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ABSTRACT

Recent studies of the substellar population in the Taurus cloud have revealed a deficit of brown dwarfs compared to the Trapezium cluster
population. However, these works have concentrated on the highest stellar density regions of the Taurus cloud. We have performed a large scale
optical survey of this region, covering a total area of 28 deg2 , and encompassing the densest parts of the cloud as well as their surroundings,
down to a mass detection limit of 15 MJ . We present the optical spectroscopic follow-up observations of 97 photometrically selected potential
new low-mass Taurus members, of which 27 are strong late-M spectral type (SpT ≥ M4V) candidates. Our spectroscopic survey is 87%
complete down to i = 20 for spectral types later than M4V, which corresponds to a mass completeness limit of 30 MJ for ages ≤10 Myr and
Av ≤ 4. We derive spectral types, visual absorption and luminosity class estimates and discuss our criteria to assess Taurus membership. These
observations reveal 5 new VLM Taurus members and 12 new BDs. Two of the new VLM sources and four of the new substellar members exhibit
accretion/outflow signatures similar to higher mass classical T Tauri stars. From levels of Hα emission we derive a fraction of accreting sources
of 42% in the substellar Taurus population. Combining our observations with previously published results, we derive an updated substellar
to stellar ratio in Taurus of Rss = 0.23 ± 0.05. This ratio now appears consistent with the value previously derived in the Trapezium cluster
under similar assumptions of 0.26 ± 0.04. We find indications that the relative numbers of BDs with respect to stars is decreased by a factor 2
in the central regions of the aggregates with respect to the more distributed population. Our findings are best explained in the context of the
embryo-ejection model where brown dwarfs originate from dynamical interactions in small N unstable multiple systems.
Key words. stars: low-mass, brown dwarfs – stars: late-type – stars: luminosity function, mass function – stars: pre-main sequence

1. Introduction
Recent works by Briceño et al. (1998), Luhman (2000),
Briceño et al. (2002), Luhman et al. (2003a) and Luhman
(2004) have revealed a factor of 1.4 to 1.8 deficit of Brown
Dwarfs (BDs) in the Taurus cloud compared to the Trapezium
cluster, possibly indicating that sub-stellar object formation depends on the environment. If confirmed, the lower abundance

Based on observations obtained at the Canada-France-Hawaii
Telescope (CFHT) which is operated by the National Research
Council of Canada, the Institut National des Science de l’Univers of
the Centre National de la Recherche Scientifique of France, and the
University of Hawaii.

Tables 3–5 are only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/446/485

of BDs in Taurus could have strong implications for substellar
Initial Mass Function (IMF) models. However, as these previous studies concentrated on high stellar density regions, the
majority of the volume occupied by the molecular clouds was
left unexplored. There is a possibility that Taurus BDs are not
clustered in the same regions as most of the T Tauri stars or
that they have scattered away from their birth site as proposed
by Reipurth & Clarke (2001). If BDs are ejected during their
formation, a significant fraction of the substellar content of
the central parts of the cloud may have been missed. Indeed,
with ejection velocities ≥1 km s−1 , as predicted by some of the
ejection models (Reipurth & Clarke 2001; Kroupa & Bouvier
2003a), BDs could have travelled as far as 1◦ from their birth
sites at the Taurus distance in 2−3 Myr.
The recent availability of large visible and infrared cameras makes it possible to quickly survey large portions of the
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Table 1. Overview of the CFHT optical survey of the Taurus cloud.
Instrument

FOV

Pixel

(deg2 )

( /pixel)

Date

Area

Band

CFHT12k

0.33

0.21

1999–2001

3.6

R, I, Z 

23, 22, 21

15 MJ

CFHT12k

0.33

0.21

2002

8.8

I, Z 

22, 21

15 MJ

Megacam

1

0.19

2003–2004

24

i , z

24, 23

10 MJ

(deg2 )

sky encompassing tens of square degrees down to the sensitivity needed to study the substellar domain. In order to check
for the existence of a widespread BD population in Taurus, we
have used the Canada-France-Hawaii telescope to perform a
large optical survey covering a total of 28 deg2 down to completeness limits of i = 21.8, z = 20.9, corresponding to a mass
detection limit of 15 MJ for an age ≤5 Myr and AV ≤ 5, according to the pre-main sequence DUSTY model of Chabrier et al.
(2000). In this paper, we report on medium resolution optical spectroscopic follow-up observations of 97 photometrically
selected Taurus candidate members, of which 27 are strong
late-M (SpT ≥ M4V) candidates. This work is the continuation and completion of the preliminary spectroscopic study
published in Martín et al. (2001), where initial candidates were
selected from a 3.6 deg2 photometric survey conducted with the
CFHT12k camera, which is a subset of the full 28 deg2 CFHT
Taurus survey described here.
In Sect. 2, we first briefly describe the CFHT photometric
survey and candidate selection procedures, then the spectroscopic observations presented here. We derive spectral types,
reddenings and luminosity class estimates from both a spectral
fitting procedure and the analysis of colors and Na i equivalent
widths in Sect. 3. We assess Taurus membership in Sect. 4 and
discuss the properties of the new 5 VLM members and 12 BDs
identified in this study. In particular, we investigate their accretion/outflow signatures and spatial distribution and update
the stellar to brown dwarf ratio in Taurus. Finally, we discuss
the implications of our results for models of substellar object
formation in Sect. 5 and summarize our findings in Sect. 6.

2. Observations

2.1. The CFHT optical photometric survey
The overall Taurus survey was performed in 4 successive periods on the Canada-France-Hawaii telescope with the CFH12k
and MEGACAM large-scale optical cameras (see Table 1 for a
detailed journal). The technical characteristics of the CFH12k
and MEGACAM cameras are presented in Cuillandre et al.
(2000) and Boulade et al. (2003) respectively. The first part of
the CFH12k survey (centered on the densest part of the Taurus
cloud, from 1999 to 2001), was obtained as part of CFHT director’s discretionary time, while the remaining larger set of data
was obtained, in service mode, as part of a larger key program
devoted to the study of young clusters. A detailed description
of the optical photometric survey is deferred to a forthcoming
publication (Guieu et al 2005 in preparation). We summarize
here its main characteristics.

Detection
limit

Mass limit
(AV = 5, 5 Myr)

