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ABSTRACT

Context. Mechanisms involved in the star formation process and in particular the duration of the different phases of the cloud contrac-
tion are not yet fully understood. Photometric data alone suggest that objects coexist in the young cluster NGC 6530 with ages from
~1 Myr up to 10 Myr.

Aims. We want to derive accurate stellar parameters and, in particular, stellar ages to be able to constrain a possible age spread in the
star-forming region NGC 6530.

Methods. We used low-resolution spectra taken with VLT/VIMOS and literature spectra of standard stars to derive spectral types of
a subsample of 94 candidate members of this cluster.

Results. We assign spectral types to 86 of the 88 confirmed cluster members and derive individual reddenings. Our data are better
fitted by the anomalous reddening law with Ry = 5. We confirm the presence of strong differential reddening in this region. We derive
fundamental stellar parameters, such as effective temperatures, photospheric colors, luminosities, masses, and ages for 78 members,
while for the remaining 8 YSOs we cannot determine the interstellar absorption, since they are likely accretors, and their V — I colors
are bluer than their intrinsic colors.

Conclusions. The cluster members studied in this work have masses between 0.4 and 4 M,, and ages between 1-2 Myr and 6—7 Myr.
We find that the SE region is the most recent site of star formation, while the older YSOs are loosely clustered in the N and W regions.
The presence of two distint generations of YSOs with different spatial distribution allows us to conclude that in this region there is an

age spread of 6—7 Myr. This is consistent with the scenario of sequential star formation suggested in literature.

Key words. techniques: spectroscopic — open clusters and associations: individual: NGC 6530 — stars: formation —
Hertzsprung-Russell and C-M diagrams — stars: pre-main sequence — stars: fundamental parameters

1. Introduction

The study of very young open clusters is crucial to understand-
ing the process of star formation within molecular clouds, since
by measuring their age dispersion, it is possible to reconstruct
the star formation history and test different star formation the-
ories. A still controversial issue concerns the predictions of
the duration of different phases of star formation. According
to early models, clouds were considered in virial equilibrium,
which makes them evolve on long time scales (3108 years) (e.g.
Solomon et al. 1979; Palla & Stahler 2000; Tan et al. 2006;
Huff & Stahler 2007). In contrast, recent observations obtained
with the Herschel observatory reveal very elongated, filamentary
structures (e.g. Molinari et al. 2010), suggesting clouds affected
by supersonic turbulence (Ballesteros-Paredes et al. 2007) that
are expected to form stars on short time scales (~107 years) (e.g.
Elmegreen 2000; Hartmann et al. 2001; Elmegreen 2007).
Reliable age determinations in star-forming regions are thus
crucial to deriving the age spread and establish the duration
of the star formation process. This allows us to constrain star
formation theory and also to understand the evolution of the

* Based on observations collected at the European Southern
Observatory, Paranal, under program ID 077.C-0073B.

** Tables 1, 3, and 5 are available in electronic form at
http://www.aanda.org
*** FITS files are only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?]/A+A/546/A9
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circumstellar material around young stellar objects (YSOs),
which are strictly related to planet formation.

Stellar ages can be derived by different methods, as discussed
in Soderblom (2010), but the physical complexity of YSOs and
of their environment imply very large uncertainties on the stel-
lar parameters from which ages are inferred (see Preibisch 2012,
for a detailed review). The most widely used method of estimat-
ing the ages of young stars is to derive effective temperatures
and luminosities from observational data and compare them in
the Hertzsprung-Russell diagram (HRD) with those predicted by
theoretical pre-main sequence (PMS) models. Uncertainties in
the stellar parameters of SFRs, if not appropriately considered,
can be underestimated leading to the interpretation of the ob-
served scatter in the HRD as an intrinsic age spread rather than
as un upper limit to the true age spread (Preibisch 2012).

