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ABSTRACT

SONYC—Substellar Objects in Nearby Young Clusters—is a survey program to investigate the frequency and
properties of substellar objects in nearby star-forming regions. We present a new imaging and spectroscopic survey
conducted in the young (~1 Myr), nearby (~200 pc) star-forming region Lupus 3. Deep optical and near-infrared
images were obtained with MOSAIC-II and NEWFIRM at the CTIO 4 m telescope, covering ~1.4 deg® on the
sky. The i-band completeness limit of 20.3 mag is equivalent to 0.009-0.02 M, for Ay < 5. Photometry and
11-12 yr baseline proper motions were used to select candidate low-mass members of Lupus 3. We performed a
spectroscopic follow-up of 123 candidates, using VIMOS at the Very Large Telescope, and we identify 7 probable
members, among which 4 have spectral type later than M6.0 and T < 3000 K, i.e., are probably substellar in
nature. Two of the new probable members of Lupus 3 appear underluminous for their spectral class and exhibit
emission line spectrum with strong H, or forbidden lines associated with active accretion. We derive a relation
between the spectral type and effective temperature: Tegr = (4120 & 175) — (172 £ 26) x SpT, where SpT refers to
the M spectral subtype between 1 and 9. Combining our results with the previous works on Lupus 3, we show that
the spectral type distribution is consistent with that in other star-forming regions, as well as the derived star-to-brown
dwarf ratio of 2.0-3.3. We compile a census of all spectroscopically confirmed low-mass members with spectral
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type MO or later.
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1. INTRODUCTION

SONYC—short for Substellar Objects in Nearby Young
Clusters—is a comprehensive project aiming to provide a com-
plete, unbiased census of substellar population down to a few
Jupiter masses in young star-forming regions. Studies of the
substellar mass regime at young ages are crucial to understand-
ing the mass dependence in the formation and early evolution of
stars and planets. Although the low-mass end of the initial mass
function (IMF) has been the subject of intensive investigation
over more than a decade, and by various groups, its origin is still
a matter of debate (e.g., Bonnell et al. 2007; Bastian et al. 2010;
Jeffries 2012). The relative importance of several proposed pro-
cesses (dynamical interactions, fragmentation, accretion, pho-
toevaporation) responsible for the formation of brown dwarfs
(BDs) is not yet clear.

The SONYC survey is based on extremely deep optical and
near-infrared wide-field imaging, combined with the Two Mi-
cron All Sky Survey (2MASS) and Spitzer photometry catalogs,
which are correlated to create catalogs of substellar candidates
and used to identify targets for extensive spectroscopic follow-
up. In this work for the first time we also include a proper
motion analysis, which greatly facilitates the candidate selec-
tion. Our observations are designed to reach mass limits well

* Based on observations collected at the European Southern Observatory
under programs 087.C-0386 and 089.C-0432, and Cerro Tololo
Inter-American Observatory’s programs 2010A-0054 and 2011A-0144.

below 0.01 My, and the main candidate selection method is
based on the optical photometry. This way we ensure that a re-
alistic picture of the substellar population in each studied cluster
is obtained, avoiding the biases introduced by the mid-infrared
selection (only objects with disks) or methane-imaging (only
T-dwarfs). So far we have published results for three regions:
NGC 1333 (Scholz et al. 2009, 2012a, 2012b), p Ophiuchi
(Geersetal. 2011; Muzic¢ et al. 2012), and Chamaeleon-I (Muzié
et al. 2011). We have identified and characterized more than 50
new substellar objects, among them a handful of objects with
masses close to or below the Deuterium burning limit. Thanks
to the SONYC survey and the efforts of other groups, the sub-
stellar IMF is now well characterized down to ~5-10 M/, and
we find that the ratio of the number of stars with respect to BDs
lies between 2 and 6. In NGC 1333 we find that, down to ~5 M,
the free-floating objects with planetary masses are 20-50 times
less numerous than stars, so that their total contribution to the
mass budget is negligible.

In this paper we present the SONYC campaign in the Lupus 3
star-forming region. The Lupus dark cloud complex is located in
the Scorpius—Centaurus OB association and consists of several
loosely connected dark clouds showing different levels of star
formation activity (see Comerén 2008 for a detailed overview).
The main site of star formation within the complex is Lupus 3,
which contains one of the richest associations of T-Tauri stars
(Schwartz 1977; Krautter et al. 1997). The center of Lupus 3
is dominated by the two most massive members of the entire
complex, the two Herbig Ae/Be stars known as HR 5999 and
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Table 1
Observing Log for Our Imaging and Spectroscopic Surveys
Field No. o ) Filter/Grism UT Date On-source Time Instrument
(J2000) (J2000)
Imaging
1 16:10:10 —38:49:08 i 2010 Jun 12 8100 s MOSAIC-1I
2 16:06:53 —38:49:37 i 2010 Jun 12 6900 s MOSAIC-II
3 16:10:33 —39:22:34 i 2010 Jun 13 7500 s MOSAIC-1I
4 16:06:56 —39:22:16 i 2010 Jun 13 9000 s MOSAIC-II
1 16:11:01 —38:38:20 J, Kg 2010 Jun 15, 2010 Jun 16 450 5,400 s NEWFIRM
2 16:08:39 —38:38:20 J, Ks 2010 Jun 15,2010 Jun 16 4505, 400 s NEWFIRM
3 16:06:18 —38:38:20 J, Ks 2010 Jun 15, 2011 May 5 450,420 s NEWFIRM
4 16:11:01 —39:05:56 J, Ks 2010 Jun 15,2011 May 5 4505, 400 s NEWFIRM
5 16:08:39 —39:05:56 J, Ks 2010 Jun 15, 2011 May 5 480 s, 460 s NEWFIRM
6 16:06:18 —39:05:56 J, Ks 2010 Jun 15,2011 May 5 450,420 s NEWFIRM
7 16:11:01 —39:33:32 J, Ks 2010 Jun 15, 2011 May 5 4505, 440 s NEWFIRM
8 16:08:39 —39:33:32 J, Ks 2010 Jun 15,2011 May 5 450,440 s NEWFIRM
9 16:06:39 —39:33:32 J, Ks 2010 Jun 15, 2011 May 5 450 s, 460 s NEWFIRM
Spectroscopy
1 16:11:24 —39:01:12 LR_red 2011 Jun 26 3500 s VIMOS
2 16:11:18 —39:01:12 LR_red 2012 Jun 12 3500 s VIMOS
3 16:11:00 —39:04:48 LR_red 2012 Jun 16 3500 s VIMOS
4 16:09:30 —39:01:12 LR_red 2012 Jun 27 3500 s VIMOS
5 16:08:33 —39:05:24 LR_red 2012 Jul 15 3500 s VIMOS
6 16:07:19 —39:07:30 LR_red 2012 Jun 17 3500 s VIMOS

HR 6000. More than half of the known Lupus 3 members are
found in the 0.3 x 0.3 pc? area surrounding the pair (Nakajima
et al. 2000; Comerén 2008).

The low-mass (sub-)stellar content of Lupus 3 was exten-
sively investigated using the data from the Spitzer Space Tele-
scope. Merin et al. (2008) compiled the most complete census
of stars and BDs in Lupus 3 at the time, using the data from their
survey together with the results of previous surveys by Nakajima
et al. (2000), Comerdn et al. (2003), Comerén (2008), Lopez
Marti et al. (2005), Allers et al. (2006), Allen et al. (2007), Chap-
man et al. (2007), Tachihara et al. (2007), Merin et al. (2007),
Strauss et al. (1992), and Gondoin (2006). Spectroscopic follow-
up in the optical (FLAMES/Very Large Telescope (VLT)) by
Mortier et al. (2011) confirmed the effectiveness of MIR-excess
selection from Merin et al. (2008), with about 80% of the 46
observed sources confirmed as members of Lupus 3. Two wide-
area photometric surveys in Lupus were conducted using the
Wide-Field Imager (WFI) at the La Silla 2.2 m telescope. Lépez
Marti et al. (2005) identified 22 new low-mass member can-
didates in an area of 1.6 deg” in Lupus 3, with about half of
the candidates confirmed spectroscopically in surveys by Allen
et al. (2007) and Mortier et al. (2011). Comerédn et al. (2009)
surveyed an area of more than 6 deg2 in the Lupus 1, 3, and
4 clouds and identified ~70 new candidate members of Lupus
3. About 50% of the photometric sample was revealed to be-
long to a background population of giant stars in a follow-up
spectroscopic study by Comerdn et al. (2013). The deepest sur-
vey so far in Lupus 3 (Comerdn 2011) did not report any BDs,
despite the sensitivity to objects with sub-Jupiter masses. How-
ever, the surveyed area of ~7' x 7" was very small compared
with the total extent of the cluster and thus contained only a mi-
nor fraction of the total population. The substellar population in
Lupus 3 remains therefore poorly constrained.

The distance to the Lupus star-forming region is still a
matter of debate, with the distance determinations from different
studies ranging from 140 pc to 240 pc (Comerén 2008). A
widely used value of 140 & 20 pc was derived by Hughes

et al. (1993) using photometry and spectroscopy of F-G field
stars in Lupus. Using an improved version of the same method,
Lombardi et al. (2008) obtained a distance of 155 + 8 pc but
also suggest that the apparent thickness of Lupus might be the
result of different Lupus sub-clouds being at different distances.
Distances obtained from the moving-cluster method (Makarov
2007) suggest a thickness of ~80 pc and place Lupus 3 at a
distance of about 170 pc, or 25 pc farther than the center of
the greater association. This spatial arrangement is in general
agreement with the distances derived from Hipparcos parallaxes
of individual stars located in different sub-clouds (Wichmann
et al. 1998; Bertout et al. 1999). As pointed out by Comerén
(2008), while a distance of 150 pc seems adequate for most of
the clouds of the complex, a value of 200 pc is likely to be
more appropriate for Lupus 3. We therefore adopt a distance of
200 pc throughout the analysis presented in this paper. Adopting
the distance of 200 pc, and evolutionary tracks of Baraffe et al.
(1998) and Comerdn et al. (2003) derive an age of 1-1.5 Myr
for most of their observed members.

In this work we present new observations of the Lupus 3 cloud
using the MOSAIC-II optical imager and NEWFIRM near-
infrared imager at the CTIO 4 m telescope. Observations and
data reduction are explained in Section 2. Photometry, proper
motions, and criteria for candidate selection are presented in
Section 3 and the spectral analysis in Section 4. The results
are discussed in Section 5. Finally, we summarize the main
conclusions in Section 6.

2. OBSERVATIONS AND DATA REDUCTION
2.1. Optical Imaging

The imaging in the i band was conducted using the MOSAIC-
IT CCD imager at the CTIO 4 m telescope in Chile. MOSAIC-II
is a wide-field imager with eight CCDs arranged in a 4 x 2
array. It provides a field of view (FOV) of 368 on a side, with a
pixel scale of /27 pixel ~'. We observed four pointings arranged
around the two bright Herbig Ae/Be stars. The details of the
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Figure 1. Upper panel: spatial distribution of the candidate sources in Lupus 3. Photometric candidates are shown as black dots, and those also selected by proper
motions are shown in yellow. Diamonds mark previously known members, with the two red stars marking the brightest pair, HR5999/6000. The solid line shows the
field of view of our optical and near-infrared survey, and the dotted line shows the extent of the WFI field used as the first epoch for the proper motions. The dashed
line indicates the region within which the VIMOS spectroscopic fields have been arranged. The shaded contours indicate Ay from the extinction map by Cambrésy
(1999). Lower panel: zoom into the region covered by spectroscopy. All the candidates observed in our follow-up are marked with squares, and the confirmed objects

are represented by red diamonds.
(A color version of this figure is available in the online journal.)

observing run are summarized in Table 1, and the observed field
is shown in Figure 1.

