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Abstract. We present the first results of a sensitive (K ~
17 mag) near IR (JHK) imaging survey of a complete
IRAS selected sample of Young Stellar Objects (YSO’s)
belonging to a Giant Molecular Cloud (GMC) located in
the Vela Molecular Ridge (VMR). We provide accurate po-
sition and photometry for more than 1300 sources, along
with the identification of possible NIR counterparts of the
IRAS objects. Through near infrared and 1.3 mm photom-
etry we have determined the spectral energy distributions
of 11 newly discovered Class I sources and possibly one
Herbig Ae/Be star. Their bolometric luminosities indicate
that they are protostellar objects of intermediate masses
(<10 M) with envelopes containing a not negligible frac-
tion of the central condensed matter. Many sources are as-
sociated to diffuse emission which hosts multiple systems
of point-like objects. Although clustering is well evident,
the NIR counterparts of the IRAS sources seem to be sin-
gle objects and quite often there are more than one source
in the field with JHK colours typical of Class I objects.
These findings support the fact that in VMR, as well, stars
of different masses are sharing the same birthplace.
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1. Introduction

One of the critical issues of star formation is to understand
how the evolution of molecular clouds is interrelated to the
birth of new stars within them. The current theoretical
picture of these early stages is affected by large uncertain-
ties, but some of them can be effectively circumvented by
means of dedicated observations aiming to separate the
effects of the different variables as much as possible.

Obvious observational constraints have biased so far
the selection of targets towards clouds of relatively low
mass (M < 105My) located outside the plane of the
Galaxy, despite GMC’s lying in the plane offer the possi-
bility of studying star formation where the bulk of mate-
rial actually lies.

Given these motivations, a few years ago we began
a multi-frequency study of the young stellar content in
the VMR, a complex composed of four different molecu-
lar clouds (with molecular masses of 10° < 106M) which
have been actively forming stars (May et al. 1988; Murphy
& May 1991). The Vela Molecular Ridge offers some ad-
vantages to the observer: it is possible to study 4 different
GMC’s with the same methods, so as to derive properties
of YSO’s which are affected by the same environmental
and observational effects; it allows to investigate star for-
mation in the outer Galaxy minimizing the problems due
to confusion; the region is expected to be relatively nearby
and it is adjacent to a sky area of equal angular size, void
of molecular gas, which constitutes a reference field.

The selection criteria to identify the young objects,
the assessment of their cloud membership, and the obser-
vational results obtained so far have been communicated
in our previous papers (Liseau et al. 1992, and Lorenzetti
et al. 1993, hereafter Paper I and Paper II respectively).
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Throughout Papers I and II it was assumed that the
infrared emission is dominated by a single object; here
we report the first results of an imaging survey aimed to
find the near infrared counterparts of the IRAS sources,
to extend the spectral energy distributions (SED’s) to-
wards short wavelengths, to investigate the source multi-
plicity and extension. We are also performing a survey of
the 1.3 mm continuum emission of IRAS objects in VMR,
hence we can complement the near IR imaging data with
mm-continuum photometry which allows us both to pro-
vide a more accurate determination of the bolometric lu-
minosities and to evaluate the mass of the circumstellar
environment around each source.

The details of the observations, data reduction and
calibration procedures are described in Sect. 2, while the
obtained results are reported in Sect. 3. A short discus-
sion about the present observations is given in Sect. 4, but
the reader should refer to a forthcoming paper for a more
detailed analysis of the implications of such results.

2. Observations and data reduction
2.1. Source selection

To study spatial distribution and physical properties
of YSO’s in relatively close-by molecular clouds, we
have selected from our catalogue of observational data
(see Papers I and II), based on the IRAS Point Source
Catalogue (PSC), the sources obeying the following
criteria:

i) having passed through all steps described in Papers I
and IT and being eventually identified as Class I pro-
tostellar candidates;

it) belonging to the VMR-D cloud (as designated by
Murphy & May 1991), which is located at a distance
of 700 £ 200 pc from the Sun (Paper I).

Both criteria essentially provide a flux limited sample of
12 TRAS objects with red colours [1 Jy < Fia < Fps <
Fso, where F; = F,(¢) in the IRAS band centred at ¢ ym]
and associated to molecular gas with a low velocity (0 <
vLsr < 14 km sfl) compatible with that of the D cloud
itself (Murphy & May 1991).

In Table 1 the selected objects are listed along with
their equatorial coordinates and the gas velocities detected
by means of pointed spectral line observations (CO and/or
CS) performed at high spatial resolution (Papers I/II).
The identification given in the last column (# IRS) refers
to our internal classification and may be useful in or-
der to have a quick reference to the notes on individual
sources given elsewhere (Papers I/II). In the Appendix
we provide some complementary informations about the
sources investigated here. The spatial distribution of the
selected sources is depicted in Fig. 1, superimposed on the
12C0(1 — 0) integrated intensity contour plot (in galactic
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Fig. 1. Spatial distribution of the IRAS Class I sources belong-
ing to VMR-D cloud, superimposed on the '*CO(1 — 0) inte-
grated intensity map given by Murphy & May (1991). Contour
intervals are 1.3 K km s™! from 1.3 K km s™!; sources are

named according to the internal classification used in Table 1

coordinates) provided by Murphy & May (1991) in their
Fig. 5. The selected IRAS sources tend to cluster near
the peaks of the molecular emission, namely their original
birthplaces, thus giving support to their YSO’s nature.
Marginal exceptions to this occurrence are represented by
IRS 67 and IRS 71 which lie in locations where the in-
tegrated intensity is lower; nevertheless we decided to in-
clude them for the sake of completeness.

2.2. Near-IR imaging

The imaging data were obtained in February 1993 with the
TRAC2 near-infrared camera (Moorwood et al. 1992) on
the ESO/MPI 2.2 m telescope at La Silla (Chile). The ob-
servations were carried out through standard J (1.25 pm),
H (1.65 pym) and K (2.20 pm) broad band filters. The
256 x 256 pixels NICMOS3 array was used at a plate
scale of 0.49 arcsec/pixel, resulting in a field of view of
about 2 x 2 arcmin® on the sky. For each source and for
each filter we obtained a set of 3 dithered frames offset
from each other by 30” in declination, resulting in total
on-source integration times of 120 s, 180 s and 540 s at
J, H and K, respectively. The data were reduced through
standard IRAF routines and photometry was performed
using the DAOPHOT package, in IRAF. Unfortunately,
PSF fitting procedures did not work well with our data,
so we carried out standard aperture photometry. More de-
tails are given in the Appendix.

