities required 
to query the models, namely temperature and luminosity. 
In this way, uncertai nties in the transformations between 
spectral types, colours, temperatures, and bolometric cor
rections add up to the uncertainties of the evolutionary 
models themselves. 

The integration of accurate atmosphere models in the 
latest generations of evolutionary tracks has allowed them 
to yield direct predictions of absolute magnitudes in dif
ferent photometric bands. This removes the need for the 
adoption of an external temperature scale as a function 
of the spectral type or for the use of bolometric correc
tions, since both are built in the models themselves. The 
model predictions thus made are not free from system
atic effects stemming from remaining shortcomings in the 
atmosphere models used, but at least ensure that the mod
els and their predictions on observable quantites are self
consistent. Baraffe et al. 1998 have prod uced such models 
and provided comparisons with colour-colour diagrams of 
different clusters, finding a good agreement between the
ory and observations in a number of test cases. \Ve have 
explored this more direct approach on our Chamaeleon I 
data as well. 

To do this, we have used the Jc, J, and K bands, 
which are expected to be relatively free from possible er
rors arising from uncertainties in the TiO line list and de
partures from the plane-parallel atmospheres assumed by 
the models (Leggett et al. 1998; 1. Baraffe, pri vate com
munication). In turn, as discussed in Section 3.3, we do 
not expect circumstellar emission to provide a major con
tribution to the flux in the K band in our objects. The 
choice of a given model with fixed age and mass yields the 
expected absolute magnitudes M), at each band, which arr. 
related to the observed magnitudes m), by 
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Fig. 10. H-R diagram for our objects, obtained using the spec
tral t~'pe ys. temperature calibrations and the bolometric cor
rections described in the text. The solid curves are isochrones, 
and dashed curves curves are lines of equal mass, based on 
Baraffe et al.'s 1998 models (upper panel) and on Burrows et 
al.'s models 1997 (lower panel). The error bars at the bottom 
left of the lower panel are conservative estimates of the un
certainties in temperature and luminosity near l\17.The 150 K 
uncertaint~· in temperature includes the contribution of the ac
curacy in the spectral classification (assumed to be 0.5 spectral 
subclasses) and the dependence of the temperature vs. spec
tra) t.'·pe calibration on the surface gra\·ity. The error in log L 
is dominated by the uncertainty in the Be/as discussed in 
the text, to which we ha\'c added a contribution of a 0.2 mag 
uncertainty in the distance modulus. 

(7) 

where the extinction .·h· is the only adjustable parameter. 
:\. least-squares fit to the system of Eqs. (7) set by the dif
ferent filters thus yields a best-fitting value of the extinc
tion. By repeating the fit for a set of model objects within 
2. range of masses and ages, we can take as an estimate of 
these quantities those that yield the lowest residual of the 
fi t. 

The results obtained in this way tend to yield higher 
masses, older ages, and higher temperatures for all the 
objects having Ie, J, and K photometry in our observa
tions, and all of them require an extinction considerably 
higher than that listed in Table 4 in order to reproduce the 
observed colours. The su bstellar mass of the four latest ob
jects in our sample, Cha Ho 1,7,10, and 11, is preserved 
in these fits, while the rest are best fit with masses typ
ically between 0.1 and 0.2 \1 0 , In general, we find that 
the temperatures are too high for the spectral type vs. 
temperatures calibration discussed earlier by 150-300 K, 
exceeding the estimated uncertainty in the calibration. 

A closer look at the strong correlation between the 
systematically higher temperatures that we obtain for the 
best fitting models and the higher extinction required to 
obtain a good fit clearly illustrates the main shortcom
ing of this method in which both temperatures (or in
trinsic colours) and extinction are fit simultaneously. The 
basic problem is that in broad-band magnitude-colour
colour diagrams, the extinction vector forms a small angle 
with the the two-dimensional surface defined by the grid 
of models in the range of ages and masses in which we 
are interested. A consequence of this is the difficulty in 
isolating the effect of extinction: starting from a point in 
the plane defined by the models, it is necessary to move a 
long distance along the extinction vector in order to go to a 
point that is well separated from the surface defined by the 
models. As a practical consequence, if a 10w-teF.lperature, 
low-extinction model yields a good fit to the measured 
magnitudes, it is usually possible to obtain an almost 
equally good fit with a higher-temperature, higher- ex
tinction model. In this way, not only small systematic ef
fects shifting the location of the models in the magnitudc
colour- colour diagram, but also small variations in the 
extinction law and measurement errors in the photometry 
may lead to quite large disagreements between the best fit
ting temperature and luminosity of an object and the true 
values. We have checked that this is indeed the case for 
our fits by introducing random variations in the measured 
magnitudes, by arbitrarily reddening the model colours 
by only 0.2 magnitudes in Ie, and by assuming extinction 
laws with different total-to-selective extinction ratios as 
given in Steenman & The 1989. In general, redder colours 
of the models and higher total-to-selective extinction ra
tios in the extinction law tend to yield results closer to 
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those of Table 7, but the correlation between both effects 
prevent us from quantifying each of them separately. 