We reduced the MOSAIC-II images using tools in the mscred
package within IRAF. Mscred contains the standard reduction
tasks for CCD images but adapted for the use on multi-chip
mosaics. Series of dark frames and dome flats were combined
to build an average zero and flat-field image. The zero and flat-
field correction of the science mosaics was then carried out using
the task “ccdproc.” This also includes the subtraction of the bias
level, derived from unexposed areas of the chip. For each of
the four fields, the total integration time was split in a series
of 24 exposures. To coadd these exposures, we first derived
matching coordinate systems for all of them, using a list of
USNO-A2 stars (obtained from Vizier) as reference. The frames
were then matched and stacked using the tasks “mscimage” and
“mscstack.” Apart from a small region close to the center of the

mosaic, which was excluded, this matching algorithm produces
very good results. Note that the depth of the mosaics is not
constant because of the small gaps between the detectors.
Photometry on the stacked images was carried out using
“daophot” tools within IRAF. After generating a source catalog
with “daofind.” the magnitudes were measured within a fixed
aperture radius of 10 pixels using “phot.” The sky background
was estimated from an annulus with an inner and outer radius
of 10 and 15 pixels, respectively. To calibrate the i-band
photometry, we compared our instrumental magnitudes with
the magnitudes of sources with 14.5 < i < 17.0 in Lupus 3
from the Deep Near Infrared Survey (DENIS) catalog (Epchtein
et al. 1994), which used a Gunn i filter centered at 0.8 um. For
each field we calculate a zero-point and apply it to all sources
to create a final i-band catalog. The color dependence of the
calibration was investigated by calculating a coefficient a in the
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color term a x (i — J),” which typically gives a ~ 0.002. Its
effect on photometry would be much smaller than the involved
photometric uncertainties, and therefore it was not taken into
account. Photometric uncertainties combine the errors returned
by “daophot,” with the errors of the photometric calibration.
Typical photometric uncertainties are 0.05 mag at i = 19 and
0.1 ati = 21. The completeness limit of the deep exposures is
i ~20.3, with the magnitude range of ~15.3-22.

For the proper motion calculation (see Section 3.2), we also
used the I--band data obtained with the WFI at the MPI-
ESO 2.2 m telescope at La Silla Observatory (Baade et al.
1999), which were previously published in Lépez Marti et al.
(2005). We therefore refer the reader to that paper for a detailed
description of the data reduction procedures. The field observed
with WFI is outlined with a dotted line in Figure 1.

2.2. Near-infrared Imaging

The near-infrared observations were designed to provide
J- and Kg-band photometry in the area slightly larger than the
one covered with MOSAIC-II. We used NEWFIRM at the CTIO
4 m telescope, providing an FOV of 28" x 28’ and a pixel scale
of 074. The NEWFIRM detector is a mosaic of four 2048 x 2048
Orion InSb arrays, organized in a 2 x 2 grid. See Table 1 for
the details of the NEWFIRM observing runs. Data reduction
was performed using the NEWFIRM pipeline. The data were
dark- and sky-subtracted and were corrected for bad pixels and
flat-field effects. The astrometry was calibrated with respect
to the 2MASS (Skrutskie et al. 2006) coordinate system, and
each detector quadrant was re-projected onto an undistorted
celestial tangent plane. The four quadrants were then combined
into a single image, followed by the final stacking into mosaics.
Source extraction was performed using SExtractor, requiring at
least 5 pixels with flux above the 3o detection limit, followed
by the rejection of sources at the edges of the detector and
overly elongated objects (a/b > 2.0). Photometric zero-points
for each NEWFIRM field were calculated by matching the
sources in our catalog with the sources found in 2MASS. The
completeness limits of the J- and Ks-band catalogs are at J =
18.3 mag and Kg = 17.6. Typical photometric uncertainties are
<0.05 magatJ < 18 and Kg < 17 and 0.1 mag at J = 19 and
Ks=18.

2.3. Multi-object Spectroscopy

We obtained optical spectra using VIMOS /VLT in the Multi-
Object Spectroscopy (MOS) mode in programs 087.C-0386 and
089.C-0432. One field was observed in P87 and five in P89.3
VIMOS is a wide-field imager with four CCDs arranged in a
2 x 2 array. Each detector covers an FOV of 77 x 8" with a
pixel resolution of 07205. The four quadrants are separated by
gaps of approximately 2’. The spectra were obtained using the
low-resolution red grism (LR _red). We covered the wavelength
regime between 5500 A and 9500 A, with the dispersion of 7.1 A
pixel~! and slit width of 1”, resulting in a spectral resolution of
R ~ 210. The total on-source time for each field was ~3500 s.
The dashed line in Figure 1 outlines the area where the VIMOS
fields have been arranged.

Data reduction was performed using the VIMOS pipeline
provided by ESO. Data reduction steps include bias subtraction,
flat-field and bad-pixel correction, and wavelength and flux

7 J-band photometry from NEWFIRM data (Section 2.2).
8 ESO’s period P87 denotes a period 2011 April-September and P89 denotes
2012 April-September.
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calibration, as well as the final extraction of the spectra. The
extraction is done by applying the optimal extraction from
Horne (1986), which averages the signal optimally weighted by
a function of the signal noise. In total we obtained 124 spectra.
For the description of the selection criteria for spectroscopy, see
Section 3.

3. CANDIDATE SELECTION

We start this section with a summary of the candidate selection
procedure. All individual steps are in detail explained in the
following subsections.

1. Our parent sample comprises the ~500,000 sources in
the iJ photometric catalog created from the MOSAIC and
NEWFIRM observations.

2. (i,i — J) photometric selection results in 409 candidates
(see Section 3.1).

3. We further narrowed the sample of (i, i — J) photometric
candidates from 409 to 59, by applying the proper motion
selection criterion (see Section 3.2). In the following
sections, we refer to this sample as “IJ-pm”.

4. To complement our main optical-NIR selection, we se-
lected mid-infrared excess sources using Spitzer IRAC col-
ors (75 candidates). This list contains 19 proper motion
candidates (see Section 3.3). We refer to this sample as
“IRAC-pm”.

Section 4 describes the selection of targets for spectroscopic
follow-up from the above mentioned candidate lists.

3.1. Optical and Near-infrared
Photometric Selection

Figure 2 shows the (i, i — J) color—magnitude diagram (CMD)
of the sources observed in Lupus 3. Very low mass (VLM)
objects are expected to occupy a distinct region on the red side
of the broad cumulation of the background main-sequence stars.
As in all the previous SONYC works, we construct the selection
box in the CMD such that it represents a continuation of the
sequence of the known members. We note that the majority of
the known members are brighter than i = 15.5 and are thus
located outside the range of the CMD shown in Figure 2 (the
saturation level of our optical data set is around i = 15.3 mag).
Green stars show a subset of known spectroscopic members
from Mortier et al. (2011), Comerdn et al. (2013) fainter than
i = 14.0, with i and J photometry from DENIS and 2MASS,
respectively. For clarity, below i = 15.3 mag we show only the
three members that overlap with the sources in our selection box
(green stars).

For comparison we show DUSTYO00 (Chabrier et al. 2000)
and BT-Settl (Allard et al. 2011) isochrones for 1 Myr, adjusted
to the distance of Lupus 3. The isochrones’ are shown in the
same photometric filters (DENIS and 2MASS) as our data.
According to the BT-Settl isochrone, the majority of the low-
mass members are expected to be within our selection box,
while looking at DUSTY we might be missing some objects
with masses above 0.02 M. However, it has to be taken into
account that the isochrones have no extinction applied to them,
while the potential members of Lupus are expected to have a
certain degree of extinction, i.e., we expect them to be located
to the right of the isochrones.

In total, 409 sources were found within the selection box
and served as the initial list of candidates for spectroscopic

°  Available at http://phoenix.ens-lyon.ft/Grids/.
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Figure 2. (i, i — J) color-magnitude diagram. Open circles represent all the
photometrically selected candidates located inside the selection box (dashed
lines), with those additionally selected on the basis of their proper motions shown
as filled circles. Diamonds show SONYC spectroscopy follow-up targets, with
spectroscopically confirmed VLMOs highlighted as red (identified in this work)
and green (previously known members) stars. Atmosphere model isochrones for
age 1 Myr are overplotted for DUSTYO0O (Chabrier et al. 2000) and BT-Settl
(Allard et al. 2011). For clarity, the sources outside the candidate selection box
are represented with contours, where the number on each contour represents the
number of sources within a 0.2 mag x 0.2 mag bin. On the right-hand side of
the figure we show 1o uncertainties of the photometry. The dotted line shows
the completeness limit of our survey.

(A color version of this figure is available in the online journal.)

follow-up with VIMOS. Further selection was performed based
on the proper motion measurements, as described in the follow-
ing section.

3.2. Proper Motions

Proper motion measurements are based on the WFI data set
obtained between 1999 May 28 and June 3 and our NEWFIRM
data from 2010 June and 2011 May. Whenever possible, we use
the data from 2011 to ensure the longest time baseline. In the
following we describe in detail all the steps performed.

1. The overlapping fields were first divided into sub-regions
with the maximum size of 3’ x 3’ and with an overlap of
0’5 between the adjacent fields. We find that an area of
this size typically contains a high number of sources that
can be used for astrometric transformations, while being
reasonably small to minimize the effects of field distortions.

2. The absolute coordinate calibration shows systematic off-
sets of up to 12” between epochs in some regions, which
poses a problem with cross-referencing individual sources,
given the on-sky source density in Lupus 3. It is therefore
crucial to apply an initial offset to the coordinates in one
of the epochs to ensure the correct source registration in
the two epochs. To determine the offset for each sub-region
created in the first step, we create two images of the same
size as the NEWFIRM and WFI sub-region of interest. The
images have a value of 1 at the positions equivalent to the
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centroid pixels of bright stars and a value of zero elsewhere.
These images are then cross-correlated to obtain an average
shift applied to a particular region.

3. In this step we cross-match the catalogs on the basis of right
ascension and declination. This step is used only to identify
individual sources in the two epochs but not to calculate
proper motions. The maximum matching radius of 2” was
used, which is equivalent ~170 mas yr~! over the 11-12 yr
baseline.

4. We apply a cutoff in magnitude for the matching sources
in order to discard saturated and faint ones (we keep all
the sources with J =~ 15.5-17.5). The remaining sources
are used in the next step to calculate a transformation
of WFI positions to NEWFIRM coordinates. The number
of sources used for the transformation in each sub-region
varies between 80 and 400, with an average of 240.

5. In the final step, we calculate a polynomial that describes
the transformation of the WFI detector (x, y) positions
into the NEWFIRM coordinate frame for each sub-region,
using the IDL procedure POLYWARP. In order to avoid
the uncertainties in the absolute coordinate calibration, this
step was performed in detector coordinates relative from
one data set to the other. We tested a second- and a third-
degree polynomial and find that the two transformations
give very similar final results, which is expected given
the large number of sources available to calculate the
transformation. Any polynomial with a degree >2 corrects
for shift and rotation between the fields and also largely
compensates for the distortions of the two detectors (e.g.,
Schodel et al. 2009). After applying the transformation, a
proper motion was calculated for each source. Since the
vast majority of stars used to calculate the transformation
between the epochs are not Lupus members, we expect a
circularly symmetric distribution around (0,0) in the proper
motion space. We note that some of the members might
have been included in the transformation, but their number
compared with the total number of sources in our survey
area is negligible and thus does not influence the results.
Finally, proper motions for the sources toward Lupus 3 are
shown as black dots in Figure 3.