One of the most important contributions on the stellar param-
eter uncertainties comes from the presence of different amount
of interstellar and circumstellar extinction around YSOs. This
yields highly unreliable derivations of effective temperature
from photometric colors and therefore requires the acquisition of
low-resolution spectra to derive spectral types to infer accurate
effective temperatures. An appropriate reddening law to derive
the absorption and therefore the luminosity, and a suitable treat-
ment of other sources of uncertainties, such as excess emission
in the blue and/or in the IR spectrum, binarity, and photometric
variability are also crucial for deriving accurate stellar parame-
ters, hence reliable stellar ages.
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A good target for studying all these topics is the very young
and rich open cluster NGC 6530 (associated with the giant
molecular cloud M8 or Lagoon nebula), located about 1250 pc
from the Sun. A peculiarity of this region is the presence of the
Hourglass nebula, a compact H II region, produced by the ex-
tremely young O7.5 V star Herschel 36.

Several investigations have been devoted to this cluster since
the work of Walker (1957). The main challenge when studying
star-forming regions comes from most of the cluster stars still
being in the PMS phase and, due to the age spread and/or obser-
vational uncertainties, are located in a broad region of the color-
magnitude diagram (CMD). In the case of NGC 6530, only stars
hotter than about AO spectral types are located on the cluster
main sequence, while most of the cluster members show a wide
spread in the CMD. Sung et al. (2000) gives a list of 37 PMS
candidates of NGC 6530, based on H, and UBVRI photome-
try, down to V ~ 17. They also derived individual reddening
values for 30 O and B type stars, finding evidence of differen-
tial reddening with E(B — V) in the range [0.25, 0.5] mag and
a mean value of 0.35. More recently, a long list of candidate
members (884 sources) has been obtained using a deep Chandra
ACIS-I X-ray observation (Damiani et al. 2004). Optical and
IR (2MASS) properties of these X-ray sources have been an-
alyzed by us in Prisinzano et al. (2005) and in Damiani et al.
(2006). Using BVI images taken with the WFI camera of the
ESO 2.2 m telescope, we obtained a photometric catalog that
reaches down to V =~ 23, from which we derived a revised clus-
ter distance of ~1250 pc. This value has been confirmed by Arias
et al. (2006) who derived the cluster distance using the spec-
tral energy distribution, from optical and IR photometry, for a
group of stars around Herschel 36. Adopting this distance value,
the Sung et al. (2000) mean reddening and theoretical models,
we estimated ages and masses from photometry and, within the
large uncertanties derived by the assumption of a mean redden-
ing, we found indications of a sequential star formation.

Few spectroscopic studies are available for the low-mass
population of this cluster. In particular, 332 PMS candidates
with V < 18 mag, chosen based on their position in the color-
magnitude diagrams, have been studied using high-resolution
spectroscopic observations (R = 19 300) taken with GIRAFFE-
FLAMES at the VLT, with the setup around the lithium line, and
around the H, line for a subsample of them (Prisinzano et al.
2007, hereafter PDM2007). Most of them (237) are confirmed
cluster members based on their radial velocities and on the pres-
ence of a strong lithium line. However, most of the derived prop-
erties of the cluster (age spread, disk frequency, IMF, and history
of star formation) are based on temperatures derived by the B—V
and V-1 colors, assuming a mean reddening, so they are affected
by very large uncertainties.

Intermediate-resolution spectra in the range 3850-7000 A of
39 YSOs in NGC 6530 with Ha emission and NIR excess were
used by Arias et al. (2007) (hereafter ABM) to derive effec-
tive temperatures, luminosities, masses, and ages, by means of
NIR photometry. Although the sample of studied members is
relatively small, their results also suggest a sequential process in
the star formation.

In this paper we present the spectral type classification of
a selected sample of candidate members of NGC 6530 with a
large number of relatively clean objects with X-ray emission but
without evidence of NIR excesses and thus likely weak T Tauri
stars (WTTS). In addition, we present results for YSOs with ev-
idence of NIR excesses and for candidate YSOs selected from
their position in the CMD. The aim of this work is to determine
reliable and accurate effective temperatures and luminosities to
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be placed in the H-R diagram. In addition we want to investigate
if areal age spread is present in this cluster and if the evidence of
a sequential and triggered star formation from N to S, as found
since the work of Lada et al. (1976), can be confirmed with our
data.