We have performed data reduction at CFHT using elements
of the Elixir system (Magnier & Cuillandre 2004) which included bias and dark subtraction, flat-fielding, fringing correction, bad pixels removal and individual frame combination. Point source detection was performed on the combined
I + z images. For the CFH12k data, PSF fitting photometry was extracted with the PSFex routine from the SExtractor
program (Bertin & Arnouts 1996), while aperture photometry was obtained for the MEGACAM data with the same program. Photometric catalogs were combined, using the following transformation between CFH12k (I,Z  ) and MEGACAM
(i ,z ) photometric systems, computed from overlapping fields:
i = I + 0.85 ∗ (I − Z  ) + 0.23
and
z = 0.25 ∗ I + 0.746 ∗ Z  + 0.32.
The total survey yielded more than 106 sources detected down
to i = 24 and z = 23. From the turn-over at the faint end
of the magnitude distribution, we estimated the completeness
limits of our optical photometric survey to be i = 21.8 and
z = 20.9. Concerning the brightest sources in the survey, the
saturation limits are i = 12.5 and z = 12.
We identified Taurus low-mass candidate members with the
following procedure. We first selected optical sources with a
detection in the near-infrared 2MASS catalogue at both J, H
and K bands with quality flags A, B or C. We then evaluated a
rough estimate of the reddening vector towards each source by
assuming a maximum intrinsic (J −H)0 color of 0.8, which corresponds to a spectral type M9-L0 for a main sequence dwarf
(Kirkpatrick et al. 2000; Dahn et al. 2002). Reddening values estimated this way will be conservative lower estimates
for earlier spectral type sources. Candidate Taurus members
were then selected according to their location in the various
color−magnitude and color−color diagrams plotted in Fig. 1.
We dereddened each candidate and required its position in
the i /(i − z ) (or I/(R − I) when available) and i /(i − J)
color−magnitude diagrams to be compatible with stars younger
than 10 Myr, derived from comparison with the Chabrier et al.
(2000) pre-main sequence tracks. We also required colors compatible with a dwarf M spectral type in the (i − J)/(J − K) diagram. This selection procedure yielded 264 Taurus low-mass
candidates, of which 227 have i band magnitudes ≤20.
Strong galactic contamination from primarily early M-type
background giants is expected. In order to properly assess
Taurus membership, spectroscopic follow-up of the photometrically selected candidates is therefore mandatory. We restricted ourselves to the 227 sources with i band magnitudes ≤ 20, in order to allow a proper spectroscopic follow-up
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Fig. 1. Observed (not dereddened) color−magnitude and color−color diagrams used to select low-mass Taurus candidates. Small black dots in
panels a), b) and c) are the 264 sources that pass through the selection process (see text for more details). Only the 227 sources with i < 20.
are represented in panel d). The 44 (40 width i < 20) primary photometric candidates observed spectroscopically are displayed in filled red
circles. Open blue circles are previously known Taurus members. Green squares identify the spectroscopically confirmed new Taurus members
from this work and Martín et al. (2001). In panels a) and b), the full black curve shows the location of the 10 Myr isochrone from the DUSTY
model of Chabrier et al. (2000) at the Taurus distance. In panel c), the black curve shows the straight line approximating the dwarf sequence
used to select M-type candidates. The arrow indicates a reddening vector of AV = 4 mag. In the (J − H)/(H − K) diagram are also shown the
locations of the dwarf (green curve) and giant (open red triangles) branches, as well as reddening vectors extending from the M 4 and M 6 dwarf
colors (dashed lines).

in the optical domain. We further used the (J − H)/(H − K) diagram to separate early and late M candidates. This procedure
also allows to minimize the background giant contamination,
expected to be very strong at the early M spectral types. Among
the 227 sources with i band magnitudes ≤20, 47 sources appear later than M4V in the (J − H)/(H − K) (see Fig. 1d).
Among these 47 sources, are included 4 sources already published in Martín et al. (2001) (CFHT-Tau 1,
CFHT-Tau 2, CFHT-Tau 3 and CFHT-Tau 4) and 10 previously known Taurus low-mass members (V410 Tau Anon 13,
ZZ Tau IRS, J04442713+2512164, J04381486+2611399,

KPNO-Tau 9, KPNO-Tau 7, KPNO-TAU 5, KPNO-Tau 3,
J04284263+2714039, J04202555+2700355). We present in
this paper medium resolution (R  1000) optical spectroscopic
observations obtained for 27 of the remaining 33 unknown
late-M (SpT ≥ M4V) candidates including KPNO Tau 1-2-4
and 6 published in Briceño et al. (2002); Luhman et al. (2003a).
Thus, combining observations presented in this work and previously published results, spectroscopic information is available for 87% (41/47) of the Taurus candidates later then M4V
identified from our CFHT survey. We also included in our
spectroscopic survey 13 candidates with SpT < M4V, which
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Table 2. Journal of spectroscopic observations.
id

Instrument

Telescope

Dates

Wavelength

Å

Dispersion

Number of sources

Å/pixel

1

FORS1

VLT-UT3

2001-10-25 to 2002-02-20

6000–11 000

2.59

10

2

FORS1

VLT-UT1

2002-12-11 to 2003-03-05

6000–11 000

2.59

10

3

LRIS

Keck I

2003-01-08, 2003-01-09

6000–10 000

1.87

26

4

LRIS

Keck I

2004-12-03, 2004-12-04

6000–10 000

1.87

32

5

ISIS

WHT

2000-09-28, 2000-09-29

6490–9365

2.88

19

represent 7% (13/180) of the remaining early M-type candidates with i < 20. A very strong galactic contamination is expected in this latter sample. Our spectroscopy survey is 100%
complete in the substellar domain: all the 13 sources that appear later than M6V in the (J−H)/(H−K) diagram are included
in our spectroscopic study.
In addition to the 44 (40 with i < 20) sources selected
with the procedure just described, we have also observed in the
course of the diﬀerent spectroscopic campaign, 53 additional
sources selected with less restrictive criteria. These include in
particular sources selected from the I/(R−I) diagram, observed
at the WHT in September 2000 but not published in Martín
et al. (2001). All of these additional objects were spectroscopically confirmed as non Taurus members (see Sect. 3). They are
however included in this paper and their derived properties are
summarized in Table 3.
Due to our selection procedure, the mass-completeness
limit of our spectroscopic sample is set both by the
2MASS completeness limits (J = 15.25, H = 14.4, K = 13.75)
and the sensitivity limit of our optical spectroscopic observations (i ≤ 20). Both are equally restrictive in terms of mass
completeness (see Sect. 4.4).

2.2. Spectroscopy
Spectroscopic observations have been conducted with the
WHT/ISIS, FORS1/VLT (Appenzeller et al. 1998) and
LRIS/Keck instruments over 5 runs between September 2000
and December 2004. The detailed journal of the spectroscopic
observations is presented in Table 2.

Martín et al. (2001) and 6 were already known Taurus members. We publish here the remaining 19 sources.

2.2.2. VLT/FORS observations
FORS11 observations were performed in service mode between 2001 and 2003. In both cases, the grism 300I was used,
providing a dispersion of 2.59 Å/pixel and a wavelength coverage of 6000 to 11 000 Å. The slit width was 0.7 . The
standard ESO pipeline reduction procedure was applied. This
includes bias correction, flat-fielding and wavelength calibration. Individual spectra were extracted using the IRAF2 apextract routine. The spectral response was calibrated with observations of the standard M9 field BD DENIS-P-J1048-3956
(Delfosse et al. 2001).

2.2.3. Keck/LRIS observations
Two observing runs were conducted with the LRIS/Keck I
spectrograph in January 2003 and December 2004. The spectral dispersion was 1.87 Å/pixel and wavelength coverage
6000−10 000 Å. The slit width was 1.0 for the first run
and 1.5 for the second one, due to worse seeing conditions.
Individual exposures were first bias corrected and flat-fielded.
Spectra were extracted with the IRAF apextract routine, then
wavelength calibrated with a reference arc lamp exposure.
The spectral response was calibrated with observations of
the following standards: LTT 377, Feige 110, BD+28 4211,
BD+25 4655, PG 0918+029, G193-74, G191B2B, Feige 11.