In order to assess the uncertainties of the proper motion
measurements, we use the fact that the chips were divided
into overlapping sub-regions in step (1) described above. This
allows us to derive the uncertainties by comparing proper
motions of common sources that were obtained using different
sets of reference stars. For each NEWFIRM field, we adopt a
common uncertainty calculated as a standard deviation of all the
differences obtained from the overlapping regions in each field.
For the sources with more than one measurement, the average
is adopted as the final proper motion value.

Lépez Marti et al. (2011) performed a kinematic study
of the bright objects in the Lupus regions and found the
average proper motion of the Lupus 3 members to be v, =
—10.7 £9.1 mas yr~!, and v = —22.8 & 7.7 mas yr~!. The
uncertainties quoted here represent the standard deviation of the
measurements for Lupus 3 given in Table 2 of L6pez Marti et al.
(2011). We select all the sources within an ellipse centered at
(—10.7, —22.8) mas yr~! and with the semi-major axes equal
to two times the above quoted uncertainties. This list was cross-
matched with the photometric candidate catalog described in
the previous section, resulting finally in the list of 59 high-
priority candidate members (“IJ-pm” sample; shown as filled
black circles in Figure 2). The proper motions of the members
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Figure 3. Proper motions of objects in the Lupus 3 field, based on 11-12 yr baseline between the WFI and NEWFIRM data (black dots). Left: the red symbols show the
measured proper motions for the sources identified as members in Lépez Marti et al. (2011). The ellipse depicts the 20 criterion used for the proper motion candidate
selection (see Section 3.2). Right: red dots mark the proper motions of our 409 candidates selected from optical and NIR photometry. There are 59 candidates that

pass both photometric and proper motion selection criteria.
(A color version of this figure is available in the online journal.)
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Figure 4. Comparison of the proper motions of the Lupus 3 members from Lépez Marti et al. (2011) and this work. A line x = y is shown as a solid line.

in common with Lépez Marti et al. (2011) are shown as red
symbols in the left panel of Figure 3, on top of the circular proper
motion distribution of all other sources in our field (black dots).
The right panel shows the proper motions of the photometric
candidates identified in this survey (red points).

Figure 4 shows a comparison between the proper motions of
the Lupus 3 members from Lopez Marti et al. (2011) and the
proper motions of these same sources obtained in this work.
There are in total 40 matching objects. While virtually all of
these sources are saturated in WFI images, the brightest ones
show severe saturation effects such as strong CCD leaking,
which can seriously affect the astrometry. We therefore discard
the extremely saturated sources with I > 12.2. The agreement
between the two sets of proper motions is satisfactory, with all
proper motions agreeing within 3o.

3.3. Mid-infrared Selection

We retrieved the Spitzer IRAC and MIPS photometry of
Lupus 3 from the Legacy Program data archive available at
the Spitzer Science Center, using the “High reliability catalog”

created by the “Cores to Disk” (c2d) Legacy team, made
available at the SSC Web site.!”

The Spitzer catalog was cross-correlated with our i-band
catalog, requiring the separation of 2" or better, and uncertainties
<0.2 mag in the first four IRAC bands. To select the MIR-excess
sources, we require /3 — I4 > 0.4 and /1 — 12 > 0. This
selection contains 75 sources, shown in Figure 5 as dots to the
right of the /3 — I4 > 0.4 line. Squares mark the 11 sources
selected for follow-up spectroscopy. Of the 75 Spitzer-IRAC
candidates, there are 19 sources that satisfy the proper motion
criterion applied to the iJ candidate list and were included in the
high-priority candidate list supplied to the VIMOS allocation
software (we name this list the “IRAC-pm” sample). The
Spitzer-IRAC list and the iJ photometric candidate list have
seven objects in common.

4. SPECTRAL ANALYSIS

Slits were allocated to 123 out of 409 objects, selected from
the optical CMD, using the VIMOS Mask Preparation Software

10" http://data.spitzer.caltech.edu/popular/c2d/20071101_enhanced_v1/
lupus/catalogs/


http://data.spitzer.caltech.edu/popular/c2d/20071101_enhanced_v1/lupus/catalogs/
http://data.spitzer.caltech.edu/popular/c2d/20071101_enhanced_v1/lupus/catalogs/
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Figure 5. [3.6]-[4.5], [5.8]-[8.0] diagram constructed from Spirzer IRAC
photometry, for the objects matched with our optical catalog. The dashed line
denotes the area where Class II objects are located, based on Allen et al. (2004).
Open circles mark the collection of YSOs and pre-main-sequence stars from
Merin et al. (2008). Squares mark the objects whose spectra were obtained
as part of the SONYC follow-up, and the red stars mark the three confirmed
VLMOs.

(A color version of this figure is available in the online journal.)

(VMMPS). VMMPS allows for only two priority classes. In P89
the high-priority list included the two proper motion selected
samples, thus containing 59 candidates from the “I/-pm” sample
and 19 candidates from the “IRAC-pm” sample, while the
rest were the photometrically selected candidates from /J and
Spitzer-IRAC lists. In P87, prior to our proper motion analysis,
the high-priority candidates were those from the selection box,
and the rest were randomly chosen objects within the FOV. In
total, we obtained spectra of 123 objects from the selection box
and 44 outside of it. Of the 123 spectra from the IJ selection
box, 32 are from the “I/-pm” sample. Diamonds in Figure 2
mark all the candidates with spectroscopy inside our selection
box.

4.1. Preliminary Selection

Our goal is to identify young, low-mass stellar and substellar
members of Lupus 3. Among the photometrically selected
candidates, we may find contaminants such as embedded stellar
members of Lupus 3 with higher masses, reddened background
M-type stars, and (less likely) late M-type and early L-type
objects in the foreground. The red portion of M-dwarf optical
spectra is dominated by molecular features (mainly TiO and
VO; Kirkpatrick et al. 1991, 1995), which allows a relatively
simple preliminary selection of candidates based on visual
inspection. Here we included all the objects with clear evidence
but also, for the sake of caution, those objects with only tentative
evidence of molecular features. Another property that was used
in the selection is the slope, which should be positive in the
red portion of the optical regime for M-type stars. Earlier
stellar types typically have negative slopes or appear flat (late
K-type). Among the rejected spectra, we mainly find flat spectra
with no or with very weak indication of molecular features
(late K-dwarfs or reddened earlier-type stars) and reddened
featureless spectra (background or embedded stars of spectral
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type earlier than K). We also looked for the H, emission at
6563 A; only in one case an object was selected solely on
the basis of showing H, and despite the spectrum showing no
prominent features characteristic for the M-type stars. After
this preliminary selection, our sample contains 27 spectra; 26
of the selected spectra are photometric candidates, while 1
source appears bluer than expected for Lupus members. This
source, SONYC-Lup3-6, will be discussed in more detail in
Section 4.8.

4.2. Spectral Features as Membership Indicators

VIMOS was used in the spectroscopic part of the SONYC
campaign in Cha-I (MuZi¢ et al. 2011). The analysis presented
here is partly similar to the one in that paper. Since the Cha-I
observations in the first half of 2009, VIMOS was equipped with
new, more red-sensitive detectors, which substantially decreased
fringing that previously contaminated spectra longward of
8000 A. This is fortunate not only because our wavelength
range is increased but also because it allows us to analyze the
gravity-sensitive Nal features at ~8200 A, which can provide
an important constraint for the age of each observed object.

Youth provides strong evidence for cluster membership. We
use the following features to identify members of Lupus 3:

1. The Nat doublet at 8183/8195 A, which shows a change
in EWs, and a strong increase in the depth of absorption
with increasing the surface gravity (e.g., Martin et al. 1999;
Riddick et al. 2007; Schlieder et al. 2012). Although the
individual lines of the doublet cannot be resolved in our
spectra, the overall strength of the feature can still be used
to assess the membership in the cluster even at low spectral
resolutions.

2. The spectral region ~6900-7100 A, shaped by TiO and
CaH bands, also strongly affected by gravity at M types
(Kirkpatrick et al. 1991). In partlcular CaH absorption
shortward of 7050 A is stronger in M-type dwarfs, making
the peak of the feature appear sharper in dwarfs and rather
blunt in giants.

3. H, emission, which is usually interpreted as a sign of
accretion, and thus can be used as additional evidence for
youth.

4. The Cam triplet lines in absorption at 8498 A, 8542 A,
and 8662 A are prominent in late-K through mid-M giants
and are weaker in dwarfs (Kirkpatrick et al. 1991). This
feature can help in identifying giant contaminants at early-
M spectral types where the Na1 doublet becomes of limited
use.

The points (1), (2), and (4) are demonstrated in Figure 6,
showing a part of the spectral sequence (M1 to M9 with a
step of two spectral subtypes) of giants, dwarfs, and members
of young star-forming regions (see Section 4.3 for detailed
information on spectra and citations). The sodium absorption
is much stronger in field dwarfs when compared with low-
gravity atmospheres and thus can be used to discard background
field dwarfs with SpT later than M4 from our sample. Also, in
the low-resolution spectra of dwarfs, the absorption feature is
deepest at about the average wavelength of the Nar doublet
(vertical line in Figure 6) and appears symmetric around it.
On the other hand, the feature appears asymmetric in giants
with the minimum slightly shifted toward longer wavelengths.
This property can be used to distinguish between giants and
low-gravity young objects at spectral types later than ~M6.
Determination of the spectral class is less straightforward at
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Figure 6. Part of the spectral sequence used for the spectral type fitting.
Templates include dwarf and giant stars with spectral type M1-M9, as well
as the young members of star-forming regions. Three gravity-sensitive spectral
regions are shaded: (1) the 7000 A region affected by CaH absorption, (2)
the region around the Na1 absorption feature at ~8200 A, and (3) the Cam
absorption triplet at ~8600 A. The average wavelength of the Na1 doublet and
the Ca1r triplet are marked by the vertical dashed lines. The spectra have been
smoothed to match the spectral resolution of VIMOS and are normalized at
7500 A.

(A color version of this figure is available in the online journal.)

early spectral types (M2-M3), where the CaH feature at 7000 A
and the Can triplet can provide additional help. At M1 and
earlier, the low-resolution spectra start to be of limited value for
membership determination.

The equivalent width (EW) of the H, line in emission is
often used to distinguish the accreting objects from the non-
accretors. While the chromospheric H, emission is expected
to be found in most pre-main-sequence M-dwarfs because of
magnetic activity, larger EWs observed in Class II objects
are usually interpreted as a consequence of accretion and/or
outflows (e.g., Scholz et al. 2007; Stelzer et al. 2013). White &
Basri (2003) propose the EW(H,) for actively accreting stars
to be larger than 3 A for KO-K5 stars, >10 A for K7-M2.5,
>20 A for M3-M5.5, and > 40 A for M6-M7.5 stars. A similar
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criterion, but with finer division with respect to spectral type
and extended to the substellar regime, was derived by Barrado
y Navascués & Martin (2003). The EW(H,) for the SONYC
objects in Lupus 3 are given in Table 2. SONYC-Lup3-1, -7,
and -10 are revealed as strong accretors, and SONYC-Lup3-2,
-8, and -11 are clearly non-accretors. The remaining objects
with measured EW(H,,) all appear to be undergoing accretion
according to the Barrado y Navascués & Martin (2003) criterion,
whereas SONYC-Lup3-5, -6, and -12 fall slightly below the
thresholds set by White & Basri (2003) for their respective
spectral types.