The K brightness of extended sources was obtained
by integrating the detected emission down to a ~5 — 100
level with respect to the underlying background; J and H
brightnesses were derived integrating over the same area.
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Table 1. Selected IRAS sources
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IRAS name @(1950.0) 4(1950.0) CO: vLsr  CS: vLsr F1.3 mm # IRS
hooom s ’ C (kms™') (kms™!) (mJy)
08328 — 4314 08 32 49.8 —-43 14 15 10.2 - 42 £+ 12 62
08375 —4109 08 37 31.8 —-41 09 14 8.4 9.5% 446 £+ 23 13
08393 —4041 08 39 234 —-40 41 18 7.5 7.6 529 + 27 63
08404 — 4033 08 40 27.0 —-40 33 22 6.4 u.l 38 + 12 14
08429 — 4055 08 42 544 —40 55 44 - 2.6 - 66
08445 — 4420 08 44 356 —44 20 14 4.0/679 u.l. 34 + 16 67
08448 — 4343 08 44 494 —-43 43 27 3.9 4.5 1111 + 47 17
08470 — 4243 08 47 00.0 —42 43 12 4.3/28.2 - 2510 £+ 116 18
08470 — 4321 08 47 013 —-43 21 15 12.2 12.2 604 £+ 19 19
08476 — 4306 08 47 394 —-43 06 01 2.1 2.1* 388 £+ 24 20
08477 — 4359 08 47 471 —-43 59 34 7.98 2.3/4.5 121 + 16 21
08500 — 4254 08 50 01.2 —42 54 11 13.4 - 91 £+ 28 71

# Bronfman et al. (1996): see Appendix.

Instrumental magnitudes were converted to absolute val-
ues by comparison with ESO photometric standard stars
(Bouchet et al. 1989) which also allowed us to check that
the zero-points were exceptionally stable during the whole
nights (rms variations were ~0.01 + 0.03 mag in J, H
and K bands): the limiting magnitudes of this survey are
J ~ 18.5, H ~ 18.0 and K = 17.0. Air mass corrections
were applied using typical values for the atmospheric ex-
tinction coefficients at La Silla (E; = 0.125. Ex = 0.080
and Fx = 0.110 mag/airmass).

A total of ~ 1300 sources have been detected in K,
~ 1200 in H and =~ 800 in J; coordinates and magnitudes
of all sources found in the K band are given in Table 4,
while the obtained JHK images are displayed in Fig. 2.
For sources undetected in some of the bands, upper limits
were estimated in each frame examining the magnitude-
error diagrams.

The completeness limit in the K band is not in prin-
ciple the same for all frames because of the presence of
local nebulosities; however, we obtained the K luminosity
function for each field, which generally shows a turn-off
at 15.5 — 16.5 mag (see our forthcoming paper). Thus,
we conservatively define as completeness limit the value
Kcompt = 15.5 mag (i.e. more than one magnitude below
the limiting magnitude), which corresponds to complete
observations at a 100 detection level.

Some complementary images in the L’ band (3.8 um)
were obtained with both the first IRAC 64 x 64 pix-
els Hg:Cd:Te array at the ESO 2.2 m telescope, and the
58 x 62 pixels InSb array at CTIO during the period
1991-1992. Despite these results are not presented here
because of their poor quality, nevertheless we will refer to
them in the following, since they help us in the identifica-
tion of the IRAS counterparts: in fact the sources with an
intrinsic IR excess definitely emerge in the L’ band, often
remaining the only bright object within the frame area.

2.8. NIR positions

Absolute o and ¢ positions were derived in the observed
fields using reference stars whose equatorial coordinates
are given in the HST Guide Star Catalogue (GSC). Each
K frame was searched for IR counterparts of GSC stars
and the astrometric solution was derived. If a frame con-
tained too few (or none) GSC stars, we first determined
the astrometric solution for a Digitized Sky Survey (DSS')
plate larger than but including the K frame field. Then IR
counterparts of DSS stars were used to derive the astro-
metric solution for the K frame itself. We estimate that
the positions given in this paper are accurate within 1”
both in RA and DEC.

2.4. Millimeter continuum observations

The observations were carried out during September 1992
with the SEST 15 m telescope at La Silla. The antenna fed
a 3He-cooled bolometer of the MPIfR (Kreysa 1990). The
filter set coupled to the atmospheric transmission window
provides an effective wavelength around 1.25 mm. The
beam size is 24” (HPBW) and the chop throw is 70”.

The sources were located by pointing on a nearby radio
quasar with strong millimetric fluxes; the pointing accu-
racy was most of the time better than 2” and was checked
each half an hour.

We observed 11 out of the 12 TRAS sources using in-
tegration times n x 200 s, with n depending on their ex-
pected 1.3 mm intensity, which had been approximately
found by extrapolating the IRAS 100 pm flux. The atmo-
spheric transmission was monitored by frequent sky dips.

! The Digitized Sky Survey was produced at the Space
Telescope Science Institute under U. S. Government grant
NAG W-2166. The images of these surveys are based on pho-
tographic data obtained using the Oschin Schmidt Telescope
on Palomar Mountain and the UK Schmidt Telescope.
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Fig.2. J, H and K images of all observed fields. Each column refers to the same band (indicated above) and each row refers to
the same field (indicated on the left-hand side). North is up and east to the left

Uranus, Mars and Saturn were used as primary calibra-
tors and several quasars as secondary calibrators, mainly
to detect sky variations during the observations.

The 1.3 mm flux values were corrected for the over-
all system and atmospheric response through the gain-
elevation curve, assuming that the spectra in the milli-
metric region can be approximated by F' = Fo(%)“, where
« is the spectral index of the source. The results of the
1.3 mm photometry are listed in Col. 10 of Table 1 along
with their uncertainties.

3. Results
3.1. Identifying the NIR counterparts

In order to identify the NIR counterparts of the IRAS
sources, we need to determine where the IRAS uncertainty
ellipses (which express the position error at a 95% confi-
dence level) lie within each frame. After finding « and §

coordinates as a function of pixel rows and columns for
each K image (see Sect. 2.3), the IRAS ellipses could be
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IRS 19

IRS 20

IRS 21

IRS B2

Fig. 2. continued

properly placed on the observed fields. All K sources 3. intrinsic excess in (H — K, J — H) diagrams (here-
within an area of ~ 60 x 60 arcsec? centred on the IRAS after, we will refer to these simply as colour-colour
ellipse were then examined for finding the best candidates. diagrams);
The NIR counterpart, i.e., the object which effectively 4. the spectral index s should be the largest one;
contributes the most to the FIR flux, is tentatively se- 5. closeness to the IRAS ellipse centre.
lected in each field according to the following criteria:

‘We noted that sources with spectral indices s < 0 are gen-
1. spectral index s = dlog(AF\)/dlog()\) = 0; erally visible in the DSS optical plates, whereas sources
2. maximum luminosity in the K band; with s 2 0 are not, so item 1 cut off at least bright
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Fig. 2. continued

visible stars. Item 3 should allow to select YSO’s, though
this criterion can be relaxed since low luminosity Class I
sources sometimes do not exhibit IR excesses in colour-
colour diagrams and may appear as very reddened stars
(see, e.g., Lada & Adams 1992; in the following, we will
refer to this paper in analyzing colour-colour diagrams). If
the FIR flux was due to a cluster of sources, rather than a
single one, we anyway would expect the IRAS uncertainty
ellipse to include the location of the cluster (brightness-

F. Massi et al.: Star formation in the Vela Molecular Clouds. III.

weighted) centre. To accurately assess the above require-
ments, for each field we put all K sources detected within
the ~ 60x 60 arcsec? area in a (H—K, J— H) diagram and
plotted their SED’s in the form of a log(\) —log(AF)) dia-
gram (see Figs. 3-14, which however report just the SED’s
of candidate counterparts). This allowed us to rapidly de-
cide which is the NIR counterpart in almost all cases. In
the following, we discuss in detail all the observed fields;
NIR source numbers refer to those given in Table 4.
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3.1.1. IRS 13

This field is, at the moment, the only one for which we
could not obtain a reliable astrometry; in fact, the DSS
plate of the region contains too few stars with a NIR coun-
terpart in the K frame, confirming that the extinction is
large in this area (Ay > 30 mag, as reported in appendix
to Paper I). However, the most prominent structure in the
field is a reflection nebula (about 15” x 15”) hosting at
least 4 point sources (# 22, 25, 27 and 29; see Fig. 3c).
Out of these, source # 29 dominates the emission in the
K and L’ bands, and fits the above criteria (see Figs. 3a
and c). In the colour-colour diagram (Fig. 3a) it lies in a
region typically occupied by luminous Class I sources. Its
J, H and K magnitudes (see Table 4) are equal, within
the errors, to those obtained by single channel photometry
(given in Paper I). Though this one appears as the main
source contributing to the FIR flux, since its K brightness
exceeds that of other sources of about a factor 5 at least,
also # 25 has typical colours of Class I sources and # 22
and 27, which were not detected in the J band, could be
protostellar objects of the same type as well. Although, as
we will show later, we cannot exclude that such red ob-
jects with lower limits at J may be heavily obscured back-
ground stars, it is quite reasonable that all these sources
belong to a very young embedded star cluster.