3. Data analysis
2.2.1. WHT/ISIS observations
Spectroscopic observations were carried out using the
Intermediate-dispersion Spectrograph and Imaging System
(ISIS) at the 4.2 m William Herschel Telescope (WHT) in
La Palma on 2000 September 2829. The R158R grating
on ISIS’s red arm gave a wavelength coverage from 640.9
to 936.5 nm. The spectral resolution was 2.5 pixels (7.2). The
data were reduced using standard routines for bias subtraction and flat-field correction within the IRAF environment.
Wavelength calibration was performed using the spectrum of
an NeAr lamp. Instrumental response was calibrated out using spectra of the flux standard Feige 24. A total of 29 sources
were observed during this campaign, 4 were published in

3.1. Spectral-type and reddening determination
3.1.1. Numerical spectral fitting
Spectral types can be derived from spectro-photometric indices, such as the ones defined by Martín et al. (1999).
However, these indices are aﬀected by the strong extinction
expected towards Taurus members. From simulations of artificially reddened standard spectra, we computed that for a visual extinction of 5 mag, spectral types estimated from the
PC3 indice (Martín et al. 1999) are wrong by 2 classes for
1
2

FOcal Reducer/low dispersion Spectrograph.
IRAF distributed by National Optical Observatories.
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Fig. 2. Left: χ2 map obtained in the AV -SpT plane for one of our candidate spectrum (2MASS J04390396+2544264). In solid lines are also
plotted the AV variation vs. SpT derived from the (I − J) and (J − H) colors using the Rieke & Lebofsky (1985) extinction law. Dashed lines
correspond to 1σ uncertainties. The best fit obtained gives an M 7.25 spectral type and AV = 0.4 mag, compatible with the broad band colors.
The best fit is obtained for the average of a dwarf and a giant template, indicating a luminosity class IV. Right: the resulting best fit (average of
a dwarf and giant template of SpT M 7.25) is represented with a dashed red curve overlaid on the observed spectrum (solid black curve).

types around M7V. Therefore we chose to apply a spectral fitting procedure similar to the one presented in Luhman et al.
(1998), allowing one to derive simultaneously spectral type
and reddening. We built a library of reference dwarf and giant
spectra spanning the range between M1 and L0. The dwarfs
reference library was built from the combination of spectra
published in Kirkpatrick et al. (1999), Martín et al. (1999)
and Leggett et al. (2000), with 4 individual spectra, on average, for each M-spectral subclass. The giant reference library,
built from a sample of 97 very bright M-giants, was taken
from Fluks et al. (1994). Half and quarter sub-classes were
constructed by combination of adjacent classes (for instance
M6.25 = 0.75 × M6 + 0.25 × M7 ). For a given spectral type,
each candidate spectrum can be fitted either by the dwarf template, the giant template or the average of both. This procedure
therefore allows for an estimate of the luminosity class.
The fit was performed in the wavelength range
7000−8500 Å, where the signal to noise is maximized
and the spectral response is best determined. Figure 2 shows
the χ2 map in the (AV – spectral type) plane for one of our
Taurus candidate (2MASS J04390396+2544264) with the
corresponding best fit solution. In the χ2 map, we also added
the AV versus spectral type relations predicted by the (I − J)
and (J − H) colors. The calibration relations of broad band
colors versus spectral type were derived from linear fits to the
photometry of M-type dwarf standards observed by Leggett
et al. (1996, 1998, 2001) and Dahn et al. (2002). In the example
shown in Fig. 2, the best fit solution found by our numerical
fitting procedure appears compatible, within the estimated
1σ uncertainties, with the solution predicted by the (I − J)
and (J − H) colors. From simulations of artificially reddened
standard star spectra, we estimate typical internal uncertainties
for our numerical fitting procedure of half a class in spectral
type and 0.8 mag in AV . Among our initial spectroscopic
sample, 33 sources are classified as giants, 38 as field dwarfs
and 26 as sub-giants (ie best represented by the average of
a dwarf template and giant template). These 26 sub-giants
appear as our primary Taurus pre-main sequence candidates.

We investigate below in more detail the reliability of the
parameters, in particular reddenings and luminosity classes,
determined by the spectral fitting procedure.

3.1.2. Reddening estimates from color–color diagrams
In order to assess in more detail the reliability of the AV values derived from our numerical fitting procedure, we independently estimate extinction values from the (J − H)/(H − K) and
(I − J)/(J − K) color−color diagrams. We exclude from the following analysis the 33 sources classified as giants by the spectral fitting procedure. Most of these turn out to be early type
(SpT ≤ M2III) background giants. We are therefore left with
a sample of 64 sources classified either as M dwarfs or subgiants. Sources with no detectable excess infrared emission in
the (J − H) versus (H − K) diagram are dereddened back to the
locus of dwarfs, while those lying to the right of the reddened
dwarf sequence in the near-IR color−color diagram are dereddened back to the locus of actively accreting T Tauri stars, as
defined by Meyer et al. (1997). In the (I − J) versus (J − K) diagram, sources are dereddened back to the dwarf sequence.
We compare in Fig. 3 (left) AV values derived in these two
ways. Four sources (individually labelled) show large diﬀerences in excess of 2 mag. Two of these sources also show significant near-infrared excess emission in the (J − H)/(H − K) diagram (Fig. 8), indicating that the determination of AV is likely
very uncertain. Except for these 4 sources, AV values derived
from both color−color diagrams agree remarkably well: the
distribution of diﬀerences peaks at ∆AV = 0 with a dispersion
of 0.3 mag. On the other hand, we find a systematic diﬀerence
between the AV values obtained from the spectral fitting procedure and the ones derived from the color−color diagrams
(Fig. 3, Right), especially for the sources classified as subgiants: the distribution of diﬀerences peaks at ∆AV = 1 with
a dispersion of 0.3 mag. For sources classified as dwarfs the
distribution of diﬀerences peaks at ∆AV = 0.25 with a dispersion of 0.3 mag.
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Fig. 3. Comparison of AV values derived from the color−color diagrams and the spectral fitting procedure. Left: histogram of diﬀerences in
AV values derived from the (J − H)/(H − K) and from the (I − J)/(J − K) diagrams. Sources classified as giants have been excluded. Right:
histograms of diﬀerences in AV values derived from the (I − J)/(J − K) colors and from the spectral fitting procedure, in full line for sources
classified as sub-giants, in dotted line for sources classified as field dwarfs. Individual sources with the largest AV discrepancies are labelled
and discussed in the text.

The discrepancy observed in AV determinations for the subgiant population likely arises from an improper calibration of
the intrinsic broad-band colors for sources with surface gravities intermediate between dwarfs and giants. Indeed the derivation of reddening values from main-sequence colors assumes
that a young object has the same intrinsic continuum slope as a
dwarf. However, Luhman (1999) noted that intrinsic (I − J) colors of pre-main sequence sources are significantly redder than
the ones of dwarfs at spectral types later than M5V. Indeed, the
spectra of the mid to late M young stellar objects always rise
more rapidly beyond 8000 Å than the spectra of main-sequence
dwarfs of the same spectral type. The derivation of reddening
values from dwarf colors involving the I band will therefore
systematically overestimate AV for young mid to late-M stars.
Our analysis seems to indicate that this is also true for reddening values derived from near-infrared colors. The spectral
fitting procedure on the other hand takes into account the fact
that the surface gravity of young stars is intermediate between
the ones of dwarfs and giants. Although we note that the continuum slope of a young star may not be exactly the average of
a dwarf and giant continuum, we estimate that the Av values
derived from the spectral fitting procedure are less biased and
we adopt them in the following.