4.3. Spectral Classification

To determine spectral type and extinction of selected candi-
date members, we compare each spectrum with an empirical
grid consisting of spectral templates of field dwarfs, giants, and
members of young star-forming regions with spectral types M1
to M9. A grid of field dwarfs separated by the 0.5 spectral sub-
type was created by averaging a number of available spectra
at each sub-type. In the case of giants, the grid consists of a
collection of available spectra, with a step of 0.5-1 spectral sub-
types.!! The grid of young objects (1-3 Myr) consists of the
spectra of objects in Cha I, Taurus, and n Cha (Luhman et al.
2003a; Luhman 2004a, 2004b, 2004c), with steps of 0.25-0.5
spectral subtypes.

Spectral type and extinction can be fitted simultaneously. The
template spectra were first smoothed to match the resolution
of the VIMOS spectra and rebinned to the same wavelength
grid. The region around the H, line was masked. The best-fit
parameters were determined by minimizing the test value x

defined as
N

1 0-T)
XZ_Z(T)’ (1

where O is the object spectrum, 7 the template spectrum, and N
the number of data points.

As mentioned before, spectral classification becomes less
reliable at low resolution for objects of spectral type M3 and
earlier. It is therefore not surprising that at these early spectral
types, the fitting scheme gives similar results for different
spectral classes. Some level of degeneracy with respect to
spectral classes is also present at later spectral types, but only in
afew cases. It is therefore clear that the final assessment of class
(i.e., membership) cannot be based on this fitting scheme only.
However, there is much less degeneracy present with respect to
the spectral subtype and Ay, even for the objects with degenerate
spectral classes. Typically, several best-fit results cluster within
=+1 spectral subtype and 1 mag in Ay, or less, from the best-fit
value. We therefore adopt these values as typical uncertainties
of the fitting procedure.

To determine the membership status of an object, several best
fits at each spectral class are inspected visually in order to check
for the presence or shape of the spectral features discussed in
the previous section.

Of the initial 27 spectra we started with, 9 objects are
classified as field dwarfs because of the deep Na1 absorption
and the lack of H,, emission (see Figure 7). Two spectra are best
represented by spectra of early-M giants, while four objects have
M-dwarf features that are less pronounced than in M1 dwarfs,

11 Spectra of field dwarfs and giants are available from
http://www.dwarfarchives.org, http://kellecruz.com/M_standards/ and from
Luhman et al. (2003a), and Luhman (2004c¢).
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Table 2
Photometry and Spectral Types for the Objects of Spectral Type M, or Slightly Earlier, Identified Toward Lupus 3
ID «(J2000) $(J2000) i J K Apet SpT Ayt Lo COS 8 s u— EW(He)  Membership Comments
(mag) (mag) (mag) (mag) (mag) (mas yr’l) (mas yr’l) cand?* A
S-1 16:07:08.55 —39:14:07.8 17.3 14.6 11.5 11.5 M L.75 3.0 —424+52 212447 y —77.6 Lupus 3 MO8
S-2 16:07:33.82 —39:03:26.5 19.4 16.2 14.1 6.0 M 3.00 5.0 04+7.1 —-163+£59 y —-4.9 uncertain
S-3 16:07:55.18 —39:06:04.0 16.2 13.5 114 5.9 M5.75 2.0 —124+7.1 —228+59 y —-37.2 Lupus 3 M6.54, C09, GO6
S-4 16:08:04.76 —39:04:49.6 17.0 13.9 12.4 2.9 M 6.50 1.0 —8.1+£7.1 —226+£59 y —44.4 Lupus 3 M7, C09
S-5 16:08:16.03 —39:03:04.5 15.5 12.5 11.1 2.5 M 6.25 1.0 —-934+7.1 —-199+59 y —37.5 Lupus 3 Par-Lup3-1; M7.5%, M5.5Y
S-6 16:08:59.52 —38:56:20.8 19.1 17.4 16.7 0.0 M4.75 0.0 —-6.5+7.1 —194+59 y —18.6 uncertain
S-7 16:08:59.53 —38:56:27.8 17.1 13.9 12.7 1.3 M 8.00 0.5 —8.8+7.1 —-19.6 £59 y —185.7 Lupus 3 MS¢, G06
S-8 16:10:18.13 —39:10:33.6 19.8 16.2 13.8 7.3 M 1.00 6.5 —162+5.3 —98+5.0 y —4.6 uncertain
S-9 16:11:26.34 —39:02:17.1 19.3 16.2 14.0 6.4 M 1.00 5.5 —146+53 —-113+50 y e uncertain
S-10 16:09:13.43 —38:58:04.9 19.5 16.1 14.9 1.5 M 8.75 0.0 —13.8 £ 7.1 —-209+59 y —48.8 Lupus 3
S-11 16:12:05.91 —39:04:07.5 18.7 15.7 144 1.5 M 3.00 3.0 —2474+53 —-20.5+5.0 y —54 uncertain
S-12 16:11:18.47 —39:02:58.2 18.0 15.1 13.3 4.2 <M1 .- —6.1 £5.3 —85+£5.0 y —12.1 Lupus 3
S-13 16:07:36.48 —39:04:53.8 15.7 12.9 10.6 7.1 M 0.00 35 —344+7.1 1.1+59 n r?
S-14 16:08:01.42 —39:10:16.1 19.9 16.4 14.0 7.7 <M1 .- -84 +7.1 —127+£59 y uncertain
S-15 16:07:52.46 —39:09:48.1 19.0 15.6 13.2 7.6 M 2.50 4.7 —29.8 +7.1 —23.1+59 y V3
S-16 16:10:14.95 —39:10:16.2 19.9 16.4 14.3 5.7 M 4.50 4.7 59453 24.0+5.0 n v
S-17 16:11:56.11 —39:08:23.8 15.3 12.8 11.1 4.2 <M1 . —03+53 1.1 £5.0 n 11
S-18 16:11:09.03 —39:06:22.7 16.8 14.3 12.5 4.5 M 2.50 3.0 —114+53 —21.7£5.0 y v
S-19 16:11:39.24 —39:06:32.8 154 12.5 104 6.0 M 0.50 3.0 —57+53 —544+50 y 11
S-20 16:11:36.20 —39:02:36.9 20.4 16.8 14.6 6.9 M 4.00 53 39453 17.1 £5.0 n v
S-21 16:11:33.34 —38:59:44.3 19.9 16.5 14.3 4.9 M 3.00 4.5 7.8+£53 1.1 £50 n v
S-22 16:10:47.49 —38:57:12.4 204 17.1 16.2 0.0 <M1 uncertain
S-23 16:10:45.40 —38:54:54.9 16.1 14.3 12.9 2.1 <M1 .- —79+53 -19+50 n 11 MO8, C09
S-24 16:07:09.06 —39:01:07.6 19.8 18.1 16.6 2.8 M 1.50 1.5 74+£52 3.6+4.7 n v
S-25 16:12:04.96 —39:06:11.4 19.9 17.9 16.0 5.1 M 2.50 3.0 1.0+£53 27+£50 n v
S-26 16:10:56.40 —39:04:31.7 19.1 17.3 15.7 34 M5.0 2.5 354+£53 09+£50 n v
S-27 16:11:15.08 —39:07:15.0 18.1 16.4 14.7 3.6 M7.0 0.0 e e A%
Notes.

! The IDs SONYC-Lup3-X are abbreviated with S-X.
2 Background giant.
3 Field dwarf.

4 Proper motion candidate.
5 C09—candidate member in Comerén et al. (2009), Table 9; MO8—IRAC YSO candidate from Merin et al. (2008) G06—X-ray source from Gondoin (2006).
References. (a) Comerdn et al. 2003; (b) Mortier et al. 2011; (c) Allen et al. 2007; (d) Comerén et al. 2013.
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Figure 7. Spectra of the objects identified as field dwarfs (Table 2; black), along
with the best-fit spectra (orange dashed line). The spectral resolution of the
fit templates has been reduced in order to match the resolution of our spectra.
Each spectrum has been corrected for extinction (see Table 2) but not for the
atmospheric absorption.

(A color version of this figure is available in the online journal.)

i.e., are probably of earlier spectral type (bottom 6 spectra in
Figure 9). The spectra of the latter four objects (SONYC-Lup3-
14, -17, -22, and -23) all show evidence for the Can triplet
in absorption. The spectra of SONYC-Lup3-17 and -23 also
have very weak or non-existent Nal absorption and thus are
probably background giants. The spectra of SONYC-Lup3-14
and -22 have lower signal-to-noise ratio, which poses a difficulty
in final classification. The depth of the Na1 in the spectrum of
SONYC-Lup3-14 hints to a high-gravity atmosphere, but for
the sake of caution, we prefer to keep the membership status of
both objects as uncertain.

Seven spectra are best fit by young dwarf templates with no
degeneracy in spectral class (SONYC-Lup3-1, -3,- 4, -5, -6, -7,
and -10). The spectrum of the object SONYC-Lup3-10 is best
matched with a M8.75 young dwarf template, which was derived
by averaging the spectra of Taurus members KPNOQ9 (M8.5)
and KPNO12 (M9) from Luhman (2004c). All of these seven
objects also show H, emission and appear to have weak Nat
absorption, suggesting some kind of low-gravity atmosphere.
All seven objects are also proper motion candidates. SONYC-
Lup3-12 exhibits strong H, emission, but its spectrum is outside
our fitting grid (earlier than M1). The shape of the Na1 feature

10
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Figure 8. Spectra of the objects identified as probable members of Lupus 3
(Table 2; black), along with the best-fit spectra of members of young star-
forming regions (red dashed line). The spectral resolution of the fit templates
has been reduced in order to match the resolution of our spectra. Each spectrum
has been corrected for extinction (see Table 2) but not for the atmospheric
absorption.

(A color version of this figure is available in the online journal.)

reveals a low-gravity atmosphere, while the lack of the Can
triplet in absorption makes it less probable to be a giant.
Furthermore, its proper motion argues in favor of its membership
in Lupus, and therefore we include SONYC-Lup3-12 in the list
of candidate members. The spectra of these eight best candidates
for membership in Lupus are shown in Figure 8, with the
exception of SONYC-Lup3-6, which is, for the reasons that will
become apparent in the next sections, classified as uncertain and
shown in Figure 9.

The nature of the remaining four objects of early M spectral
type (SONYC-Lup3-2, -8, -9, and -11) remains uncertain at this
stage. In Figure 9 we show their spectra together with the best-
fit young dwarf templates, but we note that other classes might
give an equally satisfactory fit. The CaH and Nat1 regions for
all 4 objects fit better in the dwarf class rather than giants. The
Ca1l triplet absorption is present, which indicates that none of
these objects are young.
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Figure 9. Spectra of the objects identified as giants, or with uncertain
classification (Table 2; black), along with the best-fit spectra (dashed colored
line). The spectral resolution of the fit templates has been reduced in order
to match the resolution of our spectra. Each spectrum has been corrected for
extinction (see Table 2) but not for the atmospheric absorption.