3.1.2. IRS 14

The TRAS uncertainty ellipse is roughly centred on a pos-
sible reflection nebula hosting a small cluster which con-
tains more stars than reported by West (1980) from opti-
cal plates (his designation: ESO 313-N*10). A single point
source, # 37, is by far the brightest object in the K and L’
bands and, as shown in Fig. 4, is the best candidate to be
the NIR counterpart of IRS 14. It clearly exhibits a NIR
excess in the colour-colour diagram of Fig. 4a and its J, H
and K magnitudes coincide with those given in Paper I.
The colour-colour diagram indicates the presence of other
sources with a possible NIR excess in a region that is typi-
cally occupied by Classical T-Tauri or Herbig Ae/Be stars;
indeed, this means that a more plausible identification for
IRS 14 is that it is a Herbig Ae/Be star. Furthermore,
both the low mm-continuum flux (see Table 1) and the
failing to detect CS(2 — 1) emission (see Paper I) sug-
gest that this region may be more evolved with respect to
IRS 13.

3.1.3. IRS 17

Again, the IRAS uncertainty ellipse coincides with an ex-
tended NIR source, probably a reflection nebula, and is
roughly centred on the brightest object (# 57) in the K
and L' bands, which lies inside the nebula itself. Source
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Fig. 3. a) Colour-colour diagram, b) SED’s of some of the pos-
sible NIR counterparts of IRS 13 (along with fluxes in the
IRAS bands) and ¢) contour plot of the K flux around the
IRAS uncertainty ellipse (dotted line). Contours are in steps
of ~ 1o from ~ lo. The solid line in the colour-colour dia-
gram marks the locus of main sequence stars (Koornneef 1983),
whereas dashed lines are the reddening law according to Rieke
& Lebofsky (1985); 10 magnitudes intervals of Ay are indi-
cated by crosses. Data point on the right of the two dashed
lines represent sources with an intrinsic NIR excess. Upward
arrows indicate lower limits in (J — H) and vertical segments
with rightward arrows indicate sources with only upper limits
at J and H
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IRS 14 colour—colour
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Fig. 4. Same as Fig. 3, but for IRS 14

# 57 has the “right” spectral index (see Fig. 5b) and ful-
fils the counterpart requirements. Its colours (Fig. ba) are
typical of Class I sources. Our photometry coincides rea-
sonably, within the errors, with the single channel pho-
tometry (Paper I). Even if this object is surrounded by
other sources satisfying some of the counterpart require-
ments (# 40, 49, 67, 25; see Fig. 5b), these are fainter,
with the brightest ones essentially located to the south
and south-west of the ellipse and not symmetrically ar-
ranged around it; thus # 57 appears as the main source
of FIR flux. However, we note that # 40, an object with a
NIR excess and also detected in the L’ band, has a K flux
which is only a factor of 2 less than that of #57. Its pro-
tostellar nature is confirmed by NIR images in a narrow
band centred at the Hy v = 1—0 S(1) line (2.12 pm) show-
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Fig. 5. Same as Fig. 3, but for IRS 17

ing a jet which appears to be driven by the source (Massi
et al. 1997). The colour-colour diagram indicates the pres-
ence of other sources with NIR excesses and colours typical
of classical T-Tauri stars, Herbig Ae/Be stars and Class
I sources, suggesting this field is an extremely young em-
bedded star cluster.

3.1.4. IRS 18

The best NIR counterpart candidate, as shown in Fig. 6,
is source # 119, which lies at the margin of the uncer-
tainty ellipse and has the greatest spectral index. Our pho-
tometry indicates that the previously found NIR source
(Paper I), corresponding to our # 137, must be discarded
because of both its negative spectral index (see Fig. 6b)
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and its lack of a NIR intrinsic excess (see Fig. 6a). In fact,
according to Fig. 6a its colours are more or less compat-
ible with those of a reddened AQ V star. Source # 138,
which lies towards the north-eastern edge of the ellipse,
and source # 121, located within the ellipse, also fulfil
some of the counterpart criteria and could contribute to
the FIR emission (as suggested by the location of the IRAS
ellipse, straddling # 119, # 121 and # 138), though their
K fluxes are 3.5 and 5.5 times less than that of # 119,
respectively. We note the presence of another object (#
176) with possible colours of a luminous Class I source
(its J magnitude is a lower limit), even brighter than #
119 in K, but lying ~ 30” north-east of the IRAS ellipse
centre, then probably unrelated to the bulk of FIR flux.
No images in the L’ band are available.

It is interesting to note that the presence of main se-
quence stars just towards IRS 18 (source # 137) may serve
to constrain the distance to the region. As said, JHK
colours indicate that # 137 may be an A0 V star with
negligible extinction; since the GSC reports a star with
V = 12.38 mag in the same position, this confirms that
the identification is roughly correct and that an A0 V star
with intrinsic brightness V' ~ 10.8 mag and Ay ~ 1.5 mag
could account for the VJHK magnitudes. Allen (1976)
quotes an absolute magnitude V = 0.7 for an AQ V star,
hence source # 137 results to be located at a distance of
~ 1000 pc. We can exclude a supergiant star since a B7
I, which has roughly the same VJHK colours as an A0
V (Koornneef 1983), would lie at a distance > 16000 pc
(which is much more than we can reasonably assume for
the VMR; see Paper I). Considering a mean extinction
gradient of 1.9 mag kpc™! in the Sun neighbourhood
(Allen 1976), this means that the star has to be fore-
ground; however, the DSS plate shows an optical cluster
just towards IRS 18 which may represent the front end
of a larger star aggregate belonging to VMR-D, so the
given value is not just a lower limit for the cloud dis-
tance. Then, this estimate is in agreement, within the un-
certainties and the simplifying assumption of an A0 V star,
with the distance to the VMR-D of 700 & 200 pc given in
Paper 1.

Throughout the examined fields we have found objects
with only a lower limit at J, hence with either an intrinsic
NIR excess and typical colours of Class I sources, or very
large extinctions (Ay ~ 30 — 40 mag) if falling within the
main sequence reddening band in colour-colour diagrams.
Using source # 176 as a test case, we cannot exclude, only
on the basis of the K fluxes, that such objects are heavily
obscured background stars. In fact, assuming it is a red-
dened star, we can estimate an extinction Ay ~ 45 mag
from the colour-colour diagram and derive its intrinsic V'
magnitude (using the colours given by Koornneef 1983).
Then, comparing the obtained value with absolute visual
magnitudes of a wide range of spectral types and luminos-
ity classes (Allen 1976), we checked that supergiant stars
yielding the same obscured K flux should be located at
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Fig. 6. Same as Fig. 3, but for IRS 18

distances in excess of ~ 2000 pc, well behind the VMR-D
cloud. Only small differences arise in terms of extinction
from the fact that the locus of supergiant stars does not
coincide with the main sequence.