2. Observations
2.1. Target selection

We observed a total of 94 spectroscopic targets, selected among
candidate members with 12.5 < V < 19.0 in the PMS region of
NGC 6530 by using the Prisinzano et al. (2005) optical catalog
obtained from images taken with the WFI camera of the ESO
2.2 m telescope. Most of our targets (65) do not show strong
IR excesses and were chosen for being likely clean YSOs not
affected by severe veiling effects, for which the derived stellar
parameters should be affected by relatively small uncertainties.
In addition, we selected 24 candidate YSOs with evidence of
NIR excesses in the JHK color—color diagram and five further
targets selected because they fall in the PMS region of the V vs.
V — I diagram.

Among our targets, 87 have an X-ray counterpart in Damiani
et al. (2004), while 68 are in common with the sample of
VLT/FLAMES spectra published in PDM2007. In Table 1 we
list coordinates, literature identification number, and photomet-
ric data of our targets, and in Fig. 1 (top panel) we show the V vs.
V — I diagram where candidates without and with NIR excesses
and selected only photometrically are highlighted with different
symbols.

2.2. Observations and data reduction

Spectroscopic observations of the NGC 6530 cluster were per-
formed on May 25, 2006 and on June 17, 2006 within the ESO
program 077.C-0073B, with the VIMOS instrument mounted at
the Nasmyth focus B of the ESO-VLT UTS3 telescope.

We used the multi-object spectroscopy (MOS) and high-
resolution (HR) modes, with the Orange setup (spectral
resolution R ~ 2150, with a slit width of 1 arcsec), covering
a spectral range approximatevely between 5200 and 7600 A.
Slit definition and positioning were performed with the VIMOS
Mask Preparation Software (VMMPS). Target positions were
taken from the source list found in the VIMOS pre-imaging. Our
targets were observed with three exposures of 2260 s. Further de-
tails are given on the log of observations given in Table 2.

Data were reduced with the VIMOS pipeline and the ESO
Recipe Execution Tool (EsoRex). For the analysis of this work
we considered the reduced spectra of detected objects. For the
spectra obtained on May 29, calibration lamps were acquired
after seven and ten hours from the first and second observa-
tions, respectively. As a consequence, the telescope rotator po-
sition was very different from the one at the time of the science
spectra acquisition. Since the relative slit position with respect
to the grism changes with the rotator position, these spectra are
affected by a distortion that caused a variable shift along the dis-
persion direction up to 12 A in the wavelength calibration. For
this reason, our spectra were not summed to improve the S/N
but were analyzed separately, and appropriate local wavelength
corrections have been found, when required, for the analysis pre-
sented in this work.
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Fig.1. V vs. V — [ diagram of our targets. Top panel shows the 65 tar-
gets classified as candidate weak T Tauri stars, since they were detected
in the X-rays, the 21 targets with IR excesses and the five photometric
candidates, selected for the VIMOS observations. Middle panel shows
the CMD for the 68 targets, also observed with FLAMES were “M”
indicates the 63 confirmed cluster members, “NM” indicates the three
nonmembers and “M?” indicates the two uncertain members. Bottom
panel shows the CMD for the 88 targets classified here as cluster mem-
bers and the six classified as nonmembers.

Table 2. Log of the VIMOS observations.

IDog Date uT Seeing (")
237861  2006-05-29  04:22:20.622 1.20
237861  2006-05-29  04:22:28.124 1.20
237861  2006-05-29  04:22:28.125 1.20
237861  2006-05-29  04:22:20.621 1.20
237870 2006-05-29  07:20:32.721 1.64
237870 2006-05-29  07:20:39.428 1.64
237870 2006-05-29  07:20:39.429 1.64
237870 2006-05-29  07:20:32.720 1.64
237870  2006-06-17  03:35:39.135 1.04
237870 2006-06-17  03:35:35.610 1.04
237870 2006-06-17  03:35:35.609 1.04
237870 2006-06-17  03:35:39.136 1.04
3. Results

3.1. Identification of cluster members

For the 68 objects observed with both instruments (VIMOS,
this work and FLAMES, Prisinzano et al. 2007), the cluster
membership has been established by using the results from the
FLAMES high-resolution spectra obtained by Prisinzano et al.
(2007), based on radial velocities and on the equivalent width
of the Li I absorption line at 6707.8 A. Figure 1 (middle panel)
shows the V vs. V-1 diagram of the VIMOS targets with a coun-
terpart in Prisinzano et al. (2007), where 63 of them were classi-
fied as confirmed cluster members (“M”), three as cluster non-
members (“NM”) and two with uncertain membership (“M?”).