As a summary, despite the appealing properties of the ~ 

0

use of predicted colours in removing the need for the ad w 
15 ~ 

option of external (and possibly inconsistent) calibrations, 
natural limitations arise from the characteristics of the ex
tinction and the dependences of colours and magnitudes 
on mass and age at very low masses. These limitations 
make it necessary the use of complementary information 
such as the spectral type in order to constrain the intrinsic 
properties of the objects under study. However, we should 
mention that a promising way to deal with the problem 
described here maybe the use of narrow band filters allow
ing the definition of colour indices whose behaviour with 
mass and age could be clearly disentangled from the effects 
of extinction. Existing models that incorporate predicted 
atmospheric features can already provide useful guidance 
in the choice of the most appropriate filters. 

4.2. Implications on the initial� mass function and the 
star formation history 

The presently available sample of 18 10',\' mass members 
identified in the central area of the Chamaeleon I dark 
cloud raises two important questions concerning the stat
istics of its very low mass population: how complete is 
the present census of members in the surveyed area? And, 
what information do they provide concerning the initial 
mass function and the star formation history of the ag
gregate? 

We can assess the completeness of the sample using 
the statistics on the expected number of sources per mag
nitude interval based on the K band star counts of CRN. 
In that paper, the expected distribution of apparent K 
magnitudes of background sources based on the vVainscoat 
et a!. 1992 model was fitted to the faintest magnitude bins 
of the actual magnitude distribution, where the fraction 
of members of the star forming region is expected to be 
insignificant for any reasonable slope of the mass function. 
By extrapolating the expected distribution of background 
stars to the brightest bins, where the ratio of members to 
background sources is expected to increase, CR:\ showed 
that it is possible to statistically estimate the number of 
members of the aggregate, which will appear as an ex
cess over the number of sources that would be expected 
if the only contribution were the background population. 
In this way, it is possible to constrain the slope of the 
mass function of the aggregate even if it is not possible 
to identify the members individually. The assessment of 
the completeness of our sample follows from the compar
ison between the number of expected members down to a 
certain magnitude, and the number of actually detected 
members. 

This comparison is synthesized in Figure 11, which is 
an adaptation of Figure 5 of CR:\. In it, the excess of 
sources over the extrapolated background down to a given 
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Fig.l1. Comparison between the estimated number or 
Chamaeleon I members as a function of K magnitude in the 
near-infrared survey of CR'\ (open circles). and th", actual 
number of members identified b~ their Ha emission (filled 
squares). Only members fainter than K = 10.5 are considered. 
Error bars centered are -IN statistical uncertainties in the es
timated numbers of sources. 

K magnitude (together with its v0Y'-uncertainty bars; see 
explanation in CR\') is compared to the actual number of 
identified members. Only objects fainter than K = 10.5, 
the saturation limit of CR;\, are considered. Included in 
this plot are only those objects imaged in the near-infrared 
survey of CRN; three objects discussed in the present pa
per (Cha Ho 8,12, and 13) are outside its boundaries and 
are therefore not considered in the comparison. On the 
other hand, we also include CHXR 73 and B34, two faint 
members that had been identified in previous surveys. As 
can be seen in Figure 11, there is no evidence for any 
significant fraction of as yet unidentified members of the 
aggregate in the area of the near-infrared survey, suggest
ing that the completeness of our sample is close to unity. 
Since all the members considered here have been identi
fied due to their Ho emission, our results indicate that 
samples of low mass stars selected on thf' basis of this fea
ture are highly complete at the age of the Chamaeleon I 
population (although the same is not true for populations 
whose ages exceed 107 years; see e.g. Briceno et a!. 1999). 
This seems to be in contrast with the results of Luhman 
et a!. 1998 and Herbig 1998, who obtained completeness 
fractions of ""' 40% in IC 348, a cluster with age prob
ably similar to that of Chamaeleon I. \Ve note however 
that their equivalent width detection limit, 10 A, is very 
close to the equivalent width that we measure for abollt 
half of our sources, which in turn is highly variable (see 
Table I, and compare to Table 4 of CR:\, and to Table 
1 of Neuhauser & Comeron 1999). The incompleteness of 
Ho-selected samples may thus be related to the fact that 
many of the low mass members may have Ho emission 
near the detection lirni t, suggesting that more sensi ti ve 
surveys like ours should be able to produce complete, or 
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nearly complete, samples. The more recent detection of 
additional members of IC 348 with Ho equivalenth widths 
below 10 A reported by Luhman 1999 lends support to our 
suggestion. 