3.1.5.IRS 19

The northern part of an extended source, again a possible
reflection nebula, is located inside the eastern half of the
TIRAS uncertainty ellipse. This nebula hosts the brightest
point source in the field, # 49, which, as clearly shown in
Fig. 7, largely dominates the K flux and obeys the coun-
terpart criteria. In the L’ image it appears as the most
prominent source. Its JH K magnitudes are also equal,
within the errors, to those found through single channel
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photometry (Paper I), meaning the previous identification
is correct. All other sources within or around the ellipse
are at least one order of magnitude fainter in the K band
and have spectral indices less than that of source # 49.
Thus, they are unlikely to substantially contribute to the
FIR flux. The identification of # 43 (towards the south-
ern part of the nebula; see Fig. 7) as a point source may
be questioned and it could just represent the brightest
part of the reflection nebula. The colour-colour diagram
shows a large number of objects with possible NIR intrin-
sic excesses, suggesting, also in this field, the presence of
a young embedded cluster.
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3.1.6. IRS 20

Here, the IRAS uncertainty ellipse falls roughly among
3 extended nebulosities (see Fig. 8c), two of them lying
within the ellipse, at least partially. The southernmost
nebula, whose photometry coincides with the single chan-
nel photometry, was previously identified as the NIR coun-
terpart of IRS 20 (Paper I). Yet, as shown in Fig. 8c, this
nebulosity is located at the edge of the IRAS ellipse and
hosts no star-like objects. In fact, we doubt that sources
# 82, # 96 and # 109 are real stellar objects and sus-
pect they correspond to the densest regions in the nebulae.
Other sources (# 73 and 74; see Table 4) could be blobs
of nebular emission, as well. We think that source # 98,
which has the steepest spectral index and is near to the el-
lipse centre represents the best counterpart candidate. No
images in the L’ band are available. We note that # 93,
which however lies ~ 46" west of the ellipse centre (hence,
out of the field depicted in Fig. 8c), also may have the
colours of a Class I source (depending on the real value
of its J brightness, which is a lower limit in magnitudes).
Similar argumentations as for IRS 18 suggest that a heavy
reddened background star cannot be rejected in this case.

The colour-colour diagram of Fig. 8 shows a high
dispersion around the reddening band, but most of the
sources located on the left of the band have large error
bars, such as a few of those on the right. On the contrary,
the sources within the reddening band have well defined
colours and display a high degree of extinction. We note
also that a number of sources are present with only lower
limits at J and H. Hence, it is quite likely the existence
of a young embedded star cluster.

3.1.7. IRS 21

The TRAS uncertainty ellipse overlays a group of point
sources, and is off-centred towards the south with respect
to the latter. The brightest objects of the group (in the K
band) are located within the ellipse or close to its southern
edge (see Fig. 9¢), meaning they contribute to the most of
the FIR flux. Source # 50, which has a lower limit at J,
anyway fits the counterpart criteria, although the source
previously identified through single channel photometry
(see Paper I) is probably # 32. The latter, however, is
outside the ellipse, has the colours of a reddened main se-
quence stars (see Fig. 9a) and has a smaller spectral index
with respect to source # 50 (see Fig. 9b). Unfortunately,
due to the same arguments as used for IRS 18, we can-
not exclude the possibility that # 50 is a very reddened
background star.

A contribution from source # 27 must have affected
the single channel photometry in the K band, since this
object is only a few arcsec from # 32. Because of its spec-
tral shape and typical colours of a luminous Class I source,
this appears to be a counterpart candidate (see Figs. 9a,b);
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nevertheless, its location with respect to the ellipse may in-
dicate that source # 50 is prominent at FIR wavelengths.
Similarly, sources # 47 and # 35, which have the colours
of Class I sources, lie to the south or to the south-east of
the IRAS uncertainty ellipse. However, they witness again
the existence of a young embedded star cluster. No images
in the L’ band are available.

3.1.8. IRS 62

Figure 10b suggests that source # 27, coinciding with the
one already found through single channel photometry (as
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indicated by its J, H and K magnitudes; see Paper II),
is a suitable candidate. However, as shown in Fig. 10c,
it is clearly outside the IRAS ellipse, so # 26, which is
very close to the ellipse centre and has a similar spectral
index, may be the real counterpart. Both objects have
colours which are typical of luminous Class I sources, yet
# 27 displays equal fluxes at K and 12 pym, so we can-
not exclude that it contributes a not negligible part to
the FIR flux. Indeed, the IRAS compactness parameter is
E at 12 pm (see Paper II), suggesting a slight deviation
from point-likeness at this wavelength. No images in the
L' band are available.
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Fig.10. Same as Fig. 3, but for IRS 62

3.1.9. IRS 63

In this case, the IRAS uncertainty ellipse does not include
point sources, and clustering, if any, is small. There are
only a few objects lying at the edge of the ellipse (see
Fig. 11¢) and, furthermore, source # 27, which dominates
in the K band and whose J, H and K magnitudes roughly
coincide with those found through single channel photom-
etry, clearly has a negative spectral index (it is also plainly
visible in the DSS plate). The reddest objects are # 33,
11 and 21, but these are outside the ellipse. Source # 33
lies about 20" east of the ellipse centre and appears em-
bedded in a faint nebulosity (see Fig. 11c), source # 21 is
the nearest to the ellipse whereas source # 11 is about 40"
south-east of the ellipse centre. The protostellar nature of
# 22, an object undetected at J and H, is suggested by
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Fig.11. Same as Fig. 3, but for IRS 63

narrow band NIR images which show Hy v =1 — 0 S(1)
compact emission coinciding with this source (Massi et al.
1997). Although similar argumentations as for IRS 18 can
be used in order to show that # 21 could be a heavily
reddened background star, given its closeness to the IRAS
ellipse and its slightly steeper SED in the NIR, this source
appears, at the moment, the best counterpart candidate;
an important contribution to the FIR flux may come from
sources # 33 and 11, as well. No images in the L’ band
are available.

3.1.10. IRS 66

As shown in Fig. 12a, source # 31 has typical colours of
Class I sources; however, it lies ~ 40" from the ellipse
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Fig.12. Same as Fig. 3, but for IRS 66

centre. No other sources fulfil the requirements to be con-
sidered as NIR counterparts and, conversely, their colours
are compatible with those of reddened main sequence
stars. In Paper I (see Appendix) it was speculated that
the FIR flux may in part arise from the HII region RCW
32; this could also explain the larger positional error with
respect to the IRAS ellipse. Otherwise, the real counter-
part should have K 2 Kompl. No images in the L’ band
are available.

3.1.11. IRS 67

Source # 61 fulfils the counterpart criteria, and has the
colours of a Class I source (as judging from Fig. 13a).
Previously, no counterparts had been found within K =
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Fig.13. Same as Fig. 3, but for IRS 67

12.5 mag (see Paper II). All other sources surrounding the
IRAS uncertainty ellipse are very faint, in fact most of the
points on the left of the main sequence in the colour-colour
diagram have large error bars, as a number of point on the
right. Nevertheless, some of the NIR excesses on the right
appear to be better established, suggesting there may be
a few classical T-Tauri stars. No images are available in
the L’ band.

3.1.12. IRS 71

Source # 66 is located near the center of the uncer-
tainty ellipse, but probably it is # 85, north of the ellipse,
that was found through single channel photometry (see
Paper II). However, a few objects either show a possible
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IR colour excess, or appear as very reddened stars (see
Fig. 14a), or have a greater spectral index (see Fig. 14b),
namely # 44, 55 and 70. All these sources lie in proxim-
ity of the eastern edge of the ellipse, and may contribute
to the FIR flux. We note the presence of sources # 59
and 61 at the eastern edge of the ellipse, which are very
reddened, remaining undetected in the J and H bands:
they probably have the greatest spectral index, as shown
in Fig. 14b. Thus, # 59, the brightest one, may be the
main contributing source to the FIR flux. No images in
the L’ band are available.