In this work, we consider confirmed cluster members the
63 objects labeled in PDM2007 with “M” and the star ID =
24 labeled with “M?” for its discrepant radial velocity. Among
the confirmed members we include the star with ID = 19 that
was classified in PDM2007 as a nonmember since this star
does not show any X-ray detection, Li line, or Ha broadening
in the FLAMES spectrum; neverthless, the VIMOS spectrum
shows an evident Li absorption and a broad Ha in emission with
FWZI ~ 17 A. After careful analysis of the FLAMES spectrum
we noted that the whole spectrum shows very few lines, and we
suspect there is a problem in the fiber assignment for this star.
Thus we classify the star with ID = 19 here as a confirmed clus-
ter member.

For those spectra that we only observed spectroscopically
with VIMOS, we established the membership status by consid-
ering the presence of the X-ray detection and by inspecting the
presence of the Li I absorption line at 6707.8 A and the shape
of the Ha line. Unfortunately, we cannot measure the equivalent
width of the Li 1, since the spectral resolution of our spectra is
too low to resolve this line, which is blended with the nearby iron
lines (Fe 1 6705, 6710 A, Covino et al. 1997). However, since
the Li I line is expected to be very strong for late type YSOs, as
are many of our targets, we used this line to assert the member-
ship for the 26 objects for which we do not have high-resolution
spectra.

For YSOs, emission lines and, in particular, the He line, are
good indicators of youth, but in the case of NGC 6530, emis-
sion lines cannot be used as membership indicators, since the
spectra may suffer from Ha line contamination from the sur-
rounding Lagoon nebula. Owing to its strong spatial variabil-
ity, the subtraction of the nebula contribution is not reliable, and
thus we did not attempt to improve the sky subtraction obtained
with the recipes of the VIMOS pipeline. Neverthless, the Ha line
from the nebula is expected to be narrow, while that from YSOs
with accretion is expected to be widened at the continuum level
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thanks to the gas motion in the circumstellar regions. Even if it
is very hard to accurately measure the full width at zero intensity
(FWZI) in low-resolution spectra, we inspected the base of the
Ha line, so we considered cluster members those with a broad
line, i.e., those with FWZI > 10 A.

In conclusion, we consider nonmembers to be the follow-
ing objects: stars ID = 15 and 70, already classified as “NM” in
PDM2007 for the absence of the Li line, the lack of X-ray de-
tection, and the Ha in absorption; stars ID = 8, 23, 51, and 92
for the absence of the Li line in the VIMOS spectrum and the
narrow FWZI of the Ha line.

The V vs. V-1 diagram of the 88 confirmed cluster members
and of the six nonmembers is shown in Fig. 1 (bottom panel). In
Table 3 we list members and nonmembers selected in PDM2007
and those identified in this work.

3.2. Spectral classification

Spectral types of the observed objects were determined by using
the MILES stellar library (Sdnchez-Blazquez et al. 2006) whose
spectra cover the range [3525-7500] A at 2.50 A (FWHM) spec-
tral resolution, which is similar to that of our spectra. The library
includes 985 spectra of dwarfs, giants, and subgiants spanning
a wide range in atmospheric parameters. For the present anal-
ysis we selected only spectra of nonvariable stars with —0.3 <
[Fe/H] < 0.3, i.e. with solar-like metallicity and MK spectral
types from B1 to M6'.