3.2. Luminosity class and Sodium equivalent widths
The Nai doublet at 8183 and 8195 Å is sensitive to surface
gravity eﬀects (Martín et al. 1999) for eﬀective temperatures
in the range 2500 to 3500 K. We therefore compare the luminosity class estimated for our sources from the spectral fitting procedure with Na i equivalent widths measurements. The
EW(Nai) is computed between 8172 Å and 8207 Å (the doublet is not fully resolved at the moderate spectral resolution of
our observations). The local continuum is estimated by a linear
fit to the three highest points in each of the following spectral

Fig. 4. Measured EW(Na i) vs. eﬀective temperature for our spectroscopic sample. Star symbols represent spectra best fitted with
the average of a giant and field dwarf template (sources classified
as luminosity class IV). triangles show sources best fitted with a
field dwarf template; circles correspond to a giant template. Sources
with EW(Hα) ≥ 8 Å are plotted in red. Solid lines show predictions from the DUSTY models from Chabrier et al. (2000) spanning
log10 (g/g0 ) = 3.5 to 6 by step of 0.5 (as labelled); dashed lines correspond to the COND model spanning log10 (g/g0 ) = 2.5 to 6. The
4 sources with discrepant EW(Na i) are indicated with an arrow.

intervals: [8090:8172 Å] and [8207:8280 Å]. We estimate typical uncertainties on the equivalent widths to be on the order
of 5%.
Figure 4 illustrates the excellent agreement between the luminosity class estimated from our spectral fitting procedure and
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the Nai equivalent widths. In this figure, we plot the measured
EW(Nai) versus eﬀective temperature T eﬀ . Spectral types, derived from the spectral fitting procedure, are converted into effective temperatures using the relationships given by Luhman
(1999) for pre-main sequence stars, dwarfs and giants respectively. Eighteen sources classified as early-type (SpT < M1)
giants are not included in the graph. Figure 4 shows a clear
separation between sources spectroscopically classified as field
dwarfs and sources identified as sub-giants. All the sources
classified as field dwarfs show EW(Nai) comparable to the predictions of the model atmospheres from Chabrier et al. (2000)
with surface gravities log10 (g/g0) ≥ 4. On the other hand, all
but four of the estimated luminosity class IV sources show
EW(Nai) consistent with predictions from the model atmospheres for low surface gravities (log10 (g/g0) ≤ 4). In the
following, we therefore adopt the luminosity class estimated
from the spectral fitting procedure and discuss the nature of
these four discrepant low surface gravity candidates (indicated
by an arrow in Fig. 4). We notice that one known Taurus BD
(KPNO-Tau 4) shows an unusually small Nai equivalent width
(2.07 Å) for its estimated eﬀective temperature (≤2500 K).
However, the detailed profile of the Nai doublet in this source
appears to diﬀer significantly from both the model predictions
and the corresponding dwarf template line profile, suggesting a
core emission which could explain its low position in Fig. 4.

4. Results

4.1. Identification of Taurus members
We compile in Tables 3 and 4 the reddening, spectral type
and luminosity class derived from the spectral fitting for our
97 spectroscopic sources. We also list measured equivalent
widths in Nai and Hα. We use the luminosity class as the primary criterion to identify Taurus pre-main sequence sources.
26 sources are classified as luminosity class IV through our
spectral fitting procedure. Among these, only 4 show EW(Na i)
indicative of larger surface gravities log10 (g/g0 ) > 4, as determined from Fig. 4.
The first one, 2MASS J04221675+2654570, has an early
spectral type (M 1.25), and falls in the temperature regime
where the sodium equivalent width is no longer sensitive to surface gravity for moderate values (log10 (g/g0) ≤ 5). In addition,
this source shows significant Hα emission (with an equivalent
width of −24.5 Å), reddening (AV = 6.6) and near-infrared excess (see Fig. 8). We therefore classify it as a Taurus member.
The second is 2MASS J04355760+2253574. The spectrum
of this object is best fit by the average of a M 4.75 dwarf
and giant with a reddening of AV = 2.55 and it displays
Hα emission with an equivalent width of −21.58 Å, indicating a possible pre-main sequence nature. Its near-infrared colors ((J − H) = 1.01 and (H − K) = 0.56) suggest significant
reddening and/or near-infrared excess emission. However, its
measured EW(Nai) of 5.25 Å is more representative of field
dwarf surface gravities. In addition, when placed on the HR diagram at the Taurus distance with the above derived parameters, it falls close to the 100 Myr isochrone, significantly below
the Taurus population. The spectral fit obtained with a dwarf
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template gives a spectral type of M 5.25 and AV of 0.45 with
a χ2 of 1.17 (see Fig. 4). However a foreground nature does not
seem compatible with the near-infrared colors. It is therefore
diﬃcult at this stage to conclude on the nature of this source.
The remaining two sources, 2MASS J04272297+2636474
and 2MASS J04315129+2506524, have mid-M spectral types,
low-level line emission (EW(Hα) emission <8 Å) and occupy
in Fig. 4 the same location as dwarfs. For these two sources,
spectral types M 5.5 and M 4.75 and AV values of 2.41 and 1.86
are derived from the best fit solution obtained with the average of a dwarf and giant template. Their derived location in
the HR diagram with the above parameters is shown in Fig. 7.
Both sources fall between the 10 and 30 Myr isochrones, at the
low luminosity end of the Taurus population. However, as illustrated in Fig. 6, the fits obtained with a dwarf template alone
appear in both cases very close to the previous best fit solution.
The diﬀerences in χ2 between the dwarf and sub-giant fits for
these two sources are 0.06 and 0.35 respectively, significantly
lower than the average of the χ2 diﬀerences for the remaining
Taurus candidate population of 1.8 ± 1.25. The dwarf fits give
a similar spectral type but significantly lower reddening values compatible, within our derived 1σ uncertainty of 0.8 mag,
with a foreground field dwarf nature. Their near-infrared colors
((J − H) = 0.35, (H − K) = 0.7−0.8) and I band magnitudes
appear also compatible with a foreground nature.
We therefore classify these last 3 sources in Table 3
with uncertain membership and do not consider them as
Taurus members in the following. We are therefore left with
23 bonafide Taurus members. We note that all but 2 of these
show strong Hα emission with equivalent widths in excess
of 8 Å. All these 23 sources were included in our primary sample of 51 sources selected according to the criteria of Sect. 2.1.
We therefore estimate the eﬃciency of our selection procedure
to be 45%.

4.2. Properties of the new Taurus members
We summarize in Table 5 the derived properties of the Taurus
members. We list the spectral types and reddening values derived through our spectral fitting procedure. The eﬀective temperature is estimated from the spectral type using the following linear fit to the relationship derived by Luhman (1999)
for young M dwarfs: T eﬀ = 3780 − 175.6 ∗ SpT. We compute the luminosity from the dereddened I band magnitude,
using the bolometric corrections for M dwarfs from Luhman
(1999). We also list our I and z band photometry combined
with the J, H and K 2MASS photometry. We show in Fig. 7 the
derived HR diagram for our new Taurus sources, including previously known members. We use the 0.08 M mass track from
the Chabrier et al. (2000) pre-main sequence models to define the stellar/substellar boundary, which falls at spectral type
M 6.25V for a typical Taurus age of 3 Myr. We will therefore
use in the following this spectral type as the limiting boundary
for brown dwarfs in our sample. We note in the substellar domain a general trend of the models to predict larger ages for the
lowest mass objects. This tendency is likely due to uncertainties
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Fig. 5. Medium-resolution optical spectra of the new Taurus very low-mass members and brown dwarfs. The spectra have been corrected for
extinction. The derived spectral type is indicated. The spectrum of ZZ Tau IRS is also shown.

in the pre-main sequence tracks and/or bolometric corrections
for the lowest masses.

diﬀerence of 1 spectral class is twice our estimated spectral
typing error.