Star formation in the Vela Molecular Clouds. III.

3.2. Comparison with the results of Papers I and II

As seen in the previous section, 4 (out of 10) of the NIR ob-
jects indicated as counterparts of IRAS sources in Papers I
and IT have been confirmed by our NIR data, whereas in 2
fields no suitable candidates had been found. The 4 sources
show mean differences between aperture photometry (this
paper) and single channel photometry (Papers I and II)
of K = 0.1, H = 0.7 and J = 1.2 mag, respectively.
The greatest differences are for IRS 17 in K (0.8 mag), H
(1.6 mag), and J (2.8 mag). These discrepancies are due
to both confusion in the 15” beam used in single channel
photometry and differences in the sky areas used to esti-
mate the background values. In this sense, single channel
photometry and aperture photometry coincide within er-
rors for all these sources.

As for the remaining 6 fields, the identifications given
in Papers I and IT are wrong and the (possible) NIR coun-
terparts we have found are significantly fainter in all 3
bands with respect to the previous ones. Almost all fields
contain one or more objects which, in a colour-colour di-
agram, fall on the upper right corner, a region typically
occupied by Class I sources (Lada & Adams 1992), and
this cannot be purely coincidental. Whereas usually one
of these red sources dominates in the K band, excepted
towards IRS 63 and IRS 71, there are 3 fields (namely, IRS
21, IRS 62 and IRS 66) in which ambiguities arise since
the brightest of the red objects do not lie within the IRAS
uncertainty ellipse, and in 2 of these cases fainter sources
with NIR excesses do exist much closer to the ellipse cen-
tre. One of the IRAS sources, IRS 14, can be classified as
a Herbig Ae/Be star rather than a Class I source (see also
Appendix).

Only among IRAS sources with Fi3 = 2.5 Jy (number
codes = 55 in our internal classification) we find coun-
terparts with K < 10 mag, whereas IRAS sources with
1 £ Fip < 2.5 Jy (number codes > 55) tend to have
K > 10 mag. However, no clear correlation is evident
between IRAS and NIR fluxes, as can be deduced from
Table 2, which lists the VMR-D IRAS Class I sources
along with their NIR counterparts, sorted according to
the 60 pum flux. The coordinates of the NIR counterparts
are given in the table, as well; they are hereafter assumed
as positions of the newly identified Class I sources.

3.3. mm data

The 1.3 mm observations can be used to determine the
masses of circumstellar envelopes, since dust emission is
likely to be optically thin at this wavelengths. Adopting
the formalism of Hildebrand (1983), the total gas mass,
Meny, is given by:

F,-D?

Menv = T 5
k, - B,(Tq)

(1)
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Table 2. NIR counterparts of the VMR-D IRAS Class I sources. The latter are named according to our internal classifica-
tion, whereas the former are numbered following Table 4. CC indicates the IRAS compactness parameter (see Paper I). The

coordinates of the NIR counterparts are also given

IRAS CC NIR NIR
source Counterpart Counterpart
Feo (this paper) K (1950.0) 4(1950.0) (Papers 1/II)
[e} ! "
Jy) (mag) " ™ ¢
IRS 18 952 BAAA 119 12.06 08 47 0.18 —42 43 18.8 different
IRS 19 343 AAAA 49 8.59 08 47 1.83 —43 21 18.6 same
IRS 17 327 AABB 57 9.92 08 44 49.11 —43 43 274 same
IRS 21 317 BAAA  50* 12.72 08 47 47.02 —43 59 32.4 different
IRS 20 216 AAAB 98 13.59 08 47 39.02 —43 05 58.6 different
IRS 13 178 AAAA 29 9.06 same
IRS 63 65.20 EAAB 21° 14.84 08 39 24.62 —40 41 31.6 different
IRS 67 42 BBBA 61 11.58 08 44 3655 —44 20 20.6 none
IRS 14 35.60 AAAA 37 8.58 08 40 2716 —40 33 21.1 same
IRS71 26.00 AAAA 59 13.88 08 50 2.96 —42 54 179 different
IRS 66 19.20 CCDC 31° 13.01 08 42 5778 —40 56 1.3  none
IRS 62 6.10 AAAC 26* 13.39 08 32 49.67 —43 14 12.8 (different

# Tentative identification.
® Outside the IRAS uncertainty ellipse.

where F), is the observed flux density, D is the distance
to the source, B, (Ty) is the Planck function and &, is the
opacity per unit (gas) mass. Ossenkopf & Henning (1994)
discuss the best choice for &k, on theoretical grounds, con-
cluding that a value ~ 1 x (Maust/Mgas) cm? g=!, is
likely in dense circumstellar envelopes, which, for a ra-
tio Maust/Mgas = 0.01, is greater than the interstellar
medium opacity (0.0026 cm? g=!), because of grain coag-
ulation and ice mantle growth over them. The envelope
masses for the 12 Class I sources have been calculated as-
suming a dust temperature Ty = 30 K and are listed in
Table 3. The uncertainty on k,, as quoted by Ossenkopf
& Henning (1994), should amount to a factor of 2, though
an upper limit on M, can be set using the interstellar
medium dust opacity (yielding masses 5 times greater than
indicated in Table 3). Since the telescope was pointed to-
wards the IRAS uncertainty ellipse centres and the beam
is roughly comparable with the ellipse sizes, this could
result in a flux (i.e., mass) underestimate whenever the
identified NIR counterpart lies far from the IRAS uncer-
tainty ellipse centre.

Finally, we can evaluate whether the values derived for
the envelope masses are consistent with the central masses
derivable from the observed luminosities. The bolometric
luminosities obtained by integrating the observed SED’s
from 1.25 pm (J band) to 1.3 mm are reported in Col. 2
of Table 3, excepted for IRS 71 (because of un upper limit
at 100 pm) and IRS 66 (no millimetric data). These are
increased by a factor 441 with respect to the values given
in Papers I and II. As expected, the bolometric luminosi-
ties are dominated by the emission at IRAS and submm
wavelengths. In addition, as a consequence of our selec-
tion, the luminosities are relatively high (120 < L/Lg

Table 3. Bolometric luminosities and circumstellar envelope
masses derived from 1.3 mm dust emission

Source Lbol Menv
Lo) (Mo)
IRS 62 1.210° 0.24
IRS 13 9.6 10> 2.6
IRS 63 5.110% 3.1
IRS14 2.510%° 0.22
IRS 67 2.6 10> 0.20
IRS 17 3.110° 6.4
IRS 18 5.6 10° 14.5
IRS19 1.610° 3.5
IRS20 1.6 10° 2.2
IRS21 1.810° 0.7
IRS 71 - 0.53

< 5600) and probably reflect central masses in the range
3.5 < M/Mg < 10, according to the models of Palla &
Stahler (1993), i.e. protostellar candidates of intermediate
mass. Noting that 0.2 < Men, /Mo = 15 (see Table 3),
we can conclude that the envelopes seem to have masses
which are not a small fraction of that condensed on the
central object. This finding indicates these sources might
have not yet accumulated most of their stellar mass.