The properties of lines in stellar spectra are very sensitive
to the luminosity class, and thus the spectral classification, es-
pecially for contracting YSOs with expected low gravity, can
be reliable only if we compare spectra with the same luminos-
ity class. To this aim we used the Ca I triplet lines (6102, 6122,
6162 A) since these lines are very strong in giants, and the wing
profile is sensitive to the surface gravity (Edvardsson 1988). In
particular, we computed the ratios of the intensity of the three
Ca 1 lines over the intensity of the nearby Fe I line at 6137 A by
using spectra normalized to the continuum in a region of 40 A
around each line. Figure 2 shows these ratios for the standards
as a function of spectral type for the giants and main sequence
stars. The plots show that these ratios can be used as diagnostics
of luminosity class as for objects later than G7.

We computed the same ratios for the spectra of our targets
and found that only the stars with ID = 74, 82, and 89 are com-
patible with the trend of giants, while all the other objects can be
classified as main sequence stars.

Spectral classification is usually based on the comparison of
lines forming in the stellar atmosphere, but in PMS stars the
presence of additional lines originating in the circumstellar or
interstellar material implies one difficulty in determining spec-
tral types. Thus the comparison of our spectra with the standard
ones has been made by excluding the following regions (which
include also several telluric lines): (a) 6270-6300 A, around
the O, telluric line at 6277 A (Conti et al. 1995); (b) 6850—
6930 A, and 7570-7700 A, including the O, B and A bands (Jao
et al. 2008); (c) 7150-7220A, including the H,O absorption
(Sanchez-Blazquez et al. 2006); (d) 5773-5800 A, including the
diffuse interstellar features at 5780 and 5797 A (Wallerstein &
Cardelli 1987); (e) 5875-5905 A around the Na 1 D; D, lines at
5890, 5896 A, which may be produced also in the circumstellar

I The stars HD147379B and HD111631 are classified in the Miles 1i-
brary as M3 V and M0.5 V, respectively, despite they have similar spec-
tra. Thus we reclassified the star HD147379B as M0.5 V.
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Fig. 2. Ratios of the three Ca I line intensities at 6102.7 (top panel),
6122.0 (middle panel), and 6162.0 A (bottom panel), respectively, with
respect to the Fe I line at 6137 A, used to determine the luminosity class
of our targets.

environment. Finally we also excluded the H, line and the re-
gion 6702-6712A around the Li 1, which is very strong only
in YSOs, while it is not present in the standard spectra. We did
not consider those emission lines typical of YSOs (see Col. 3 in
Table 4), since not all spectra show them, and they can originate
from the hot circumstellar material and/or from the surrounding
nebula.

Spectral comparison has been made by splitting each spec-
trum in the spectral regions 5020-5500, 5500-6000, 6000—
6500, 6600-6850, 69307550, and 7750-8100 A%, which were

2 Note that the spectra of our targets cover a variable spectral range
between ~5000 and ~8100 A.
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Table 4. Typical lines found in our target spectra.

Absorption lines A Emission lines A
Fel 5079.0 (O] 6300.3
Fel+Mg1l 5167.0 Ol 6363.8
Fel+MgI 5172.7 S1 6716.0
Mgl 5183.6 S 6731.0
Fel+Cal 5270.0 N1 6583.0
Fel 5328.0 N1 6548.0
Fel 5406.0 N1 6527.0
Mgl 5528.3 Hel 5875.0
Cal 5589.0 Hel 6678.0
Fel 5615.5 Hel 7065.0
Fel 5709.5 Ar 111 7135.0
Cal 5857.5

Nal 5890.0

Nal 5896.0

Cal 6102.7

Cal 6122.0

Fel 6137.0

Cal 6162.0

normalized to the continuum with IDL by using the same param-
eters (an order 3 polynomial function) for both the standards and
our targets. For each target and for each spectral range, we com-
puted the difference between the target spectrum and the stan-
dard ones to compute the residuals. Classification has been es-
tablished by considering the spectral type of the standard giving
the minimum rms of the residuals. Results have been checked by
a visual inspection of the residuals.

The normalization can be problematic for stars later than
K7V, where the TiO and VO molecular bands appear to be
deeper towards later spectral types. However, since we used
the same parameters and the same spectral ranges, the result-
ing continuum normalization of target and standard spectra can
be used in order to estimate the difference among the spectra.
Uncertainties were assigned on the basis of the goodness of the
comparison with the standard spectra.