We recover in our sample 6 previously known Taurus members, and we find 12 new BDs and 5 new very low mass (VLM)
stars. We show in Fig. 5 the individual spectra of the 17 new
Taurus members. We also show ZZ Tau IRS, for which, to our
knowledge, no low-resolution optical spectrum is published in
the literature. Four of the new BDs were previously published
in conference proceedings by Monin et al. (2004) and Guieu
et al. (2004). Two of these, CFHT-Tau 6 (J04390396+2544264)
and CFHT-Tau 8 (J04411078+2555116), have independently
been discovered by Luhman (2004). This author found the
same spectral type for CFHT-Tau 6 (M7.25) and a close extinction value (AV = 0.26). For CFHT-Tau 8 we derive an M 6.5
spectral type with a moderate reddening (AV = 1.8) while
Luhman (2004) found an M 5.5 spectral type with A J = 0.7
(AV = 2.6). We note that the discrepancy in AV values is similar to our estimated reddening uncertainty (0.8 mag) while the

Among the remaining Taurus members, our estimates of
spectral type and reddening values appear generally compatible, within the quoted uncertainties, with values given in the
literature, except for 2 sources for which larger discrepancies
are found: ZZ Tau IRS and KPNO Tau 4. ZZ Tau IRS, the suspected energy source of HH 393 (Gomez et al. 1997), has been
recently observed spectroscopically by White & Hillenbrand
(2004). These authors derive from their high-resolution optical spectroscopic observations an M 4.5 ± 2 spectral type, compatible within the quoted uncertainties with our own derivation of M 5.25. However, using the (J − H) color, they estimate a reddening value of 7.6, significantly larger than our
own estimate of AV = 2.4, derived from the spectral fitting
procedure. We note that this source displays a significant excess in the (J − H)/(H − K) diagram as well as strong accretion signatures, which may significantly aﬀect the derivation of
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Fig. 6. Spectral fits (red thick lines) obtained for the 3 sources (black thin lines) with uncertain membership. The top panels represent the best
solution obtained with a dwarf template while the bottom panels show the best fits obtained with the average of a dwarf and giant. The vertical
dashed lines represent the wavelength limits used for the fit (7000−8500 Å).

widths, as already noted by White & Hillenbrand (2004). We
come back to this issue in the following section. In the case
of KPNO Tau 4, we find the same spectral type (M 9.5) but a
reddening value larger than the one computed by Briceño et al.
(2002) (AV = 2.5 vs. 0.0). This discrepancy likely arises from
the rapid increase of the continuum flux longwards of 8200 Å
for spectral types later than M9V. This part of the continuum
therefore strongly influences the derivation of reddening values
at late spectral types. Uncertainties on its exact shape result in
large uncertainties on derived AV . We therefore estimate that
for our later spectral types (>M 9), uncertainties on derived AV
values are almost doubled and likely increase to 1.6 mag.

4.3. Accretion and outflow signatures

Fig. 7. Derived H − R diagram in Taurus. New Taurus members identified in this work are indicated with Star symbols. Previously known
Taurus members are shown as open circles. We have also plotted
with triangles the 3 sources with uncertain membership discussed in
Sect. 4.1. The pre-main sequence tracks from Chabrier et al. (2000)
(DUSTY models) are shown as blue curves: solid lines represent
isochrones with ages of 1, 3, 10, 30 and 100 Myr, dotted lines represent
mass tracks ranging from 0.02 M to 1.4 M as labelled. The green
curve shows the computed stellar/substellar boundary at 0.08 M .

reddening from near-infrared photometry. Indeed, if we deredden ZZ Tau IRS back to the locus of accreting T Tauri stars in
the (J−H)/(H−K) diagram, we find AV = 3.1, a value compatible with our derivation from fitting of the optical low resolution
spectrum. We note however that these values may be a lower
limit to the true reddening if indeed this source is viewed edgeon as suggested by its unusually large emission lines equivalent

We examine the Taurus VLM members identified in this work
for evidence of accretion/outflow. These signatures include
strong near-infrared excess, suggestive of an active accretion
disk; strong emission in the optical forbidden lines which, in
Classical T Tauri stars, trace outflow signatures strongly correlated with the accretion process (Hartigan et al. 1994; Cabrit
et al. 1990); strong Hα emission beyond the limit for chromospheric activity. A large fraction of the newly identified Taurus
VLM members show indications of one or more of these accretion/outflow signatures.
Three of the VLM Taurus members (CFHT-Tau 19,
ZZ Tau IRS, CFHT-Tau 21 ) and one of the BDs (KPNO-Tau 4)
exhibit near-infrared excess in the (J − H) versus (H − K) diagram (Fig. 8). These sources lie in this diagram to the right
of the reddening vector extending from the M 7 dwarf color
and above the locus of accreting T Tauri stars, suggesting nearinfrared excess emission arising from the presence of an accretion disk. Using our estimates of reddening and spectral type,
we further compute a ∆(H − K) excess for each confirmed
Taurus member. This near-infrared excess is represented in
Fig. 10 as a function of spectral type and compared to the maximum (H − K) color excesses predicted for a flat reprocessing
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Fig. 8. (J − H)/(H − K) diagram. VLM stars (open star symbols) and
brown dwarfs (filled star symbols) Taurus members identified in this
work are represented. Numbers identify the 4 VLM stars with intense
line emission from Fig. 9. Also shown are the locations of the giant branch (open green triangles) and the dwarf sequence (thick black
curve) extending from G2 to M7 (SpT). The black thin line illustrates
a reddening vector of 10 AV extending from the M7 V dwarf colors.
The locus of the accreting classical T Tauri stars from Meyer et al.
(1997) is displayed with a dotted-dashed line.

circumstellar disk around a central star of spectral type ranging
from M0 V to M9 V (Liu et al. 2003). The three VLM members
previously identified in the (J − H)/(H − K) diagram show a
clear (H − K) color excess above what is expected from a pure
reprocessing disk. Given the one σ uncertainty of 0.1 mag in
∆(H − K), we do not find evidence from this diagram for strong
active accretion in the substellar population. However, the lack
of detectable (H − K) excess does not imply an absence of disk
around these sources. Indeed, detailed modelling of the spectral energy distributions from reprocessing disks around young
substellar objects by Natta & Testi (2001) showed that excess
disk emission becomes clearly detectable longward of 3 µm
only.
The three sources with strong near-IR excess also display
strong emission in the optical forbidden lines of [O i] λ6300,
6363 Å, [N ii] λ6548, 6583 Å, and [S ii] λ6716, 6731 Å
(Fig. 9), which, in higher mass CTTs, trace outflow signatures strongly correlated with the accretion process (Hartigan
et al. 1994; Cabrit et al. 1990). One of these sources,
ZZ Tau IRS, shows anomalously large equivalent widths in
the optical forbidden lines (EW([O i] λ6300 Å) = −190 Å,
EW([S ii] λ6731+6716 Å) = −77 Å). Typical equivalent widths
in T Tauri stars are of the order of a few tenths of Å. Such large
values in ZZ Tau IRS could be explained if the source is seen
close to edge-on and the continuum is therefore suppressed relative to the line emission, arising from extended jet emission.
The suggestion that ZZ Tau IRS is close to edge-on has already

Fig. 9. A zoom on representative regions of the spectra is presented
for the 4 Taurus members with strong emission lines.