An interesting additional check on the completeness of 
the Ho-selected sample can be made by comparing the 
objects found in this way to the objects independently 
selected by means of their mid-I R emission detected by 
ISOCAM. Three of the new Chamaeleon I members iden
tified in ISOCA!\I observations by Persi et al. 2000 (num
bers 68, 71, and 79 in their Table 2) are not present in our 
Ho sample, despite of their location within the boundar
ies of our survey. A closer inspection of their published 
JK. magnitudes shows that the (J - K.) of objects 71 
and 79 is respectivcly 0.76 and 1.02 magnitudcs redder 
than that of the reddest object in our sample, Cha Ho 
9 (whose (J - K) = 2.10 is in turn laq:~ely attributed to 
extinction). Moreover, these two objects lie to the West 
of the ones in our Ho sample, in a region where visible
light images clearly sho\\' a strong extinction on the back
ground. \Ve thus attribute their redder color to the fact 
of them being more embedded in the cloud than the Ho 
detected objects, and therefore heavily obscured in the 
Ho region. As to object 68 in Persi et a1. 2000, we find 
that the .J - K. of the tentative near-infrared counter
part is in this case bluer than the bluest objects in our 
Ho sample. Moreover, we note that this object is flagged 
as an uncertain near-infrared identification by Persi et al. 
and that, like the other two, it lies in a region of high 
background extinction. Taken together, this leads us to 
believe that the assumed near-infrared identification may 
be erroneous, as hinted by Persi et aI., and that the true 
counterpart of this object is actually a heavily reddened 
source too faint to be detected by the DENIS survey on 
which the near-infrared identifications of Persi et a1. are 
based. unfortunately, althougb our near-infrared survey 
reaches to fainter magnitudes than DE]\;IS, object 68 lies 
just outsidc its area of coverage and we cannot provide an 
alternative identification. 

As a summary of the comparison between the mid
infrared and tbe Ho selected samples, we believe that the 
arguments given above concerning the essential complete
ness of the Ho selected sample are confirmed when con
sidering objects with mid-infrared excess, given that no 
mid-IR selected member of the aggregate is bright enough 
in the Ho region and yet undetected in Ho emission. On 
the other hand, the existence of the these additional ob
jects increases by two the number of identified members 
in the three rightmost bins of the cumulative distribution 
of Figure 11 (as noted above, the third object, number 68 
in Persi et a1. 2000, is out of the area covered in the in
frared survey on which the starcounts statistics are based), 
still consistent with the statistical expectations from star
counts described by CR:\". 

The high degree of completeness that we estimate for 
our sample allows us to explore the initial mass function 

through the indi\'idual masses estimated for each object, 
rather than constraining it statistically as was done in 
CR:\". The entire sample that we use for tbis purpose con
sists of the 13 Ho emitting sources reported in the present 
work and in CR:\", plus 9 more massive objects previ
ously detected in the same area covered by the Ho surveys 
presented here. These objects are H:\I 15, 19; CH\:R 21. 
22, 73, 74, 78C; 52 23; and B 34. Six more mon' stars 
(LHo 332-17, \'W Cha, HD 97048, Glass la, H~I 16, and 
CH\:R 26) appear to have masses larger than 1 ;\Ie." the 
upper limit that we consider here. The same is probably 
true for the star exciting the Chamaeleon Infrared :"ebula 
(Cohen & Schwartz 1984, Ageorges et a1. 1996), which also 
appears in our survey as the intense fan-shaped nebulosity 
near the upper left corner of the bottom image in Figure 1. 
Spectral types have been taken from CR\" for CH\:R 73, 
CH\.R 74, CH\.R 7RC, R34, H;\I 15, and Sz 23. Lumin
osities for these objects are taken directly from CR!\, as 
the bolometric corrections adopted there do not differ sig
nificantly from an extrapolation of the ones used here for 
these early :\1 stars. However, the temperatures for those 
objects that we use here have been revised according to 
the new scale of Luhman 1999. For HM 19 and CH\.R 22, 
we have used the spectral types of Lawson et al. 1996, but 
also with the Luhman 1999 temperature scale. The lumin
osities assigned to these objects are those of Lawson et at. 
1996. Finally, for CH\:R 21, we have used both the tem
perature and the luminosity given by Lawson et at. 1996: 
given the excellent agreement between the temperatures 
used by Luhman 1999 and Lawson et a1. 1996 at early 
;\1 types, we believe that using Lawson et al.'s temperat
ure for this K7 object does not introduce any significant 
inconsistency. 