This method is efficient to classify K and M stars whose
spectra show several lines but give very large uncertainties for
earlier type stars. Thus, for the few objects (10) with spectral
type earlier than K, we used a second method based on the in-
tensities of the lines given in Table4 as a function of the spec-
tral types of the standar stars. We measured the intensity of
these lines on the spectra normalized to the continuum by using
20 spectral ranges of width from 30 to 50 A around the adopted
lines. For each line and for each target a spectral type has been
estimated by comparison with the trend of the intensity obtained
for the standards. The final spectral type of each target has been
established as the most recurrent value by considering all the
adopted lines.

The results of our spectral classification are given in Table 3.
Figures 3—6 show the spectra of cluster members normalized to
the continuum in the spectral regions mainly used for the spectral
classification. For each spectral type, spectra have been arbitrally
shifted for clarity. Objects of the same spectral type are shifted
by the same amount. In some cases, emission lines originating in
the nebula and/or the circumstellar disk can be found in absorp-
tion. This is likely due to an overestimate of the sky subtraction
for these objects.

Figure 7 shows the histogram of the spectral types derived
in this work. The sample is dominated by K and M stars, which
total 42 and 32, respectively. Among the cluster members, we
were not able to classify the Class 0/ star with ID = 31, since

the spectrum show only emission lines and star with ID = 46,
which it is likely a high rotator, so it shows very few lines.

3.3. Veiling

Spectra of YSOs can be affected by veiling, i.e. a contribution
to the continuum, likely from the material falling towards the
inner star along columns beamed by the magnetic field. The to-
tal accretion column emission can be described by an optically
thick emission originating in the heated photosphere and by an
optically thin emission due to the infalling material (Calvet &
Gullbring 1998). For the aim of our work, in case of veiling we
can have two effects: first, a change in the photospheric optical
magnitudes owing to an excess in the blue part of the spectrum;
and second, a wrong spectral type determination since in the case
of veiling, lines can appear weaker. This can lead to attributing
an earlier spectral type than the true one.

A detailed analysis of the possible role of the accretion in
the BVI bands was conducted by Da Rio et al. (2010), who sim-
ulated a typical accretion spectrum and added it to a reference
model for the photospheric colors of YSOs in the Orion nebula
cluster. They calculated the displacementinthe V—-1vs. B—V
diagram caused by the presence of ongoing accretion assuming
different ratios of the accretion luminosity with respect to the to-
tal luminosity. Their results show that the effect is greater on the
B — V than on the V — I and that even an accretion luminosity
lower than 10% of the total luminosity of the star has a strong
effect on the colors of low-temperature stars.

To highlight the presence of possible objects with large veil-
ing in our sample, we compared the V — I and B — V colors of
our targets with the locus of photospheric colors from Kenyon &
Hartmann (1995) of main sequence stars reddened by using the
mean cluster reddening E(B — V) = 0.35 (Sung et al. 2000), as
shown in Fig. 8, and the Munari & Carraro (1996) reddening law
for Ry = 5.0 (see Sect. 3.5), since this is the one that follows the
bulk of our data better.

From this plot we find that six objects show an evident ex-
cess in the optical colors, as indicated in Table 3. Three of them
(ID = 4, 74, 93) also show a broad Ha line while 4 were classi-
fied by us as class II YSOs for their NIR excesses. For these ob-
jects we have strong indicators of membership with evidence of
accretion, but we cannot estimate reliable photospheric param-
eters, so they will be considered with caution in the following
analysis.

Figure 8 also shows that the bulk of our data follows the red-
dening direction and, within the possible spread due to the un-
correct reddening, they do not show any strong excesses with
respect to the expected photospheric colors. Thus we can con-
sider the magnitudes of these objects representative of their
photosphere and can be used to derive reliable stellar parame-
ters (see Sect. 3.5 for a detailed discussion).