been made by White & Hillenbrand (2004) on the same argument. One VLM object, CFHT-Tau 20 (J04295950+2433078)
has significant Ca ii line emission, an indicator of accretion activity (Muzerolle et al. 1998). Indeed, Mohanty et al. (2005)
demonstrated recently that the Caii λ8662 Å line flux correlates very well with the disk mass accretion rate down to the
substellar regime.
As noted before, all but 2 of the Taurus members identified
in this study display strong Hα emission with equivalent widths
in excess of 8 Å. This level of Hα emission is usually taken in
higher mass T Tauri stars (TTs) as a strong accretion indicator.
Chrosmospheric Hα emission activity is however expected to
increase strongly towards late M types. Barrado y Navascués
& Martín (2003) conducted an extensive study of Hα emission in a sample of young M stars. They derived an empirical CTTs/WTTs boundary, extended to substellar analogs, in
the Hα equivalent width versus spectral type diagram. This
boundary is defined by the saturation limit for chromospheric
activity at log (LHα /Lbol ) = −3.3, determined from study of a
sample of young open clusters. We plot in Fig. 11 the distribution of late-type Taurus members with respect to this boundary.
We include members from this study and previously known
late-type sources with published Hα equivalent widths measurements from Luhman (2000); Martín et al. (2001); Briceño
et al. (2002); Luhman et al. (2003a). Figure 11 suggests that
6 Taurus brown dwarfs among our sample (CFHT-Tau 6,
CFHT-Tau 11, CFHT-Tau 12, CFHT-Tau 8, KPNO-Tau-4 and
KPNO-Tau-6) have level of Hα emission in excess of chromospheric activity and are likely CTTs substellar analogs. All
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Fig. 10. (H − K) color excess versus M spectral type for Taurus members from this study. VLM stars with intense line emission are numbered as in Fig. 9. The solid line shows the maximum (H − K) color
excess expected from a flat reprocessing circumstellar disk around a
M 0V to M 9V central source (Liu et al. 2003).
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required to confirm that accretion is indeed present in these
sources.
The near-infrared excess emission and line emission properties of the Taurus VLM members analyzed here are strikingly similar to the accretion/ejection signatures observed in
the higher mass CTTs, indicating that the same processes are
occurring down to the substellar limit. The apparent large fraction of accreting sources in our VLM sample is probably a result of our selection procedure since our sample of objects with
spectral types earlier than M4 V is biased towards large near-IR
excess sources. The fraction of accreting brown dwarfs, as deduced from the properties of their Hα emission, is approximatively 40% (6/15) in our sample and 42% (10/24) when we include previously known substellar members. We note that the
substellar sample studied here does not suﬀer from the same
bias as the higher mass objects and represents 72% of all currently known BDs in Taurus. This derived substellar accretor
fraction in Taurus is statistically consistent with the one derived
by Mohanty et al. (2005) for sources with spectral type ≥M 5
from a detailed analysis of accretion signatures of 32% ± 10%.
The fraction of accreting sources among the substellar population is similar to the one in the higher mass T Tauri stars,
suggesting that inner disk lifetimes around young Taurus BDs
appear to be of the same order of or larger than around higher
mass TTs.

4.4. The brown dwarf to stellar ratio revisited

Fig. 11. Hα equivalent width versus spectral type for VLM and
BD Taurus members. Star symbols identify the Taurus members
studied in this paper. Previously known members are shown with
black dots. The dashed line shows the empirical boundary between chromospheric and accretion-related Hα activity derived by
Barrado y Navascués & Martín (2003). The EW(Hα) is plotted on a
logarithmic scale.

but one (CFHT-Tau 17) of the VLM members from this study
lie above the CTTS/WTTs boundary. In particular, the 4 VLM
sources with strong emission lines (labelled 1 to 4), discussed
in the previous paragraph, clearly stand out in this diagram as
strongly accreting sources. We note that high-resolution spectroscopic observations that fully resolve the Hα profiles are

Following Briceño et al. (2002); Luhman et al. (2003a);
Luhman (2004), we quantify the relative numbers of brown
dwarfs and stars in Taurus. The completeness in mass of our
spectroscopic survey is set on one hand by the completeness
limits of the 2MASS observations (J = 15.25, H = 14.4,
K = 13.75), which have been combined with the optical data
to select substellar Taurus candidates, on the other hand by the
i band limit of 20 of our spectroscopic observations. Using the
pre-main sequence tracks from Chabrier et al. (2000) (DUSTY
models), we compute in both cases a corresponding mass limit
of 30 MJ and reddening limit of AV < 4 for a maximum age
of 10 Myr at the Taurus distance (140 pc).
We derive below the reddening and mass limited sample of
all known Taurus members and update the current estimate of
the brown dwarf to star ratio by including the new fields studied
in this paper.
Compiling the list of known Taurus members from Kenyon
& Hartmann (1995); Briceño et al. (1998, 1999, 2002);
Luhman et al. (1998); Luhman (2000); Luhman et al. (2003a);
Luhman (2004); White & Hillenbrand (2004); Strom & Strom
(1994); Martín et al. (2000, 2001); Wichmann et al. (2000)
and including the 17 new members from this work, we have
identified 64 Taurus members (including known companions)
projected towards our new fields but not included in the
combined surveys of Briceño et al. (1998); Luhman (2000);
Briceño et al. (2002); Luhman (2004). Following Briceño et al.
(2002), binary systems with separations ≤2 are considered
as individual objects. We are therefore left with 54 sources.
White & Hillenbrand (2004) recently provided estimates of
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spectral types and reddenings from high-resolution optical
spectroscopy for a sample of embedded young stars in Taurus.
We adopt their derived eﬀective temperatures, luminosities and
AV values for Haro 6-5B and 5 embedded IRAS sources included in our sample (IRAS 04016+2610, IRAS 04260+2642,
IRAS 04264+2433, IRAS 04278+2253A, IRAS 04303+2240).
We are left with 11 embedded IRAS sources for which we currently lack accurate estimates of spectral types and reddenings. White & Hillenbrand (2004) derive, for the embedded
Class I sources in Taurus for which they have accurate spectral
types, an average visual extinction of 10.5 mag with a standard
deviation of 4.2 mag. The 11 IRAS sources are therefore also
likely to be very embedded and not to contribute significantly
in numbers to our reddening limited sample. As a consistency
check, we derive for these sources a rough estimate of AV from
the (J − H)/(H − K) diagram following the method described
in Sect. 3.1.2. Among the 11 IRAS sources, only one source
ends up with AV ≤ 4. We further exclude FT Tau, a strong continuum source (Herbig & Bell 1988), and IRAS 04016+2610
and ZZ Tau IRS for which White & Hillenbrand (2004) present
strong indications that these are edge-on systems. Among the
remaining 40 sources, 31 sources have AV ≤ 4 and are therefore
included in the reddening limited sample, 9 of these are BDs.
J04202555+2700355, J04213459+2701388, J04284263+
2714039 and J0442713+2512164, sources discovered by
Luhman (2004), are not included in the substellar/stellar ratio computed by this author because they correspond to an initial and incomplete 225 deg2 survey. However, since they are
also present in our fields, they are included into our present
estimate of the substellar to stellar ratio. In addition, the new
Taurus members, CFHT-Tau 17, CFHT-Tau 5, CFHT-Tau 7 and
CFHT-Tau 11 discovered in this study, fall inside the fields of
Luhman (2000); Briceño et al. (2002); Luhman (2004) but are
not reported by these authors. CFHT-Tau 17 and CFHT-Tau 5
are embedded (AV = 6.5 and AV = 9.2) but CFHT-Tau 7
and CFHT-Tau 11 have little reddening and are therefore included in our ratio. We estimate a spectral type of M 6.5 for
CFHT-Tau 8 diﬀerent from Luhman (2004) (M 5.5), so this
source falls in our sample under the hydrogen burning limit. We
note that CFHT-Tau 7 lies at a projected distance of only 20
from V928 Tau A/B and could be a wide companion to this
binary system.
We combine the additional reddening limited sample derived from this study with the one defined by Luhman (2004)
and compute an updated substellar to stellar ratio in Taurus. We
first use the same mass completeness limit of 20 MJ as previous
studies for comparative purposes:
Rss = N(0.08−0.02 M )/N(0.08−10 M ) = 31/127 = 0.24 ±
0.05. Using a mass completeness limit of 30M J instead results
in Rss = 29/127 = 0.23 ± 0.05.
As already mentioned in Luhman (2004), the derived Rss
ratio in Taurus is likely an upper limit for possible remaining incompleteness at low stellar masses. Indeed, the distribution of spectral types in Taurus shows an apparent deficit at
spectral types M 2 to M 4 (Luhman et al. 2003b). Searches for
substellar objects in Taurus are, as this study, typically complete for spectral types later than M 4, while previous optical
and X-ray large-scale surveys of the Taurus cloud are likely