(A color version of this figure is available in the online journal.)

4.4. Model Fitting

In order to derive effective temperatures for the SONYC
objects, we perform the spectral model fitting using the
BT-Settl (Allard et al. 2011) and AMES-Dusty (Allard et al.
2001) models. Model spectra are smoothed by a boxcar func-
tion beforehand to match the wavelength step of the VIMOS
spectra. The three main parameters that affect the spectral shape
are the effective temperature (7¢), gravity (log g ), and inter-
stellar extinction (Ay). Fitting the models to our low-resolution
spectra does not allow an unambiguous determination of all the
three parameters at the same time. We therefore keep log g con-
stant for each object and assume the value of 3.5 (or 4 in case of
AMES-Dusty models above 3000 K) for the objects identified
as probable young dwarfs, 5 for the field dwarfs, and 3 for the
giants (in this case only BT-Settl models are used). For all the
spectra classified as uncertain, we use the intermediate value of
log g , i.e., the same as for young dwarfs. The fitting procedure
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Table 3
Effective Temperature and Extinction Derived from Models, for the Objects of
Spectral Type M (or Slightly Earlier) Toward Lupus 3

T T A
(K) (mag) (K) (mag)
S-1 3900 3.0 3800 3.0 4400* 7.1
S-2 3600 6.0 3500 5.0 s e
S-3 3100 4.0 3000 3.0 2950° 2.3
S-4 3000 4.0 3000 3.5 2900° 3.5
S-5 3000 3.5 2900 2.0 2800% 2.0
S-6 3100 0.5 3200 0.0 cee e
S-7 2900 4.5 2800 3.0 2600? 1.5
S-8 3900 6.5 3800 6.5
S-9 3900 5.5 3800 5.5
S-10 2600 4.0 2700 4.0
S-11 3700 4.0 3500 3.5
S-12 >3900 4200 4.5
S-13 e e 3900 4.5
S-14 3900 6.0 3800 6.5
S-15 3700 6.5 3600 6.0
S-16 3100 5.5 3000 4.0
S-17 4400 5.0
S-18 3800 4.5 3600 3.5
S-19 e e 3900 4.0
S-20 3400 6.5 3200 5.5
S-21 3400 5.0 3300 4.5
S-22 >4000 4100 2.5 o e
S-23 e e 4200 2.5 4400* 2.7
S-24 3900 2.0 3800 2.0
S-25 3400 3.5 3300 3.0
S-26 3100 4.0 3000 2.5
S-27 2700 2.5 2800 1.5

Notes. A-D—AMES-Dusty (Allard et al. 2001); BT-S— BT-Settl (Allard et al.
2011); C—parameters derived by (a) Comerodn et al. (2009) and (b) Comer6n
etal. (2013).

of T, and Ay is identical to the one described in Muzié et al.
(2011); T is varied between 2000 K and 4500 K in steps of
100 K, and Ay is varied from O to 10 in steps of 0.5 mag. To
de-redden our spectra, we apply the extinction law from Cardelli
et al. (1989), assuming Ry = 4.

The spectra of objects in Table 2 with the best-fit atmosphere
models are shown in the appendix (Figures 14 and 15), and
the results of our spectral fitting procedure for these objects
are given in Table 3. The uncertainty is 100 K for the derived
effective temperature, and 0.5 mag for the extinction, which
reflects the spacing of the grid.

4.5. MIR-excess

From the list of potential members selected from the IRAC
data, we obtained spectra of 11 objects. Three of them are
confirmed as VLM members of Lupus 3 (SONYC-Lup3-1,
SONYC-Lup3-7, and SONYC-Lup3-10). Of the confirmed
objects, all were originally selected from the iJ selection.
SONYC-Lup3-1 satisfies the YSO criteria from Merin et al.
(2008). The fact that these three candidates exhibit disk excess
further strengthens their membership in Lupus 3.

There is only one object in the Spitzer photometric candidate
selection (Figure 5) that appears as a candidate YSO in Merin
et al. (2008), but it was not confirmed in our work. Judging
from the spectrum, this object (c2d source number 120; o =
16:10:45.40, 6 = —38:54:54.9) probably belongs to the spectral
type K, i.e., it is too early for our spectral typing scheme
to work. Therefore, while this object does not fall into the
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Figure 10. H-R diagram for the Lupus 3 members with existing e or spectral
type from the literature (crosses). Filled circles mark the sources SONYC-
Lup3-1 to -12. Red diamonds mark the final subset of confirmed members of
Lupus 3. The two well-known examples of underluminous, emission line YSOs
are labeled and marked with blue squares. The dashed lines show BT-Settl
theoretical tracks for several ages spanning 1 to 100 Myr.

(A color version of this figure is available in the online journal.)

class of VLMOs that are the subject of this paper, we do not
rule it out as a potential member. The remaining spectra also
look earlier than M1 and do not show any evidence of H,
emission; therefore, they are eliminated in our search for VLM
objects.

4.6. Hertzsprung—Russell Diagram

In Figure 10 we show the Hertzsprung—Russell (H-R) diagram
for the list of spectroscopically confirmed members shown in
Table 4. The extinction was calculated by assuming the intrinsic
color (J — K)y = 1 and extinction law from Cardelli et al.
(1989) with Ry = 4.2 The adopted distance is 200 pc. Where
available, we use T.g estimates available from the literature.
For the spectroscopically confirmed members that lack the
T.i information, we convert their spectral types to Teg using
the transformation established in Section 5.1. We calculate the
bolometric correction in the J band (BC;) from the polynomial
relation between BC, and T derived by Pecaut & Mamajek
(2013) for pre-main-sequence stars with ages of 5-30 Myr.
The typical error bar is shown in the lower left corner. The
uncertainty in the Ty is set to 200 K (~200 K for sources
from Comerdn et al. 2009, ~300 K for Mortier et al. 2011, and
~100 K for the rest). The error in luminosity takes into account
the typical error in the observed J magnitude (0.1 mag), distance
(£20 pe), Ay (£1 mag), and BC;. We also show the BT-Settl
isochrones for ages between 1 Myr and 100 Myr. Filled circles
mark the 8 objects that were identified as possible members
in Section 4.3, together with the 4 objects with uncertain
membership status (SONYC-Lup3-1 through -12). We use Test
and Ay as derived by comparison with the BT-Settl models.

The position of sources in H-R diagram can provide additional
information about their nature. We can compare the positions of
our sources in the H-R diagram, with the positions of the known
members of Lupus 3. The large fraction of previously confirmed

12 Ag argued in Scholz et al. (2009), the value (J — K)o = 1 is appropriate for
objects of the M spectral type. The only K-type object shown in the H-R
diagram is Sz 102 (~K2), where we adopt a more suitable value of ~0.6
(Bessell & Brett 1988). This change in value shifts the point by ~0.3 dex in
the positive y-direction.
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members is located between the 1 and 10 Myr isochrones, with
a few also found below the 10 Myr isochrone. Among the latter
are the two well-known cluster members showing significant
underluminosity for their spectral types, Sz 102 and Par-Lup3-4
(Krautter 1986; Comerén et al. 2003).13

The H-R diagram positions of the five SONYC sources
with estimated Tz < 3000 K agree well with the positions
of other Lupus members. These sources, SONYC-Lup3-3, -4,
-5, -7, and -10, are therefore classified as members of Lupus
3. The remaining sources appear well below the 100 Myr
BT-Settl isochrone. We compared our photometry with that
from 2MASS to check for variability as a possible cause of
the underluminosity for some of these seven sources. While
SONYC-Lup3-6 is too faint to be detected by 2MASS, all the
rest have photometry of a good quality in at least one of the J
and K bands. SONYC-Lup3-1 shows a difference of 0.7 mag in
the J band and 0.1 mag in the K band; SONYC-Lup3-12 show a
difference of 0.3 mag in the K band (only an upper limit in the J
band in 2MASS). The remaining sources show no evidence for
variability, with differences between the two photometric data
sets below 0.1 mag, i.e., comparable to the measurement errors.
As mentioned in Section 4.3, SONYC-Lup3-2, -8, -9, and -11
were suspected to be non-members, and Figure 10 confirms
it. The remaining three sources (SONYC-Lup3-1, -6, and -12)
deserve special attention and will be discussed below. Finally,
the lack of the objects with similar spectral types (early-to-
mid M) having luminosities that would suggest membership in
Lupus is easily explained by the saturation limit of the i-band
catalog used for the selection.

4.7. SONYC-Lup3-1

In addition to being one of the strongest H, emitters among
our selected sources (EW(H,) = —77.6 A), the spectrum of
SONYC-Lup3-1 shows presence of forbidden lines, similar
to those previously observed in spectra of Lupus 3 members
Par-Lup3-4, Sz102, and Sz106 (Comerén et al. 2003). We
identify the [O1] lines at 6300 A and 6364 A, the [Su] line
at 6731 A (possibly blended with the [St] line at 6716 A),
and the [On] line at 7329 A. Forbidden lines such as those
identified here are commonly observed in actively accreting
young stars, and their ratios can be used to estimate physical
conditions in the circumstellar medium and mass-loss rates
(Osterbrock 1989). However, as discussed in Comerén et al.
(2003), forbidden lines in T-Tauri spectra are usually split into
separate components sampling different physical conditions,
which cannot be distinguished with our low-resolution spectra.
Moreover, our spectra do not allow definitive identification of
some lines (e.g., [Su] at 6731 and 6716 A). We therefore
refrain from physical interpretation of the conditions causing
this emission, and we leave this to future studies at higher
spectral resolution.

Two sources in Lupus 3 are reported in the literature to
exhibit similar properties. Sz 102 appears underluminous for
its spectral type, which was first noted by Hughes et al. (1994).
Krautter (1986) found Sz 102 to be associated with a bipolar
jet and a Herbig-Haro object. This geometry suggests that
we might be viewing the star through a nearly edge-on disk
(Krautter 1986; Hughes et al. 1994). Comerén et al. (2003)

13 The spectral type of Sz 102 is not well constrained; for the plot we adopt
the Ter of 4900 K (spectral type K2), according to Mortier et al. (2011). We
note that the associated error in Te is 3&54% K, i.e., larger than the typical error
bar shown in the plot.
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Table 4
Spectroscopically Confirmed Very Low Mass Members of Lupus 3