In summary, the NIR images and the 1.3 mm photometry
allow us to determine coordinates (given in Table 2) and
SED'’s for 11 newly identified Class I objects and a Herbig
Ae/Be star.
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4. Discussion
4.1. Clustering

In Papers I and II, SED’s were derived for all selected
YSO’s based on IRAS fluxes (within beams of ~1’) and
single channel NIR photometry (with an aperture of 15”).
These SED’s were then used to determine the luminosity
function (LF) of Class I sources in the VMR. Yet, source
clustering may have affected significantly both SED’s and
the LF, therefore making compelling to assess the de-
gree of source multiplicity (and extendedness) using NIR
images. The way in which clustering may have acted is
threefold: first, uncorrect identifications of NIR counter-
parts may have caused errors in the SED’s at NIR wave-
lengths; second, if FIR fluxes (whose resolution is some-
what low) generally resulted from the contribution of two
or more close-by sources, the true LF might differ both
in the shape and in the luminosity range. Third, the
IRAS Class I sources may “conceal” fainter Class I sources
whose presence, anyway, should be accounted for in the LF
(shadowing).

As for SED’s, we found that NIR fluxes need to be re-
vised (downward) in 6 cases (namely, IRS 18, IRS 20, IRS
21, IRS 62, IRS 63 and IRS 71). Yet, previous estimates
of the NIR contribution to the bolometric luminosity are
< 0.5% of the whole emitted energy for all sources but
IRS 62, where it amounted to 17.4% (see Papers I and
IT). Hence, given that NIR fluxes were found to be & 10%
of the total flux throughout the catalogue of VMR Class
I sources (see Table 5 of Paper I and Table 3 of Paper II),
and considering that any change due to misidentifications
of NIR counterparts is likely downward, these changes
barely affect the bolometric luminosities and, hence, the
LF.

Instead, it is much more important to check the possi-
bility that IRAS fluxes may result from the contribution
of two or more extremely close-by objects. Although clus-
tering is well evident in our images at size scales = 1’ x 1’
(see Fig. 2, and our paper in preparation for an in-depth
discussion), IRAS Class I sources do seem to have well de-
fined NIR counterparts which begin to dominate the emis-
sion in the K band. Generally, many objects lie within or
near the IRAS uncertainty ellipse, but they are well re-
solved (see, e.g., Fig. 4c), and often much fainter than
the Class I source main candidates (see, e.g., Fig. 5¢). A
few images show in fact that the identified counterparts
stand out even more noticeably in the L’ band with re-
spect to all other NIR sources (IRS 13, IRS 14, IRS 17 and
IRS 19). However, in some cases (IRS 18, IRS 62, IRS 63)
Mid-Infrared observations at comparable spatial resolu-
tion are compulsory in order to confirm the predominance
of a single source.

Once excluded the possibility that more sources con-
tribute to the IRAS fluxes, shadowing remains the ma-
jor concern, since in many fields there are more than one
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object with typical colours of Class I sources. Some of
the “shadowed” sources (i.e., possible Class I sources dis-
carded as IRAS counterparts) have greater K luminosities
with respect to other IRAS counterparts (e.g., IRS 17 #
40 and IRS 13 # 25); unfortunately, it is not possible to in-
fer a bolometric luminosity from the NIR brightness only,
since, as we have already shown, there is no correlation
between NIR and TRAS fluxes. However, there are indi-
cations that these sources, if their protostellar nature was
confirmed, have to be accounted for probably only in the
L Z 100 Le part of the LF. In fact, let us first examine
the case of IRS 62 # 27: though we have not considered
it as the NIR counterpart of the IRAS source, it is one of
the NIR brightest Class I (-like) sources we have found.
Nevertheless, certainly it has a small bolometric luminos-
ity (< 120 Lg); see Table 3). Similarly, IRS 13 is the less
luminous of the IRAS sources with Fip > 2.5 Jy (exclud-
ing IRS 14) and one of the brightest in the K band (#
29); in this field, two objects have typical colours of Class I
sources (# 25 and 29), but only one seems to dominate in
the FIR, so the other cannot affect the upper luminosity
end of the LF.

Then, if bright Class I sources are accompanied by
other YSO'’s of the same kind, these latter should have
somewhat smaller bolometric luminosities (however, a
conclusive assessment in this sense requires Mid-Infrared
observations). Therefore, the LF given in Paper II should
be well established for L < 102 L), unless clustering at
a size scale of T 2" a conservative estimate of the K im-
age resolution, occurs. Assuming a distance of 700 pc, this
would indicate that multiple stars form within 0.007 pc of
each others (i.e., ~ 1500 AU). But this size is roughly less
than typical diameters of circumstellar envelopes, so this
scenario appears unrealistic. Actually, we cannot rule out
the possibility that a few NIR counterparts of the IRAS
sources are close binaries; anyway, even in the worst case
of companions with the same bolometric luminosity of the
main object the inferred protostar masses would not be
greatly changed. At the high luminosity end, the true LF
should not be significantly different from that found by
Lorenzetti et al. (1993), if roughly the same fraction of
sources in each luminosity bin is composed of close bina-
ries of identical mass. Also a wider mass spectrum for the
companions of Z 10 M, protostars would probably reflect
on basically the low luminosity end of the LF. However,
this issue cannot be settled by our observations.

4.2. Reflection nebulae

Remarkably, we found extended nebulosities in a number
of fields; these probably represent reflection nebulae and
further confirm the youthness of the objects in the re-
gion. The NIR counterparts of 5 IRAS sources (namely
IRS 13, IRS 14, IRS 17, IRS 18 and IRS 19) appear em-
bedded in nebulosities. Furthermore, within the fields of
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IRS 20, IRS 21 and IRS 62, small nebulae lie close to the
IRAS source and, in the remaining fields, the NIR counter-
parts may be embedded in faint patches of diffuse emission
(e.g. IRS 71). The nebulosities are well evident in K im-
ages and, sometimes, less evident in the J band, because
of either the increase in bulk extinction or/and the SED
of the illuminating sources (usually extremely red). Note
also that the majority of nebulosities (IRS 13, IRS 14,
IRS 17, IRS 18, IRS 19 and IRS 62) host multiple stars
separated by a few arcseconds from each other.

It is interesting to examine in closer detail the mor-
phology of TRS 20 and IRS 21, where apparently the
NIR counterparts are not embedded in the local nebu-
losities. In IRS 20 (see Fig. 8c) three nebulosities are pro-
jected around source # 98; although we have found sources
within the diffuse emission (# 82, 96 and 109), they are
probably only small nebular peaks. In fact, the colours of
sources # 82 and # 96 are very similar to those obtained
from the integrated brightnesses of the corresponding neb-
ulae (indicated by asterisks in Fig. 8a), but note that, since
these sources are somewhat fainter than the whole nebu-
lae (see Table 4), they do not significantly contribute to
the integrated fluxes. Conversely, although the colours of
# 109 are quite different from those of the corresponding
nebula (see Table 4), morphologically, it resembles a blob
of nebular emission rather than a star-like object, as well
(Fig. 8c).

As a result, it is tempting to interpret the structure
towards IRS 20 as a single reflection nebula illuminated
by source # 98, in a region of highly variable extinction,
which could make up dark lanes splitting the extended
emission into three parts. In this case, the colours of the
nebulae must be consistent with those of the illuminat-
ing source. To check this circumstance we assume a A\ ™%
dust isotropic scattering; hence, the received flux from a
reflecting nebula is roughly given by:

_ hLo(Y)

F
A 4md?

1 o3 2
where Lg(A) is the luminosity of the illuminating source
in the A\ band, f) a factor accounting for atmospheric
transmission, filter bandpass and detector sensitivity, (s
the fraction of solid angle subtended by the nebula (with
respect to the illuminating source), d the distance from
the observer, A\ the effective wavelength and 7y a factor
depending on the density and geometry of the nebula.
Assuming 79 does not depend on A, the colour of a re-
flection nebula is given by:

f,\QLo(AQ)]
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where m is the flux in magnitudes and we have considered

no extinction. Note that the first term on the right-hand
side is the intrinsic colour of the illuminating source.