complete down to M 2. The increase of Rss with increasing
spatial coverage in Taurus could be due to a less completeness
at these early to mid-M spectral types in the distributed population than in the more studied high stellar density regions.
However, we show in the next section that this is likely not the
case: the distributed population does not show larger deficit of
M 2-M 4 stars (with respect to the earlier spectral type population). Moreover, the incompleteness at spectral types M 2-M 4
in Taurus has a limited eﬀect on the computed Rss ratio: increasing by a factor 2 the known number of stars in this spectral range would bring the Rss ratio down to 0.20 +/− 0.05,
compatible within one sigma with our new estimate.
Our new estimate of the Taurus substellar to stellar ratio
of 0.23 +/− 0.05 is higher than the value derived by Luhman
(2004) of 0.18 +/− 0.04, although still compatible at the
1 sigma level. It is now however comparable to the Trapezium
value of Rss (Trapezium) = 0.26 ± 0.04 estimated by Briceño
et al. (2002), using the same evolutionary models and treating
binary systems in the same manner. Recent estimates seem to
suggest an even lower value for the Trapezium. Slesnick et al.
(2004) have recently computed a substellar mass function for
the Orion nebula cluster with a sample of spectroscopically
confirmed members. These authors, using a diﬀerent pre-main
sequence model (D’Antona & Mazzitelli 1997), found a ratio of Rss = 0.20, lower than the previous estimates derived
from photometric studies alone (Luhman 2000; Hillenbrand &
Carpenter 2000; Muench et al. 2002).

4.5. The spatial distribution of BDs
Figure 12 shows the spatial distribution of the currently identified stellar and substellar members in Taurus, including all the
new sources identified in this work. Figure 12 suggests that the
Taurus substellar members closely follow the distribution of
stars. In order to quantify this eﬀect, we compute the distribution of the nearest stellar neighbor, both for the stellar sample
(defined as members with spectral types earlier than M 6.25V)
and the substellar sample. In this calculation, we consider only
sources projected towards fields searched for substellar members and all binary systems with separation less than 10 (i.e.
including virtually all known binary systems in Taurus) as a
single stellar source. This results in 184 stellar systems and
33 substellar members. The histogram of nearest stellar neighbor distances is shown in Fig. 13 for both populations. The two
distributions appear statistically consistent. The median of the
distribution for the stellar sample is: 4.82 with a standard deviation of 8.45, while for the substellar sample we find a median of 5.72 (standard deviation 10.48 ). Considering only the
sources with AV ≤ 4 does not significantly change the result.
However, the fact that the substellar to stellar ratio (Rss )
has been steadily increasing as the area covered in Taurus became larger suggests a dependency of this ratio on the stellar
density. To quantify this eﬀect, we divide the Taurus population in two components: aggregates and distributed population.
To define the former population, we use the center of the aggregates from Gomez et al. (1993) and a fixed factor of the
physical radii Rc determined for each aggregate by these
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Fig. 12. The spatial distribution of the newly found Taurus BDs (sources with SpT ≤ M6.25, triangle symbols) is shown superposed upon a
Taurus CO map from Ungerechts & Thaddeus (1987) (grey scale). Black dots indicate the distribution of previously known Taurus stars; filled
white circles correspond to previously known BDs. The black curve shows the outline of our optical CFHT survey, while the spatial coverage
of the previous surveys from Luhman (2000), Briceño et al. (2002) and Luhman (2004) is shown in dashed lines.

authors, which range from 0.5 to 1.1 pc. We plot in Fig. 14 the
variation of the substellar to stellar ratio in both populations as
the surface comprising the aggregates is increased. In the computation of the Rss ratio we consider only sources with AV ≤ 4
and binary systems with separations ≥2 are treated as a single
source. Figure 14 clearly shows a marked increase of the Rss ratio as the integration radii defining the aggregates are increased.
For integration radii 0.7 Rc , the Rss ratio is a factor 2.3 lower
in the aggregates than in the remaining distributed population.
At integration radii ≥Rc both Rss values converge towards the
average value of 0.24 determined earlier. Figure 14 illustrates
how Rss increases from 0.13 (Briceño et al. 2002) towards
the higher stellar density aggregates, to 0.24 (this work) as
larger and lower stellar surface density areas are being surveyed. Figure 14 suggests a BD deficit (of a factor 2) in the
central regions of the Taurus aggregates, on spatial scales 0.35
to 0.7 pc, where stellar densities are the highest.
As mentioned above, this apparent increase of Rss could be
due to less completeness in spectral types M 2V to M 4V in
the distributed population than in the more studied aggregates.
To test this hypothesis, we have computed the evolution of the
ratio N(M2<Sp<M4)
N(SpT<M2) . We find that this ratio is lower in the cores of
the aggregates than in the distributed population and increases
as the average stellar density decreases. We conclude that there
is no strong reason to believe that the incompleteness increases

Fig. 13. Normalized histograms of the distance to the nearest stellar
neighbor, for stellar members only (filled histogram) and for the substellar population only (empty histogram).

away from the aggregates and that the observed increase of the
Rss ratio with decreasing average stellar density in Taurus is
real.
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Fig. 14. Variation of the ratio of substellar to stellar members in the
aggregates (black dots) versus the distributed population (red triangles) as a function of the radius taken for the aggregates (in units of
the physical radius Rc from Gomez et al. 1993). The vertical arrow
corresponds to an equal number of members in the aggregates and
distributed population. The curve below shows the corresponding average stellar density per pc−2 within the aggregates.

5. Discussion: implications for substellar
formation
Two main classes of models have been proposed for the formation of substellar objects. In the standard formation scenario
brown dwarfs form like stars, through (turbulent) gravitational
collapse and fragmentation of cores, followed by subsequent
disk accretion. In the ejection models, brown dwarfs are stellar
embryos ejected from their parent core either early in their evolution from dynamically unstable multiple protostellar systems
(Reipurth & Clarke 2001) or through secular dynamical decay
in dense embedded clusters (Sterzik & Durisen 2003; Kroupa
& Bouvier 2003a). Thus deprived of a significant mass reservoir, these ejected embryos end up as very low mass objects.
We discuss below the implications of our observational results
on the substellar population of the Taurus cloud for these two
main classes of models.
The fact that the abundance of BDs (down to 30 MJ ) relative to stars is found to be the same (25%) in the diﬀuse
Taurus cloud and the high-density ONC cluster seems to suggest that there is no strong dependency of the substellar IMF
on initial molecular cloud conditions, in particular gas density
and level of turbulence. This result seems to be in contrast to
the most recent simulations of supersonic turbulent fragmentation by Padoan & Nordlund (2004); Delgado-Donate et al.
(2004), with sonic rms Mach numbers in the range 3 to 20,
which predict a strong dependency of the abundance of BDs
with the initial cloud velocity dispersion and gas density. In the
subsonic case, Goodwin et al. (2004b) show that 20% of
the objects formed are brown dwarfs almost independently of
the level of turbulence. It is unlikely however that a subsonic
model would apply to the ONC precursor where supersonic
turbulent motions were likely present. It should be noted that