As already mentioned, a further effect of a possible veiling
is an unrealistic spectral type classification. Nevertheless, as de-
scribed in Sect. 3.2 for each objects, we split the whole spec-
trum into more regions and verified that the adopted final spec-
tral type is consistent in every subspectrum, by considering that
some spectral regions are more sensitive to veiling than others,
depending on the spectral type. In particular, since most of our
targets are late K and M stars, we mainly used the reddest part of
the spectrum — more sensitive for these spectral types—, which is
expected to be less affected by veiling (Gullbring et al. 2000). In
addition, since most of our targets are candidate class III YSOs,
with no strong evidence of a circumstellar disk, we can conclude
that our spectral classification should not be influenced by the
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Fig. 3. Spectra of cluster members with spectral type between FO and K2, in the region 5020—6500 A, normalized to the continuum and arbitrally
shifted for clarity.
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Fig.8. V — I and B — V diagram of NGC 6530 members presented in
this work. Solid line is the locus of photospheric colors from Kenyon
& Hartmann (1995) reddened by using the mean cluster reddening
E(B —V) = 0.35 (Sung et al. 2000) and the Munari & Carraro (1996)
reddening law for R = 5.0 (see Sect. 3.5). The reddening vector assum-
ing E(B — V) = 1 is also drawn. Empty circles indicate objects with
evident excess in the optical colors.

veiling, with the exception of the star with ID = 31, which we
were not able to classify since its spectrum shows only emis-
sion lines. This object was classified as classO by Kumar &
Anandarao (2010) by using IRAC-Spitzer photometry.

In addition we find that star ID = 86 shows a very pecu-
liar spectrum with the reddest region (6900—7400 A) similar to
that of K7-M0.5V star, the region 6000—6500 A similar to a
K3-K4 V star, while the region 5000-5500 A similar to a G8 V
star. Since the FWZI is quite high (19A), we guess that this
object is affect by veiling and/or variability. Given its previous
spectral classification (B8.5 V from SIMBAD database) and its
bright magnitude, we do not exclude this object being a can-
didate FU-Ori object or a binary where we can see the low-
mass companion spectrum. Based on inconsistent features in
their spectra, we also suspect a possible effect of veiling for the
stars ID = 12 and 36. Even in this case, we consider these objects
with caution for the following analysis.

A9, page 10 of 22

©

w

E(V-1)

°

|
©

e Lo oo b b b

°
S

(V-1

E(V-1)
- ~ @

°

e Lo oo b b b

o

|
»

o

<E(V-I)>= 0.7+ 0.5

N
5 8 8
L L B B B B B

3

o)

,,,,,,,,,,,, All targets
Selected sample

I I RN L

-2

al b b b b by

°

|
IS

[
E(V-1)

Fig.9. E(V —1) vs. intrinsic (V — 1) (top panel) and vs. observed (V —1I)
(middle panel). Objects indicated by empty diamonds are MO or later
stars. The reddening vector corresponding to E(V—I) = 11is also plotted.
E(V —I) distribution (bottom panel) obtained by considering all targets
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with E(V — I) > 0 and without special photometric or spectroscopic
features indicated in Table 3.

3.4. Intrinsic colors and reddening

To convert spectral types into intrinsic colors, we used the
Kenyon & Hartmann (1995) transformations. We verified that
for the colors of our targets, the Kenyon & Hartmann (1995) re-
lation is very similar to that suggested in Luhman (1999), which
considers the Kenyon & Hartmann (1995) colors for types ear-
lier than MO and the colors from Leggett (1992) for MO and
later types. Figure 9 shows individual reddenings E(V — I), de-
rived from the difference between the observed and the intrinsic
colors, as a function of the intrinsic (V — I)y (top panel) and of
the observed (V — I) (middle panel).

In Fig.9 we also have unphysical negative reddening val-
ues for a few members. We find that the seven YSOs with


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201219853&pdf_id=7
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201219853&pdf_id=8
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201219853&pdf_id=9

L. Prisinzano et al.: HR diagram of PMS stars in NGC 6530

Fig. 10. Spatial distribution of all the objects studied in this work overplotted on the combination of the two deep-dithered / band WFI images
(Prisinzano et al. 2005). X symbols indicate WTTS, circles indicate CTTS, plus indicate nonmembers, and diamonds indicate MO or later stars.
O stars falling in the field of view (FOV) investigated in this work are also indicated. Coordinates RA(J2000) and Dec(J2000) are given in hours

and degrees, respectively.