Figure 12 plots the temperature-luminosity diagram 
for all the stars and brown dwarfs identified in the sur
veyed area having masses below 1 M0 , with the isochrones 
and lines of equal mass of Baraffe et a1. 1998 superim
posed. Perhaps the most remarkable feature of this figure 
is the clustering of the majority of the objects towards 
the 2 Myr isochrone, apparent in the distribution of ob
jects with masses below 0.5 M0 . The small scatter found 
in ages suggests an essentially coeval population having 
formed over a time span of less than one million years, 
in agreement with recent results found for other low mass 
star forming regions like p Ophiuchi and IC 348 (Luh
man & Rieke 1999, Luhman 1998) as well as for regions 
where low and high mass star formation has proceeded 
simultaneously, such as the Scorpius-Centaurus OB asso
ciation (Preibisch & Zinnecker 1999). The small scatter at 
all masses and the absence of any apparent trends correlat
ing age and mass also support the validity of the adopted 
models and calibrations throughout the range of masses 
and temperatures sampled by these objects. However, the 
existence of a small number of objects with ages around 
~ 2 x 107 years (which, from hotter to cooler in Figure 12, 
are CH\: R 21, S223, and Cha Ho 9) seems also well estab
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Fig. 12. Temperature-luminosity diagram with all members 
less massive than 1 Mo identified in the region shown in Figure 
1, with the evolutionary tracks of Baraffe et a!. 1998 superim
posed. 

lished. Cha 110 10 and II also seem to be somewhat older, 
bu l the increased slope of the isochrones at the lowest 
masses makes the estimated age highly dependent on the 
assigned temperature and their coevality with the more 
massive members cannot be entirely ruled out. The rough 
coevality of the three clearly deviant objects, and the lack 
of objects with masses between"'" 3 and...., 20 Myr, might 
be indicative of two distinct bursts of star formation hav
ing taken place in the region. However, the larger sample 
studied by Lawson et al. 1996 shows that other areas of 
the cloud do possess members, some of them classical T 
Tauri stars, that lie in the gap between both isochrones in 
the temperature-luminosity diagram. 

Figure 13 shows the histogram of masses in logarithmic 
mass intervals. Using one of the common approximations 
to the mass function. 

n(M) dlogM ex M-o + 1 dlogM (8) 

we find 0 ...., 1.1, corresponding to a mass function slowly 
rising towards the smaller masses in linear mass units, and 
nearly flat in logarithmic mass units, roughly compatible 
with findings both in nearby star forming regions and in 
the field. The small number of objects on which our stat
istics are based do not exclude neither the possibility of a 
mildly declining mass function below 0.4 Me, as claimed 
by Luhman &: Rieke 1999 for p Ophiuchi and maybe other 
clusters and star forming regions, nor a somewhat steeper 
slope as found by Reid et al. 1999 for the field (0 = 1.3). 
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Fig. 13. The mass function as defined b.\· the members of 
Chamaeleon I identified so far in the sun'eyed region and with 
masses below 1 Mo. The evolutionary tracks of Baraffe et al. 
1998 have been used. 

5. Conclusions 

The multiwavelength observations presented here have al
lowed us to carry out a comprehensive study of the low
est mass population of a small area at the center of the 
Chamaeleon I star forming region, addressing a variety of 
issues related to their intrinsic properties, their observa
tional features, and their statistics. We have discussed the 
results of our visible and near infrared imaging, visible 
and near infrared low resol ution spectroscopy, and space
based X-ray observations and thermal infrared imaging. 
Our main findings can be summarized as follows: 

1- Seven new members with late M spectral types have 
been identified thanks to their Ho emission in an area of 
...., 300 arcmin 2 at the center of the Chamaeleon I aggreg
ate. Taking into account the results of previous works, this 
raises to 22 the number of members with masses below 1 
M8 identified in the area. The spectral types of six of the 
newly identified members can be determined with accur
acy thanks to high quality low resolution spectroscopy at 
visible wavelengths, and range from M6 to 1\18. 