ID o ) J K SpT Tett Other Names

(J2000) (J2000) (mag) (mag) (K)
SONYC-Lup3-1 16 07 08.55 —391407.8 14.6 11.5 MI1.75% 38502, 4400°
SONYC-Lup3-3 16 07 55.18 —3906 04.0 13.5 11.4 M 5.75%, M6.5¢ 30502, 2900°, 2950°
SONYC-Lup3-4 16 08 04.76 —390449.6 13.9 12.4 M 6.50%, M7¢ 30002, 2700°, 2900¢ .
SONYC-Lup3-5 16 08 16.03 —3903 04.5 12.5 11.1 M 6.25%, M7.54 M5.5¢ 29502, 2800° Par-Lup3-1
SONYC-Lup3-7 16 08 59.53 —385627.8 13.9 12.7 M 8.00%¢, M8.5" 28502, 2600h e
SONYC-Lup3-10 16 09 13.43 —385804.9 16.1 14.9 M 8.752 26502
SONYC-Lup3-12 16 11 18.47 —390258.2 15.1 13.3 <M 12 42007 .
EX Lup 16 03 05.5 —4018 26 9.7 8.5 Mof e HD 325367, Th 14
Sz-88 16 07 00.61 —390219.9 9.9 8.6 Mi1f, Mok 3850h Th 15
Sz-91 16 07 11.57 —390347.2 11.1 9.8 Mo.5f, M1P 3705" Th 20
Sz-94 16 07 49.68 —390428.6 11.4 10.6 M4f, M4.58
$z-95 16 07 52.29 —385805.6 11.0 10.0 M1.5f e
Sz-96 16 08 12.48 —3908 33.0 10.1 9.0 M1.5f M2 3560¢ .
Sz-97 1608 21.84 —390421.4 11.2 10.2 M3f M4.5¢, M4P 3198¢, 3270 Th 24
Sz-98 16 08 22.44 —3904 46.7 9.5 8.0 Mof . .
$z-99 16 08 24.00 —390549.2 11.9 10.7 M3.5f M4gh 3270eh Th 25
Sz-100 16 08 25.76 —390601.2 11.0 9.9 M54, M4.5¢, M5.5" 3198¢, 3057" Th 26
Sz-101 16 08 28.37 —390532.3 10.4 9.4 M4.58 M4f 3198¢ Th 27
Sz-103 16 08 30.24 —390610.8 114 10.2 M4bh M4.5¢ 3198¢, 3270" Th 29
Sz-104 16 08 30.72 —390548.5 11.7 10.7 M5t M558 3058¢, 3125P Th 30
Sz-105 16 08 37.03 —401620.8 9.0 7.6 M4t e Th 31
Sz-106 16 08 39.76 —390625.3 11.7 10.1 Mof,M2.59, M0.5" 3777h e
Sz-107 16 08 41.76 —3901 36.8 11.2 10.3 Ms5.5t, M6.5¢ 293582
Sz-108A 16 08 42.74 —3906 18.4 9.8 8.8 M3 e
Sz-108B 16 08 42.87 —3906 14.6 .. .. M6, M5.5¢ 30582
Sz-109 16 08 48.16 —390419.3 11.4 10.5 Ms.5f, M6.54 - -
Sz-110 16 08 51.57 —390317.7 11.0 9.7 M4.54, M3¢, M2f m4h 3415¢, 3270M Th 32
Sz-111 16 08 54.74 —393743.6 10.6 9.5 ML.5f, M1P 3705" Th 33
Sz-112 16 08 55.53 —390234.0 11.0 10.0 M4f M6d, M5P 3125h .
Sz-113 16 08 57.80 —390222.8 12.5 11.3 M4f, M6d, M1.5¢, M4.5P 3633¢, 31971 Th 34, Lup 609s
Sz-114 16 09 01.85 —390512.4 10.4 9.3 M5.59, M4ef M4.8h 32708, 3175 Th 35
Sz-115 16 09 06.23 —390851.9 11.3 10.4 M4, M4.5h 3197h e
Sz-116 16 09 42.61 —391941.5 10.5 9.5 M1.5f Th 36
Sz-117 16 09 44.34 —391330.4 10.7 9.4 M2f Th 37
Sz-119 16 09 57.07 —385947.6 10.4 9.4 ma4f Th 38
Sz-121 16 10 12.21 —392118.6 10.0 9.0 Ma3f Th 40
Sz-122 16 10 16.44 —3908 05.4 10.9 9.9 M2f e Th 41
Sz-123 16 10 51.49 —3853 14.1 11.1 9.8 M1tk 3705h Th 42
Par-Lup3-2 16 08 35.78 —3903 47.9 11.2 10.3 Me6d, M58 e ..
Par-Lup3-3 16 08 49.40 —390539.3 114 9.5 M4.59, M4P 3270h
Par-Lup3-4 16 08 51.44 —3905 30.5 15.5 13.3 M54, M4.5P 31970
Lup 713s 16 07 37.73 —392138.8 13.2 12.1 MS5.75¢, M5.5h 30571
Lup 604s 16 08 00.17 —390259.5 12.1 11.1 M5.25¢, M5.5¢h 30582h
J16081497-3857145 16 08 14.97 —385714.5 15.2 13.1 M4.75¢ .
Lup 706 16 08 37.33 —392310.9 15.2 13.8 M7.75¢, M7.5h 2795h
J16085373-3914367 16 08 53.73 —39 14 36.7 15.0 12.5 MS5.5¢ .
M-7 16 08 55.20 —384848.2 13.0 12.0 M3¢ 3415¢ e
M-17 16 08 28.08 —391309.8 13.7 12.4 MS5.58 3058¢ Lup 607
M-18 16 09 08.40 —390342.8 12.2 11.4 MS5.58 Lup 608s
M-19 16 08 48.24 —3909 19.4 12.9 12.0 M68 Lup 617
M-20 16 09 49.92 —384902.6 15.4 14.4 M3.5¢ Lup 650
M-23 16 09 17.04 —392709.7 13.5 12.7 M4.58 Lup 710
M-24 16 07 58.80 —392434.9 12.6 11.6 M6 Lup 714
M-25 16 1151.12 —385105.0 13.3 12.3 MS5.58 Lup 802s
M-27 16 09 56.40 —385951.0 13.0 12.0 Meeh 29902h Lup 818s
M-51 16 11 59.76 —382338.4 12.2 11.2 M6g, M5t 2990¢, 31251 SST-Lup3-1
M-58 16 07 03.84 —391111.4 14.7 13.1 MS5.58 3058¢ e
M-62 16 09 01.44 —392512.0 11.6 10.3 M3.58, M4 3343¢, 3270M
M-65 16 10 12.96 —384616.3 15.9 13.9 M4¢ 3270¢2
M-66 16 10 19.92 —383606.5 13.3 12.3 M6 2990¢
M-67 16 10 29.52 —392214.5 11.9 10.9 MS5.58 3058¢
M-69 1611 31.92 -38 11 10.0 12.3 10.7 M2.58 3488¢
M-70 16 11 44.88 —383244.9 12.4 11.5 M6.58 2935¢
J16052862-3846210 16 05 28.63 —384621.1 12.6 11.8 M6© 3000¢
116083304-3852224 16 08 33.05 —385222.4 12.9 11.9 M7.5¢ 2800°

13
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Table 4
(Continued)
1D o ) J K SpT Tetr Other Names
(J2000) (J2000) (mag) (mag) (K)
J16083547-3900358 16 08 35.48 —3900 35.8 11.5 10.6 M6.5¢ 2950¢
J16083974-3929228 16 08 39.75 —3929229 11.7 10.9 M5¢ 3100¢
J16085575-3826330 16 08 55.75 —382633.1 13.0 12.1 M5.5¢ 3050¢°
J16090452-3921125 16 09 04.52 —3921 125 10.7 9.8 M5¢ 3100°
J16091570-3851396 16 09 15.71 —385139.7 12.0 11.2 M5¢ 3100¢ e
J16092279-3855506 16 09 22.80 —385550.6 10.8 9.9 M5¢ 3100° J160922.8-385550A°
J16092320-3855547 16 09 23.20 —385554.8 10.8 9.9 Mm4¢ 3250¢ J160922.8-385550B¢
J16092800-3848538 16 09 28.01 —384853.8 11.9 11.0 M5.5¢ 3050°¢
J16101386-3759589 16 10 13.87 —375958.9 12.2 11.2 M6° 3000°
J16103062-3831517 16 10 30.62 —383151.7 13.3 12.4 M6° 3000°
J16103323-3830234 16 10 33.23 —383023.5 10.8 9.8 M4.5¢ 3200¢
J16104192-3823046 1610 41.92 —382304.7 10.9 10.0 M5¢ 3100°
J16105899-3914514 16 10 58.99 —-3914514 12.1 11.3 M5¢ 3100¢
J16113801-3841356 16 11 38.02 —384135.7 10.9 10.1 M2.5¢ 3500°
J16120761-3813242 16 12 07.61 —3813243 10.9 10.0 M4.5¢ 3200¢
J16121046-3909040 16 12 10.46 —3909 04.0 13.9 12.8 M6.5¢ 2950¢
J16122559-3817428 16 12 25.58 —381742.8 13.1 12.2 M6° 3000¢

Notes. Identifiers are from Schwartz (1977, Sz), Comerén et al. (2003, Par-Lup3), Lopez Marti et al. (2005, Lup), Mortier et al. (2011, M), and 2MASS (J16).
References. (a) this work, (b) Comerén et al. 2009; (c) Comerdn et al. 2013; (d) Comerdn et al. 2003; (e) Allen et al. 2007; (f) Hughes et al. 1994; (g) Mortier et al.

2011; (h) Alcalé et al. 2014.
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Figure 11. Spectral energy distribution of SONYC-Lup3-1, -6, and -12. Photometry comes from this work (open circles), DENIS (triangles), 2MASS (filled gray
circles), Spitzer IRAC and MIPS (squares), and WISE (diamonds). The uncertainties are comparable to or smaller than the size of the symbols, except for the points

with the error bars shown.

(A color version of this figure is available in the online journal.)

report the underluminosity of Par-Lup3-4, and a jet associated
with Par-Lup3-4 was discovered in [S 11] images by Fernandez
& Comerdn (2005). Comeron et al. (2003) discuss three possible
interpretations for the underluminosity and emission line spectra
of the two objects:

(1) an edge-on disk blocking a part of the stellar light,
(2) embedded Class 1 sources where the star is seen via the
light scattered by the walls of cavities in the envelope, and
(3) accretion-modified evolution, similar to what is described
in Hartmann (1998) and Baraffe et al. (2009). High-resolution
spectra of Par-Lup3-4 (Fernandez & Comerén 2005) reveal a
double-peaked [S11] profile, implying that the low excitation
jet is seen at a small angle with respect to the plane of the
sky. The authors argue that at this inclination, only a flared
disk could hide a star. Huélamo et al. (2010) studied the target
spectral energy distribution (SED) from the optical to the sub-
millimeter regime and compared it with a grid of radiative
transfer models of circumstellar disks. They find that Par-Lup3-
4 is a Class II source, with an edge-on disk that naturally explains
its underluminosity.

14

In Figure 11 we show the SED of SONYC-Lup3-1 in the
range 0.8-70 um.'* Open circles mark the optical and NIR
photometry from the SONYC campaign, the filled grey circles
show the 2MASS NIR photometry, squares denote the Spitzer
MIR data, and diamonds denote the MIR photometry from
WISE. The double-peaked shape of the SED with a dip around
10 um is characteristic for an edge-on disk, where the NIR
peak arises from the scattered light of the star obscured by a
disk, and the emission at longer wavelengths comes from the
dust (e.g., Wood et al. 2002; Pontoppidan et al. 2007; Huélamo
et al. 2010). The radiative transfer SED modeling could shed
more light on the properties of the putative disk around SONYC-
Lup3-1, but since this is out of the scope of this paper, we refrain
from discussing this source further. To calculate the luminosity
of SONYC-Lup3-1 in Figure 10, we used the Ay = 3.0 mag
derived from fitting a model to the spectrum. The extinction
calculated from the J — K color is, however, significantly higher
(Ay = 11.5 mag) and shifts the point in the H-R diagram in the

14 Constructed with the help of VOSA (Bayo et al. 2008).
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y-direction such that it falls roughly onto the 10 Myr isochrone.
We conclude that SONYC-Lup3-1 is probably a member of
Lupus 3, with properties similar to Par-Lup3-4 and Sz 102. The
MIR-excess and the double-peaked SED suggest a presence of
an edge-on circumstellar disk.