The isotropic scattering law (applied to # 98) has
been drawn in Fig. 8a by varying 7p; both the illuminat-
ing source and the reflection nebulae must be individu-
ally reddened according to the extinction towards them.
Since the brightest nebula exceeds in K luminosity # 98
by 3 mag, the extinction Ay towards # 98 must be at
least ~ 30 mag greater than towards the nebula (assuming
Ak = 0.11 Ay; see Rieke & Lebofsky 1985), if the former
illuminates the latter (since a reflection nebula cannot be
intrinsically brighter than its illuminating source). As in-
dicated in the colour-colour diagram of Fig. 8a (where, as
said, nebulae are indicated by asterisks), the given value
of J — H for source # 98 is a lower limit, suggesting that
# 98 might have a sufficiently large J — H to account
both for the colours and for the K flux difference of the
nebulae. Namely, the position of # 98 in Fig. 8a is al-
lowed to be moved in the upper right corner of the plot in
such a way that the scattering law is compatible with the
obscured colours of the nebula, once the extinction is ac-
counted for. Similarly, it is possible to find combinations of
70, €25 and extinction which account for both colours and
K flux differences of the three individual nebulae. Other
star-like objects close to the smallest nebulae (# 113, 96,
99, 102) cannot account for the nebular colours since lying
to the left in the colour-colour diagram, with the possible
exception of # 103.

A small extended nebulosity (source # 43) ap-
pears to the south of the NIR counterpart (source
# 50) of IRS 21 (see Fig. 9¢). The isotropic scattering law
(applied to # 50) has been drawn in Fig. 9a and, as can
be seen, the colours of # 43 are, in principle, compatible
with those of a reflection nebula illuminated by # 50, if
the latter is more extincted than the former of Ay ~ 12
mag (according to the colour-colour diagram of Fig. 9a,
where the nebula is indicated by the asterisk). Source
# 43 is as bright as source # 50 in the K band, so,
considering an extinction difference between the object
and the nebula Ax ~ 0.11 x 12 = 1.3 mag, it would be
~ 1.3 mag fainter, whereas its small apparent size would
indicate a difference of at least K = —2.51log(Qs) ~ 2.0
mag, in rough agreement considering the oversimplifica-
tion of our model. In conclusion, both in the case of IRS
20 and IRS 21 the NIR counterparts of the IRAS objects
may be the illuminating sources of nearby nebulosities.

As shown in Fig. 7a, also the colours of the nebular
emission (indicated by the asterisk) south of source # 49,
towards IRS 19, are compatible with isotropic scattering
of NIR radiation from # 49 itself. It must be more ex-
tincted than the nebula, since it is ~ 1 mag fainter in
the J band; this means Ay > 3.5 mag (using the redden-
ing law of Rieke & Lebofsky 1985) which is plausible as
can be checked in the colour-colour diagram of Fig. 7a.
Conversely, the colours of # 43 (an object found within
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the nebula) are very similar to those obtained from the
integrated magnitudes of the nebula itself, but since it is
much fainter than the latter, # 43 is probably only part
of the nebular emission.

In conclusion, if the NIR counterparts of IRS 19, 20
and 21 are the illuminating sources of the nearby nebu-
losities, they must be heavily extincted (more than Ay
~ 30 mag in one case), confirming their nature of embed-
ded Class I sources.

The large number of (possible) reflection nebulae is
not unexpected; e.g., Yun et al. (1994) found evidence of
embedded nebulosities in 11 out of 34 Bok globules im-
aged in the JH K bands. Nebulae which appear brighter
in the K band than in the J band are found by these
authors to be associated with IRAS sources displaying a
12/25 pm spectral index o = dlog(vB,)/dlogv < 0, and
are attributed to objects deeply embedded in the clouds.
According to these authors, they represent an earlier evo-
lutionary state with respect to similar regions associated
with nebulae which are brighter in the J band. According
to our observations, most of the Class I source candidates
in VMR-D would be in this stage.

5. Conclusions

We have presented JHK images along with NIR and
1.3 mm photometry of 11 Class I sources and a possi-
ble Herbig Ae/Be star in the Vela Molecular Ridge D
cloud, previously identified by Liseau et al. (1992) and
Lorenzetti et al. (1993). Whereas clustering of YSO’s will
be discussed in a forthcoming paper, we have established
the following points:

1 Through NIR- and mm-photometry, we have deter-
mined the SED’s for the 11 newly discovered Class
I sources (and the Herbig Ae/Be star). Bolometric lu-
minosities range between 120 and 5600 L), indicating
protostars with masses between 3.5 — 10 M.

2 The mm-photometry allows also to derive envelope
masses ranging between 0.2 — 15 M), hence of the
same order of the protostar masses deduced above.

3 Although clustering is well evident, the NIR counter-
parts of the IRAS sources seem to be single objects
(or, possibly, close binaries), though quite often there
is more than one source per field with JHK colours
typical of Class I.

4 The NIR images confirm that 11 IRAS sources are real
Class I objects; in the case of IRS 14, we found more
appropriate to identify it as a Herbig Ae/Be star.

5 Only 4 of the previously identified counterparts
through single channel photometry, have been
confirmed by the present observations. The NIR
contribution to the SED’s of the IRAS Class I source
candidates must be furtherly revised downward with
respect to previous determinations and appears to be
< 10%.
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6 Many sources are associated to diffuse emission; 5 NIR
counterparts appear embedded in reflection nebulae,
whereas 2 NIR counterparts are close to nebulosities
(and are probably illuminating them). A bright neb-
ula has been found near the IRAS uncertainty ellipse
in one field (IRS 62), possibly unrelated to the NIR
counterpart. This frequent association with nebulosi-
ties confirms the youthness of the targeted objects.

7 In IRS 19, IRS 20 and IRS 21, the identified Class I
sources may represent the illuminating sources for the
observed nebulae. This occurrence implies high val-
ues of the extinction towards them (more than Ay
~ 30 mag in one case).

Appendix A: Data reduction and photometry

The 12 observed fields were imaged in 3 dithered positions
each band, namely A, B and C. From these, 3 sky sub-
tracted frames were obtained performing B— A, B—C and
C — A, and were divided by a normalized flat field differen-
tially generated (so as to remove any bias) by illuminating
a dome screen at two different levels of light intensity. The
images were subsequently cleaned for the presence of bad
pixels by interpolating across them, and finally registered
and co-added, using thresholding and median filtering in
order to remove any signal below the sky level introduced
by the subtraction, providing a single frame suitable for
photometric analysis.