turbulent fragmentation models predict a decrease of the average mass formed with an increasing level of turbulence, which
could account for the diﬀerence in peaks in the high mass end
of the mass distributions of the Taurus and ONC populations.
Although we do not find statistical evidence for a spatial
segregation between stars and brown dwarfs in Taurus, we do
find strong indication that the abundance of BDs relative to
stars in the centers of the Taurus aggregates, on scales 0.5 pc,
is lowered by a factor 2 with respect to the more distributed
population. An opposite trend would be expected in fragmentation models where the Jeans mass decreases with increasing gas
density, leading to a corresponding increase in the abundance
of BDs. This result seems to be best explained if a fraction
of the distributed population in Taurus is formed of low-mass
stars and substellar objects ejected from the aggregates, either
through dynamical encounters in a dense cluster (the collision
model) or through rapid dynamical decay in unstable small
N-body systems (the embryo-ejected model).
Kroupa & Bouvier (2003a) study the secular dynamical
evolution of Taurus-Auriga type aggregates. They show that
expansion occurs on timescales of a few Myr, corresponding
to a few crossing times, due to two body encounters and gas
removal. However, at the median age of the Taurus population (3 Myr) the BD population does not separate significantly from the stellar population in these simulations. Long
timescales are required, t ≥ 10 Myr, for a significant gradient
in the relative number of BDs to develop within a central 1 pc
sphere. Thus, secular dynamical evolution seems to require too
long timescales to account for the present spatial distributions
of stars and BDs in Taurus. Kroupa & Bouvier (2003b) have
also investigated the case where BD ejections originate from
dynamically unstable small N-systems (the embryo-ejection
hypothesis). The decay of small N groups occurs on time scale
of a few 104 yr, i.e. the production of most BDs occur well before the end of gas removal, and the resulting escape velocities
are larger than in the previous scenario. The authors find that
the number of BDs per star seen in the Taurus survey of Briceño
et al. (2002), taking into account BDs that escaped detection
from their fields, and the central region of the ONC cluster are
best explained if in both cases the embryo ejection model dominates and produces the same abundance of ejected BD per star
of 25% with a dispersion velocity ≤2 km s−1 . The authors predict than in Taurus-Auriga, on scales 1 pc from the center
of the aggregates, there should be about twice as many unbound BDs than BDs bound to the aggregates. This scenario
appears in good agreement with our observational results.
Recent numerical simulations also seem to support this
scenario. Goodwin et al. (2004a) follow the fragmentation of
a distribution of 5 M cores with turbulence properties similar to the Taurus cores. The resulting mass function is bimodal. Roughly 50% of the sources, predominantly the lowmass ones, are ejected from the cores through rapid dynamical
evolution before they could accrete significantly, and form a
flat low-mass distribution component. A high-mass log-normal
component results from objects which remain bound in the core
and grow by accretion. The ejected population comprises twice
as many low-mass stars as substellar objects. Ejection velocities are 1−2 km s−1 almost independent of mass, leading to
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the same spatial distribution of BDs and low-mass stars. As
mentioned before, in these simulations the abundance of BDs
relative to stars is on the order of 20%, independent of the exact level of turbulence, and in close agreement with the Taurus
observations.
The line emission and infrared excess emission properties
of the very low mass population in Taurus indicate that accretion/ejection processes similar to the ones observed in the
higher mass T Tauri stars proceed down to the substellar regime
and that the inner disk lifetimes is similar in brown dwarfs and
stars. These results have been taken by diﬀerent authors as indication that brown dwarfs form through the same processes
as stars and as an argument against ejection models. However,
the survival of the inner disk in young brown dwarfs may not
be incompatible with the ejection model. Indeed with the typical inferred accretion rates of 10−10 −10−11 M yr−1 , and with
a typical disk mass of 1% of the central stellar mass, survival
times for an accretion disk truncated at Rout = 10 AU around a
50 MJ BD are a few Myr (Liu et al. 2003), ie on the same order
as the age of the Taurus population. Viscous evolutionary time1 R 2
( H ) (e.g.
scales appear to be on the same oder. Indeed, tν  αΩ
−1/2
where M is the cenArmitage & Clarke 1997) scales as M
tral stellar mass. Viscous time-scales for disks of Rout = 10 AU
around brown dwarfs of 50 MJ are on the order of 2 × 106 yr
(for α values of 10−3 at r = 10 AU). Thus accretion signatures
may well last for a few Myr around brown dwarfs, even if small
disks, with outer radii on the order of 10 AU, surround them, as
expected if they have been ejected early in their evolution from
their birth site (Bate et al. 2002).
In summary, the embryo-ejection model reproduces both
qualitatively and quantitatively the spatial distribution of stars
and BDs in Taurus as well as the evolution of the Rss ratio and
does not appear incompatible with the accretion properties of
the Taurus substellar population.

6. Summary and conclusions
We have presented results from a spectroscopic follow-up
study of 79 very low mass Taurus candidates, selected from
a large scale optical (I, z ) survey covering a total area
of 30 square degrees. Our spectroscopic survey is 90% complete for photometric candidates later than spectral type M 4V,
100% complete for substellar candidates (spectral types later
than M 6.25V). Our corresponding mass completeness limit
is 30 MJ for ages ≤10 Myr and AV ≤ 4. We derive reddening
values, spectral types and luminosity classes from a spectral fitting procedure and Na i equivalent widths measurements. We
identify 17 new Taurus members among which 12 are brown
dwarfs. We investigate their accretion properties, spatial distribution and abundance relative to stars. The main results are the
following:
1. A large fraction of the newly identified Taurus members
show indication of accretion/outflow signatures. Two of
the new VLM members (CFHT-Tau 19 and CFHT-Tau 21)
display near-infrared excess emission and optical forbidden lines indicative of accretion/ejection processes similar
to the ones observed in the higher mass classical T Tauri
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stars. In addition, 4 of the new substellar members (CFHTTau 6, CFHT-Tau 8, CFHT-Tau 11 and CFHT-Tau 12) exhibit Hα emission in excess of chromospheric levels and are
likely CTTs substellar analogs. From levels of Hα emission, we estimate a fraction of accreting sources of 42%
in the Taurus substellar population, similar to what is observed in the higher mass T Tauri stars.
2. We derive a new estimate of the substellar to stellar ratio
M )
in Taurus of Rss = N(0.03−0.08
N(0.08−10 M ) = 0.23 ± 0.05, 1.3 times
higher than the last estimate from Luhman (2004) derived
from spatially less extended studies. This value now appears fully consistent with the value derived with similar assumptions for the Trapezium cluster population of
Rss = 0.26 ± 0.04 by Briceño et al. (2002) and suggests
an average production rate of one BD per 4 stars in both
regions.
3. We find a strong indication that the abundance of BDs relative to stars in the centers of the Taurus aggregates, on
scales 0.5 pc, is lowered by a factor 2 with respect to the
more distributed population.
The similarity of the abundance of BDs with respect to stars in
both the Taurus and ONC populations seem to favor ejection
models for the origin of the substellar population. The similar
spatial distributions of the Taurus stellar and substellar populations but the detectable gradient in the BD abundance relative to stars at a characteristic age of 3 Myr favor BD ejection through dynamical decay of unstable small N systems (the
embryo-ejection model). Further tests are however required to
confirm this hypothesis, in particular multiplicity studies of the
distributed population. In addition, our analysis relies solely on
the relative abundance of BDs with respect to stars. Detailed
and complete studies of the shape of both the substellar and
stellar IMFs in star-forming regions of diﬀerent environments
are clearly required.
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