4.8. SONYC-Lup3-6

We obtained the spectrum of SONYC-Lup3-6 by chance
alignment of the slit that was placed on SONYC-Lup3-7, which
belongs to our high-priority candidate list. SONYC-Lup3-6 is
located ~7” north of SONYC-Lup3-7. With the i —J color
of 1.8, SONYC-Lup3-6 is too blue to be in our photometric
candidate list, i.e., the colors suggest that the object is not a
pre-main-sequence source. In the H-R diagram, it falls well
below the 100 Myr isochrone. However, the spectral fitting
procedure identifies the object as a young star of the spectral type
M4.75. It shows low-gravity Na1 signatures, H, emission, and
no evidence for Ca1l triplet absorption. Furthermore, its proper
motion satisfies the proper motion membership criterion. From
the EW(H,) it is not clear whether SONYC-Lup3-6 undergoes
accretion or not, as it falls close to the line that separates
accretors from non-accretors (yes according to the criterion
by Barrado y Navascués & Martin 2003, and no according
to White & Basri 2003). If it is indeed a member of Lupus
3, SONYC-Lup3-6 might be a primary of a very wide binary
system containing the M8 BD SONYC-Lup3-7. The projected
separation of this hypothetical system would be ~1400 AU. It
would be, however, very difficult to explain a M4.75 primary
that is several magnitudes fainter than its supposed secondary.
We therefore classify the membership of SONYC-Lup3-6 as
uncertain.

4.9. SONYC-Lup3-12

This object’s spectrum suggests a type earlier than M1 but
was nevertheless selected in our preliminary analysis on the
basis of the obvious H, emission observed in its spectrum
(Figure 8). According to West et al. (2008), early M-dwarfs have
shorter activity lifetimes than the later M-dwarfs, which speaks
in favor of SONYC-Lup3-12 being indeed young. However,
as in the case of SONYC-Lup3-6, the EW(H,,) falls right at the
border separating accreting objects from non-accretors (accretor
according to the criterion by Barrado y Navascués & Martin
2003, and non-accretor according to White & Basri 2003).
When compared with the spectra of other objects in our sample
with similar early spectral type (e.g., SONYC-Lup3-17, -22,
-23), we notice the lack of the Ca1 absorption lines, i.e., this
object is likely not to be a giant. On the basis of this evidence,
we tentatively include SONYC-Lup3-12 in the final list of
the confirmed members. It shows no MIR-excess, and therefore
the edge-on disk morphology does not seem to be a plausible
explanation for its underluminosity.

4.10. Summary of the Results

From the candidate list containing 409 objects in the direction
of Lupus 3 cloud, 123 objects were selected for the spectroscopic
follow-up; 27 showed spectral features consistent with spectral
type M or slightly earlier. Fitting the spectra to an empirical grid
of spectra of young dwarfs, field dwarfs, and giants, combined
with the proper motion assessment of membership, and the
positions of the candidates in the HR diagram, we identify
nine field dwarfs, four background giants, and seven probable
members of Lupus 3, among which two show significant
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Figure 12. Comparison between the spectral types and effective temperatures
for the probable members of Lupus 3 with Teir < 4000 K confirmed in this
work. Two sets of symbols stand for effective temperature that were determined
by fitting different models to our spectra (see Table 3). The typical error bar is
shown in the lower left corner of the plot. The solid line is a linear fit to the data
points. We also show the effective temperature scales by Luhman et al. (2003b),
Mentuch et al. (2008), Bayo et al. (2011), and Scholz et al. (2012b).

underluminosity for their spectral type. The nature of seven
sources remains uncertain. In Table 2 we list the 27 analyzed
sources and give their coordinates, photometry, spectral types,
proper motions, EW(H, ), membership status, and references for
those identified in the literature.

5. RESULTS AND DISCUSSION

In this section we use the members of Lupus 3 confirmed in
this work to derive a relation between spectral type and T, and
we combine the outcome of our survey with the results from
other works, in order to establish a census of VLM objects in
Lupus 3, and discuss the properties of the substellar population.

5.1. Effective Temperature vs. Spectral Type

In Figure 12, we plot the relation between T and the spectral
type for the objects classified as members of Lupus 3 and with
T < 4000 K (SONYC-Lup3-1, -3, -4, -5, -7, and -10). The
upper limit in T is set because our spectral type fitting scheme
does not extend to spectral types earlier than M1. Each object
listed as member in Table 2 is represented by two data points,
one for the T, derived using BT-Settl models (filled circles)
and the other using AMES-Dusty (open diamonds). The solid
line represents a linear fit to all the data points:

Tegr = (4120 £ 175) — (172 £ 26) x SpT, 2)
where SpT corresponds to the M subtype. A linear least-square
fit is performed using the fitexy procedure from Press et al.
(2002), which takes into account both the uncertainties in
spectral type and T, shown in the lower left corner of Figure 12.
The reduced x? of the fit is 2, with the g parameter of 0.996.'3
We also show the effective temperature scales available from
other works. The long-dashed line shows the scale from Luhman
etal. (2003b) derived for IC348, while the dashed line represents
the scale derived for the nearby young stellar associations by
Mentuch et al. (2008). The latter scale is extrapolated below

15 The g-parameter stands for the probability that a correct model would give
a value equal or larger than the observed x2. It is a scalar with values between
0 and 1, where a small value of ¢ indicates a poor fit.
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3000 K. The dash-dotted line shows the scale derived from the
spectroscopic data of Collinder 69 (Bayo et al. 2011), and the
dotted line is a scale for NGC 1333, derived by using the H-band
peak index (HPI) defined in Scholz et al. (2012b). This scale was
extrapolated to the spectral types earlier than M6, since the HPI
index is defined only for later spectral types. We note that the
scale of Scholz et al. (2012b) was derived from the near-infrared
data, while all the rest are based on optical spectroscopy.

Although the trend seen in our data is generally consistent
with all the previous works, some systematic offsets between
the classification schemes is evident. The HPI index seems to
give systematically later spectral types for a given T than other
schemes. The same trend was already reported in the Muzic et al.
(2012), where we used the HPI to derive spectral types from NIR
spectra in highly extinct cluster p Oph. There we speculated
that the extinction might introduce additional uncertainties to
spectral type derived from the HPI, because the index was
defined on a sample of VLMOs in NGC 1333, a cluster with
Ay typically below 5. Lupus 3, however, has extinction levels
comparable to those of NGC 1333, while we observe the same
trend toward later spectral types. It seems therefore that for HPI
the trend persists irrespective of differences in extinction of the
samples and wavelength ranges used for spectral classification
(optical versus NIR). A widely used relation between spectral
type and T from Luhman et al. (2003b) seems to deliver
systematically lower T, for the same spectral type, compared
with the relation derived here, especially for spectral types
earlier than M6.

5.2. Census of Very Low Mass Members of Lupus 3

The most recent summary of the population of the Lupus
star-forming region appeared in Comerdn (2008). Since then,
however, various studies have identified new low-mass mem-
bers, and most importantly, there have been a significant efforts
to provide spectroscopic confirmation of photometrically iden-
tified candidates. We therefore think it is timely to create a
summary of the previous studies, together with results of our
work, and provide a census of the VLM content of Lupus 3. In
Table 4, we list coordinates, photometry, spectral type and/or
T.t, and alternative names for all spectroscopically confirmed
members with the spectral type MO or later. Since we choose to
concentrate only on the spectroscopically confirmed members,
we do not include the photometric candidates from the studies
such as Nakajima et al. (2000) and Lopez Marti et al. (2005),
although we do include the identifiers from the latter study, in
case they were spectroscopically confirmed in other works.

The starting point for this section is the review paper on the
content of the Lupus clouds by Comerén (2008). Table 11 of
the review contains a list of all classical T-Tauri stars in Lupus 3
known to the date of publication. This list includes all the bright
members identified and confirmed in studies by The (1962),
Schwartz (1977), Krautter (1992), Hughes et al. (1994), and
Krautter et al. (1997), among which are 33 M-type stars.

Comer6n et al. (2003) surveyed a small area (~10" x 5')
surrounding the two brightest members HR5999 and HR6000,
using slitless spectroscopy followed by the MOS follow-up
using FORS/VLT. They find four M-type members, including
Par-Lup3-1 (SONYC-Lup3-5), which the authors label a bona-
fide BD because of the assigned spectral type of M7.5 and the
presence of the signatures of youth. Our spectral classification
assigns it a slightly earlier spectral type (M6.25). The difference
in the spectral types might arise from the different spectral typing
schemes, especially since the typing in Comer6n et al. (2003)
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was done by comparison with the field stars from Kirkpatrick
et al. (1991), as not many young, low-gravity BDs were known
atthe time. The T, derived from the model fitting is, on the other
hand, in excellent agreement with 2800 £ 200 K derived from
the SED modeling in the optical and near-infrared in Comerén
et al. (2009).

Allen et al. (2007) spectroscopically confirmed six candidate
members selected from Spitzer MIR photometry, one of which
was also in our high-priority selection box (SONYC-Lup3-7).
Allen etal. (2007) classify SONYC-Lup3-7 as M8, in agreement
with the spectral type obtained in this work.

Merin et al. (2008) selected 124 candidate members in
Lupus 3 from the c¢2d Spitzer IRAC observations. Part of this
sample (46 objects) was spectroscopically followed-up with
FLAMES/VLT by Mortier et al. (2011). From the 46 objects, 8
are discarded as non-members because they lie far above the pre-
main-sequence evolutionary tracks. For the three objects found
below the tracks, the authors propose an envelope or an edge-
on disk geometry in case of membership in Lupus. Otherwise,
these would be sources located in the background. One of these
three objects is a well-known underluminous member of Lupus
3 (Sz 102) and an emitter of forbidden lines (see Section 4.7 for
more details). We choose to include one of the two remaining
objects to the compiled list of members (M-65), since it exhibits
MIR-excess, H, emission, and spectral type later than MO. The
third object is classified as K2 (M-71) and thus not included in
the census table.

Two of the spectroscopically confirmed objects from Mortier
etal. (2011) are found within our photometric selection box, and
for one of them we also obtained a spectrum. This is SONYC-
Lup3-5 (Par-Lup3-1), which Mortier et al. classify as M5.5. In
this work the same object is classified as M6.25 and by Comerén
etal. (2003) as M7.5. Spectra used in Mortier et al. (2011) span
only the blue part of our spectral range (6550—7150 A), which
might be the cause of the different spectral classification, as the
molecular features at A > 7200 A show more dramatic change
with spectral type than the blue portion of the optical spectra.

Comerdn et al. (2009) identified 72 candidate members of
Lupus 3 with T < 3400 K. Recently, a spectroscopic follow-
up of 46 out of 72 candidate members by Comer6n et al. (2013)
revealed that about 50% of the objects are background giants.
Only four objects from the sample of Comerén et al. (2009)
are in the SONYC area and are not affected by saturation and
data reduction artifacts in our optical images. One of these
four objects (16:09:20.8, —38:45:10) appears elongated in both
MOSAIC and NEWFIRM images and thus did not end up in
our final iJ catalog. Its spectrum by Comerén et al. (2013)
shows that it is probably an M-type field dwarf. The remaining
three objects are all found in our high-priority candidate list
(photometric and proper motion selection), two of which were
observed spectroscopically and indeed confirmed as members
(SONYC-Lup3-3 and -4).