We used the DAOFIND task (Stetson 1987) to identify
point sources down to a 4o level; subsequently, each frame
was visually inspected at different contrast levels in order
to remove false detection or add faint sources undetected
by DAOFIND. Then, aperture photometry was performed
using PHOT routines with an aperture radius of 2 pixels
(about the FWHM of PSF’s); this low value was needed in
order to accurately measure source brightness in the most
crowded areas of the imaged fields, but we checked that it
was appropriate for relatively isolated stars as well. Due to
the extremely variable background, the sky was sampled in
10-pixel wide annuli centred on each star, with inner radii
of 10 pixels. An aperture correction was estimated using
the brightest and most isolated stars in each image. The
standard deviation of magnitude corrections both within a
frame and within a band is generally < 0.1 mag. The small
annulus we have been forced to use because of crowded-
ness and sky variations, obviously introduces a systematic
error in the given JH K magnitudes (which, however, we
estimate < 0.1 mag), but we expect that this is severely
reduced, at least at the first order, when colours are de-
rived. The modal value of pixels within each annulus was
chosen for background subtraction; since the sky is ex-
tremely variable where also crowdedness is important, the
modal value may not adequately sample it; however, we
expect that this error may become dominant only for the
faintest objects.
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Table 4. JH K photometry and positions of found K sources towards IRS 63, given as an example of the whole list in electronic
form. Due to the presence of bad pixels or the closeness to the image edge, a few JHK entries are not given and marked as

“unav” (unavailable)

NIR RA(1950)  6(1950) J H K
source (hm s “’'" (mag)

IRS 63 (08h 39™ 2334 —40° 41’ 18")
1 839 19.46 —40 42 26.2 unav unav unav
2 839 19.58 —404224.7 > 18 18.41 £0.56 16.87 £0.18
3 8392243 —404221.7 >18 16.93 £0.15 15.90 £+ 0.07
4 8392436 —4042204 12.90+£0.00 12.39+0.00 12.344+0.00
5 8392722 —404217.7 > 18 > 17 16.88 £ 0.17
6 839 29.69 —4042 14.8 unav unav unav
7 8 39 24.85 —4042 2.7 > 18 > 17 17.57 +0.33
8 839 20.00 —4042 2.4 16.71 £0.05 15.57 £0.04 15.06 £+ 0.04
9 839 27.53 —404158.9 >18 16.47 £0.08 14.96 £+ 0.03
10 839 28.55 —4041583 >18 17.52 £0.22 16.97 £0.18
11 839 24.75 —404157.0 15.60+0.02 13.48+0.00 11.73 4+0.00
12 839 19.11 —404155.7 17.84+0.12 16.02+0.06 15.194+0.04
13 839 20.37 —404154.8 16.69+0.05 16.03+0.06 16.02 4+ 0.09
14 83929.35 —404154.3 1810+£0.19 16.99+0.18 16.43+0.13
15 839 29.69 —40 41 53.7 unav unav unav
16 839 25.32 —40 41 43.7 15.28 +0.01 14.79 4+0.02 14.55 £0.02
17 8392149 —404143.4 1582+0.02 14.84 +£0.02 14.20+0.01
18 83919.19 —-4041379 >18 1752 £0.26 16.21 £0.10
19 839 18.62 —4041 36.0 18.05+0.15 16.47+0.10 15.69 4+0.05
20 839 18.73 —4041 33.1 13.60£0.00 13.23+0.00 13.1240.00
21 83924.62 —404131.6 >18 17.05 £0.14 14.84 £0.03
22 8392554 —4041309 >18 > 17 15.39 £0.04
23 839 20.23 —4041 30.2 15.67+£0.02 15.11 £0.02 14.82 +0.03
24 839 29.65 —404126.8 > 18 unav unav
25 8391943 —-4041246 > 18 17.84 £0.28 17.21 £0.24
26 839 21.32 —-4041243 >18 16.82 £0.11 15.47 £0.04
27 8 39 23.57 —404123.7 12.32+£0.00 11.68+0.00 11.37+0.00
28 83924.99 —404123.2 1763+0.12 16.35+0.08 15.21 £0.04
29 8 39 256.57 —404122.6 16.01 £0.03 14.20+0.01 13.03 +0.01
30 839 27.77 —404121.0 >18 17.14 £0.16 15.31 £0.04
31 83924.15 —-4041169 > 18 > 17 15.31 £0.04
32 8392399 —404116.9 16.70£0.05 15.77+0.05 15.04 +0.03
33 839 25.75 —404116.7 15.23+£0.01 13.02+0.00 11.71 4+0.00
34 839 26.86 —4041159 13.32+0.00 12.63+0.00 12.38 4+0.00
35 839 28.63 —4041124 17.36 £0.09 15.81 £0.05 15.30 +0.04
36 83929.28 —404110.9 18.38+0.24 15.70+0.06 14.22 4+0.02
37 839 29.69 —4041 8.7 > 18 17.28 £0.22 unav
38 83923.62 —-40416.4 16.81 £0.05 15.80 £0.04 14.95+0.03
39 839 25.13 —404154 13.39 £0.00 12.29 +£0.00 11.73 +0.00
40 8 39 22.17 —40 41 4.7 15.84 £0.02 14.94 £0.02 14.44 +0.02
41 839 27.15 —40141 2.1 14.154+0.00 13.32£0.00 12.93 +0.00
42 8 39 27.63 —404056.4 > 18 17.76 £0.29 16.46 £0.12
43 839 22.70 —404056.1 > 18 > 17 17.36 £0.25
44 839 22.96 —404053.9 15.88+0.02 14.56+0.01 13.8540.01
45 8 39 28.67 —404049.8 > 18 16.92 £0.13 16.30 £ 0.09
46 8 39 22.62 —40 40 48.5 unav unav unav
47 839 24.66 —404133.0 >18 > 17 15.48 £0.05
48 8392537 —404131.3 >18 > 17 16.28 £ 0.10
49 8392489 —404121.7 >18 > 17 16.77 £0.18
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Appendix B: Notes to individual sources

A short description of the field around each IRAS source
is reported in Papers I and II. Here we provide additional
information found in the more recent literature:

- IRS 63 - 6.7 GHz methanol maser emission has been
searched for without result (limiting flux ~ 5 Jy; Van
der Walt et al. 1996). It is an IRAS PSC associated
with a bright-rimmed cloud found near an OB associ-
ation (Sugitani & Ogura 1994).

-IRS13-CS (2—1): (Tmp = 1.33 K; vsg = +9.5 km
s71 Av = 1.9 km s~!; Bronfman et al. 1996). 6.7 GHz
methanol maser emission has been searched for with
negative results (limiting flux ~ 5 Jy; Van der Walt
et al. 1995).

- IRS 14 - Tt coincides with the sources PRHa 161/162
(Pettersson & Reipurth 1994). This source has been
classified as a Herbig Ae/Be star by Thé et al. (1994)
and, as such, the properties of its circumstellar enve-
lope have been investigated by Pezzuto et al. (1997).

- IRS 17 - Water and 6.6 GHz methanol masers were
searched for (Scalise Jr. et al. 1989; Schutte et al.
1993). CS (2—1): (Tmp = 5.28 K; vpsg = +3.7 km
s71 Av = 4.3 km s~!; Bronfman et al. 1996).

- IRS 18 - A 6.6 GHz methanol maser was detected at
+11, +15 km s~! (Schutte et al. 1993).

- IRS 19 - Selected as planetary nebula candidate and
not detected at 6 cm (rms ~ 1 mJy; Van de Steene
& Pottasch 1993). CS (2—1): (Twmb = 5.80 K; vsr
= 412.0 km s7!; Av = 2.9 km s™!; Bronfman et al.
1996).

- IRS 20 - CS (2 — 1): (Tmb =1.01 K; vpsg = +2.1 km
s71 Av = 2.3 km s™!; Bronfman et al. 1996). 6.7 GHz
methanol maser emission has been searched for with
negative results (limiting flux ~ 5 Jy; Van der Walt
et al. 1995).

- IRS 71 - A possible Ha star has been detected at (19.8,
18) arcsec with respect to the IRAS position (Marquez-
Limon et al. 1992 - their # 29). It coincides with our
# 85, a source which lies slightly below the reddening
line of A0 V stars in the colour-colour diagram and
exhibits a relatively small reddening (Ay ~ 2).
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