2- We have explored the correlation of different indices 
proposed by different authors with the spectral type as a 
way to obtain a quantitative spectral classification based 
on narrow-band photometry in the red. We find the YO 
index defined by Kirkpatrick et al. 1995 to be the one best 
correlated with spectral type. On the other hand, the ra
tio C defined by Kirkpatrick et a!. 1991 which measures 
the strength of the gravity-sensitive NaI feature near 8190 
A is found to provide an excellent tool for the identi fica
tion of young very low mass stars and brown dwarfs, al· 
lowing their discrimination both from more evolved field 
~I dwarfs types and from M giants with similar spectral 
types. 

3- \\'e have produced representative spectra in the K 
band by combining those of the late :vI-type objects with 
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similar classifications in the visible (less than half a sub
class apart). We find no obvious correlation with the spec
tral type of any of the features identified at low resolution 
in the 2 J.lm region. This indicates that, at best, only a 
rather coarse classification is possible for very late !\'I very 
young objects using low resolution K band spectra. !\o 
trends are clear either when using a reddening-free index 
based on the depth of the wings of the broad water vapour 
absorption band centered near 1.9 J.lm. 

4- Seven of the objects with spectral types 1\16 or later 
display X-ray emission detected in deep ROSAT paintings, 
including one bona-fide brown dwarf and three objects 
near the transition between stars and brown dwarfs. Five 
other late-type objects, including three bona-fide brown 
dwarfs, are too close to bright X-ray emitting stars to en
able unambiguous detection, and only one object with 1\16 
spectral type is clearly undetected. The emission levels of 
our objects are in the range -3.21 > Lxi L bol > 4.12, 
similar to those of other young late-type, fully convective 
stars. The non-detection of older brown dwarfs in other 
clusters and in the field support the view that X-ray emis
sion among brown dwarfs may be restricted to the earliest 
stages of evolution. 

5- Seven of the 13 low mass objects are detected in 
an ISOCA M survey at 6.7 J.lm, and four of these have 
intrinsic mid-IR excesses typical of Class II young stel
lar objects (YSOs). Thus, circumstellar disks are found 
for one bona-fide brown dwarf and three objects near the 
transition between stars and brown dwarfs. The relation 
between the strength of the Ho emission and mid-IR ex
cess is consistent with that of YSOs in general. From a 
larger ISOCAM sample in Chamaeleon I we find a slight 
tendency for the presence of near-IR excesses in Ho emis
sion sources to be correlated with luminosity. This may 
suggest that the lack of near-IR excesses in the low mass 
objects is due to their incapability to arise sufficient tem
perature at the inner parts of the circumstellar disk to 
create a detectable K-band excess. 

6- \Ve use published pre-main sequence evolutionary 
models and temperature-spectral type calibrations, and 
propose bolometric corrections, that enable us to estim
ate ages and masses for our sample of objects later than 
MS. According to two different recent sets of models (Bur
rows et al. 1997 and Baraffe et al. 1998), four of these ob
jects, having spectral types M7.5-M8, can be considered 
as bona-fide brown dwarfs. Six other objects, classified 
as :\16.5-1'\'17, have masses near the borderline separating 
very low mass stars from brown dwarfs, and their true 
nature cannot be decided with presently available mod
els and cali brations. The other three objects, with spec
tral types M5-:\16, are very likely low mass stars. The two 
sets of models used assign similar masses assigned to our 
objects, but have a larger disagreement on the assigned 
ages, in the sense of Burrows et al. yielding older ages. 
The cause of the discrepancy is due to the relative loca
tion of the objects with respect to the deuterium-burning 

main sequence. Arguments based on the population of the 
aggregate at somewhat higher masses suggest that Baraffe 
et al.'s models give ages closer to the actual value. 

7- lJsing statistical arguments based on K -band star 
counts published in an earlier paper, we demonstrate 
that the HQ-selected sample of very 10\\' mass stars dis
cussed here shows no evidence for significant incomplete
ness. This suggests that surveys sensitive to Ho equi\'alent 
widths below 10 A in aggregates only a few million years 
old are an efficient probe of the :aintest end of the stellar 
main sequence and the massive end of the brown dwarf 
population. Studies carried out by other authors seems to 
indicate however that this may not be the case for popu
lations older than ~ 107 years. 

8- The vast majority of identified members in the sur
veyed region with masses below 1 1\1 8 have ages near 
2 X J06 years, with only three objects clearly having ages 
significantly older ~ 2 x 107 years). This suggests that a 
short-lived burst of low mass star and brown dwarf form
ation took place in Chamaeleon I approximately 2 x 106 

years ago, although star forming activity at a lower rate 
had been already taking place since perhaps 2 x 107 years 
before. 

9- The mass function in the surveyed area of 
Chamaeleon I is consistent with the majority of published 
derivations of the mass function in star forming regions 
and in the field, being roughly flat in logarithmic mass 
units. 
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