Recently, Alcald et al. (2014) published the VLT /X-shooter
spectroscopy of several Class II YSOs in Lupus 3, selected from
the lists of Merin et al. (2008) and Allen et al. (2007). Because of
the exceptionally wide wavelength range of X-shooter spectra
(UV to NIR), and their resolution, we expect that the spectral
types derived from these observations should be highly reliable,
and they are included in the census in Table 4.

5.3. Substellar Population in Lupus 3

On the basis of the survey presented in this work, we can put
limits on the number of VLM sources that are missing in the
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Figure 13. Top left: distribution of spectral types for the VLM population of Lupus 3, featuring the M-type sources from Table 4 within the field covered by our
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and AMES-Dusty isochrones are shown on top of the plot. Top right and two bottom panels: comparison between the spectral type distribution in Lupus 3 and those

in Cha-I, IC 348 (Luhman 2007) and NGC 1333 (Scholz et al. 2012b).
(A color version of this figure is available in the online journal.)

current census of YSOs in Lupus 3. To avoid a possible bias
toward the objects with disks, we base the following discussion
only on the IJ candidate list and take into account only the
objects above the completeness limit of our survey (dotted line
in Figure 2). The completeness limit of i = 20.3 is equivalent
to 0.009-0.02 Mg, for Av = 0-5, at a distance of 200 pc and
age of 1 Myr, according to the BT-Settl models. The limits
translate to 0.007-0.02 Mg in the case of AMES-Dusty and
0.005-0.015 My, in case of AMES-COND models.'®

In the candidate selection box in Figure 2, we find 342
candidates above the completeness limit. Of these, 54 are
also proper motion candidates (i.e., belong to the “IJ/-pm”
list). We obtained 111 spectra for the photometrically selected
candidates, from which 31 are also proper motion candidates.
The seven objects confirmed to be Lupus 3 members in this work
are all from the proper motion selection. To this we add three
previously confirmed members found inside the box (green stars
in Figure 2), from which one is a proper motion candidate.

Our experiment is an example of a random variable, following
the binomial probability distribution. On the basis of the
observed number of success counts in our sample, we can
determine the maximum-likelihood value for the frequency
of substellar objects in the sample, which is basically the
ratio between the confirmed objects and those objects with
spectra. The 95% confidence intervals (CI) are calculated using
the Clopper—Pearson method, which is suitable for small-
number events and returns conservative CIs compared with other
methods (Gehrels 1986; Brown et al. 2001) The success rate in

16 Note that the version of DUSTY and COND models with updated opacities,
BT-Dusty and BT-COND, do not extend below 0.03 M, at early ages.
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the “IJ-pm” sample is therefore 8/32 = 2511&%, while for

the photometric candidates it is 2/82 =~ 2i62%. In total, the
estimated number of unconfirmed members in our survey is
(54-32) x 0.25 + (342 — 54 — 82) x 0.02 = 6 +5 = 11, with
the 95% CI of t153. We can repeat the same calculation to get
an approximate number of missing BD above the completeness
limit. From the SONYC sources, three are most probably BDs
(all existing spectral classifications >M6), while two have
spectral types around the substellar border. Among the three
sources from other works, one is a star earlier than MO,
one is classified as M7.5 (J16083304-3855224 in Table 4),
and the remaining one is classified as M6 (M-66). The total
number of spectroscopically confirmed BDs in our sample
of 342 low-mass candidates above the completeness limit is
therefore between 4 and 7, and only M-66 does not come from
the proper motion selection. The calculation for missing BDs is
identical to the one above but with different success rates. For
the “IJ-pm” sample we have 4 to 6 BDs over 32 objects and for
the photometric candidates 0 to 1 BD over 82. The estimated
number of unconfirmed BDs is then 6*%.

5.4. Spectral Type Distribution

In Figure 13 we show the distribution of spectral types for
the spectroscopically confirmed M-type population in Lupus 3,
found within the field covered by our survey (top left panel;
solid lines). The solid error bars are Poissonian Cls calculated
with the method described in Gehrels (1986), and the dashed
histogram shows the contribution of our survey to the census.
The dotted histogram includes the estimate on the number of
missing objects estimated in Section 5.3, assuming that 6 of
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the objects are BDs (i.e., found somewhere in the last two bins
and equally distributed for the purpose of this plot) and the
remaining five are probably low-mass stars, which because the
saturation limit of our survey is around 0.06 M, should fall in
the bin above. The dotted-line error bars combine in quadrature
the CI from the binomial distribution, with the error bars shown
with solid lines.

We also show a comparison with the results from other
star-forming regions: Cha-I (Luhman 2007; top right), IC 348
(Luhman 2007; bottom left), and NGC 1333 (Scholz et al.
2012a; lower right). In the stellar regime, the distribution
resembles those seen in other star-forming regions, with the
peak around M5-M6 and an increase in the number of objects
between MO-M1 and M5 by a factor of 2-3. Cha-I and IC 348
show a drop in the number of objects in the substellar regime
with respect to stars, and this is at a similar level seen also in
Lupus 3. Although this sharp drop at spectral types M7 and later
can partially be explained by the incompleteness of our survey
at lowest masses, it is likely to be a real feature of the IMF
considering the analysis of the missing objects in our survey
presented in the previous section.

In NGC 1333 (Scholz et al. 2012a), we see a second peak
around M7, which might be due to a gap in the completeness
between two different spectroscopic samples that were used in
the stellar and substellar regimes, causing us to miss the objects
around M6. The double peak is also seen in the distribution of
absolute J-magnitudes, but this distribution is consistent, within
statistical errors, with a single broad peak. On the substellar side,
the SONYC survey in NGC 1333 is deeper than the surveys in
Cha-I, IC 348, and Lupus 3, and the completeness limit is in
fact outside the x-axis range in Figure 13. From the statistical
analysis in the previous section, given the relatively large errors,
we can say that the SpT distribution down to M9 is consistent
with that of NGC 1333.

5.5. Star/BD Ratio

In this section we use the results of our survey, combined with
previous works to get some constraints on the IMF in Lupus 3,
extending down to the completeness limit of our i/ catalog. In
the following, we will take into account the area of our combined
iJ survey (solid line in Figure 2). We note that the number of
missing objects calculated in the previous section is partially
based on the success rates of the candidates selected from the
proper motions, i.e., from a somewhat smaller area than that of
the photometric survey. We, however, choose not to apply any
correction to account for this because, from Figure 2, it is evident
that the majority of the high-priority candidates concentrate in
the cloud core, and very few candidate members are expected to
be missed in the surroundings. The surveys of Merin et al. (2008)
and Comeron et al. (2009) have a comparable sky coverage in
the area around the main Lupus 3 core, and they also cover the
northeastern clouds of lower density, which are also considered
to be part of the complex. This portion of the cloud contains
a lower concentration of members (only about 10% of all the
members identified in Merin et al. 2008 and Comerén et al.
2009), and thus excluding it should not significantly affect our
analysis.

For this calculation, we compile a list of all members and
candidate members from the two most extensive surveys found
in the literature, Merin et al. (2008) and Comeron et al. (2009),
and combine it with the sources identified in this work. As
for the other works, we note that almost all sources from
Table 11 of Comerén (2008) and Comerdn et al. (2003), and

18

MUuZziC ET AL.

all the confirmed sources by Allen et al. (2007), are already
included either in the Merin et al. list or the SONYC list. We also
include the estimated number of still undiscovered stellar and
substellar members of Lupus 3, as determined in the previous
section.

Mortier et al. (2011) confirm ~83% of the MIR-excess
sources from Merin et al. (2008) as probable members of
Lupus 3, while the confirmation rate for the Comerén et al.
(2009) sample is ~50% (Comerén et al. 2013). These factors are
taken into account when estimating the total number of probable
members of the two mentioned studies. Another important
correction factor that has to be taken into account is the disk
fraction, which according to Merin et al. (2008) is 70%—80%
for Lupus. Therefore, the number of objects from this work is
additionally multiplied by a factor of 1.25. The sample from
Merin et al. (2008) is complete down to 0.1 Mg and nicely
complements the one of Comerdn et al. (2009), whose method
is only sensitive to the objects cooler than 3400 K. The 3o
detection limit of Comerdn et al. (2009) is at I = 22.2, but
the completeness limits are not specified. However, given the
depth of their observations, it is probably safe to assume that
they are complete in the range of masses between 0.1 M of
Merin et al. (2008), and the upper limit in mass set by saturation
in our optical data (~0.06 M).

To assess the numbers of stars and BDs, we use the approach
described in Scholz et al. (2013). In short, by comparing the
multi-band photometry with the predictions of the evolutionary
models (BT-Settl in this case), we derive best-fit mass and
Ay for each object, for the assumed distance of 200 pc, age
of 1 Myr, and the extinction law from Cardelli et al. (1989)
with Ry = 4. We note that the several underluminous objects
identified here and in previous studies are erroneously identified
by this procedure as BDs. However, these are clearly stars and
therefore are counted in this higher-mass bin.

All the objects with estimated masses below 0.065 M are
counted as BDs and all those above 0.085 M as stars. The
remaining objects at the border of the substellar regime are once
included in the higher-mass bin and then in the lower-mass bin.
The calculated number of stars is then 80-92, and the number
of BDs is estimated to be 28—40. Finally, we obtain the star/BD
ratio between 2.0 and 3.3, in line with other star-forming regions,
which typically show a span of values between 2 and 6 (Scholz
etal., 2013, in press). Clearly, there are a number of uncertainties
involved in this calculation because of possible incompleteness
at the overlap of the different studies and uncertainties in age
and distance, as well as the choice of the isochrones used to
derive masses. It is nevertheless a useful exercise at least for a
first order comparison with other works.

6. SUMMARY AND CONCLUSIONS

In this work, we have presented deep optical and near-infrared
images of the 1.4 deg? area surrounding the two brightest mem-
bers HR5999/6000 of the Lupus 3 star-forming region. From
the optical+NIR photometry we selected 409 candidate VLM
cluster members. Proper motion analysis, based on two epochs
of imaging separated by 11-12 years, helped to narrow down
the candidate selection to 59 high-priority candidates. To con-
firm the membership of the selected candidates, we performed
spectroscopic follow-up using VIMOS/VLT, in which we col-
lected 123 spectra from the photometric selection box, including
32 from the high-priority list. We confirm seven candidates as
probable members of Lupus 3, among which four are later than
M6.0 and with T < 3000 K, i.e., are probably substellar in
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(A color version of this figure is available in the online journal.)

nature. Two of the sources identified as probable members of
Lupus 3 appear underluminous for their spectral class, similar
to some previously known members exhibiting similar emis-
sion line spectra with strong H, and several forbidden lines
associated with active accretion.

We derive a relation between the spectral types (from com-
parison to low-gravity objects in young regions) and T.¢ (from
BT-Settl models): Teir = 4083 — 166 x SpT, where SpT refers
to the M spectral subtype between 1 and 9. The rms-error of the
fit is 61 K. We derive a star-to-BD ratio of 2.0-3.3, consistent
with the values observed in other star-forming regions.
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Combining our results with previous work on Lupus 3, we
compile a table containing all spectroscopically confirmed low-
mass objects with spectral type MO or later, and we show that
the distribution of spectral types is in line with what is observed
in other young star-forming regions.
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(A color version of this figure is available in the online journal.)
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APPENDIX

MODEL FITTING PLOTS

Figures 14 and 15 show the best-fit models from the
BT-Settl and AMES-Dusty series to the spectra of the objects
from Table 2. The results are summarized in Table 3. For more
details please refer to Section 4.4.
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