E(V —1) <0 are all YSOs of spectral type equal or later than
MO, and two of them show a quite high FWZI of Ha (>15 A).
We guess that these negative values are due to observed colors
that are bluer than the pure photospheric ones for a possible ex-
cess in the V band owing to accretion processes. This is expected
for late type stars, since, as shown in Da Rio et al. (2010), low
fractions of accretion luminosity have a strong effect on the col-
ors of low-temperature stars.

In Fig. 9 (middle panel), all objects follow the reddening vec-
tor, but the mean reddening of M stars is lower than the one of
earlier type stars, and the two populations are quite distinct. This
is a selection effect, since M stars more reddened than the ob-
served ones would be fainter than our observational limit. This
is consistent with the spatial distribution of the objects stud-
ied in this work, shown in Fig. 10, where M type stars are ho-
mogeneously distributed in the N and E regions but are almost
completely absent in the SW region, where the mean reddening
is higher and/or the sensitivity is lower for the strong nebular
H, emission.

Finally, Fig.9 (bottom panel) shows the reddening distri-
bution by considering the whole sample and the subsample of
78 cluster members with E(V — I) > 0, which we will indicate
hereafter as the selected sample. If we consider this subsample,
we find a mean value of E(V —I) = 0.7 with an rms equal to
0.5. By using the adopted reddening laws, the mean value corre-
sponds to E(B—V) = 0.42, which, within the errors, is consistent
with the value (E(B — V)) = 0.35 found by Sung et al. (2000).

3.5. Reddening law

To derive stellar luminosities, we also need to know the inter-
stellar absorption, which can be derived from the reddening val-
ues. This step requires assuming a suitable reddening law (Ry),
which, in many star-forming clouds, has been proved to be dif-
ferent from the standard interstellar extinction law (Povich et al.
2011). In addition, very recently, Fernandes et al. (2012) has sug-
gested for NGC 6530 an anomalous extinction law (Ry = 4.5) by
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Fig. 11. Color excess ratios as a function of E(B — V) computed for our
targets. Horizontal solid lines indicate the color excess ratios predicted
by the Munari & Carraro (1996) (top panel) and Fiorucci & Munari
(2003) (bottom panel) reddening laws for Ry = [3.1,5.0].

using the distribution of known E(V — K) vs. E(B — V) values.
Their sample is, however, limited to objects with E(B-V) < 0.4.

To constrain the reddening law adequate for this cluster, we
used the ratios E(V — I)/E(B— V) and E(V — K)/E(B—-V). In
fact, for weak T-Tauri stars, the observed colors should only be
affected by interstellar absorption and the reddening ratios de-
rived by using different colors should be sensitive to the total-to-
selective extinction Ry, which depends on composition and size
of the grain in the interstellar medium. For example, Fitzpatrick
& Massa (2009) suggest to use the relation Ry = 1.36 gg:“f; -
0.79 to derive the reddening law.

To this aim, we selected cluster members with E(B—V) > 0.
In addition, we discarded peculiar objects with features reported
in the notes of Table 3. Figure 11 shows E(V — I)/E(B - V) (top
panel) and E(K — V)/E(B — V) (bottom panel) as a function of
E(B - V). Candidate accretors, defined as objects with an FWZI
in the the H,, line higher than 10 A, and objects with IR excesses
are indicated by different symbols. The ratios E(V — I)/E(B —
V) = [1.25,1.66] and E(V — K)/E(B — V) = [2.73,4.45] for
Ry = [3.1,5.0], by using the Munari & Carraro (1996) redden-
ing law for the optical bands and the Fiorucci & Munari (2003)
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Fig.12. J — H vs. H — K diagram of our targets. The solid curve is
the Kenyon & Hartmann (1995) locus for the colors of main sequence
stars, the two arrows indicate the reddening vectors corresponding to
Ay = 3 starting from colors of MO and M2 dwarfs, and the solid line is
the CTTS locus by Meyer et al. (1997).

for the 2MASS bands are also indicated in the figure. The ex-
tinction coefficients by Munari & Carraro (1996) and Fiorucci
& Munari (2003) were derived by using the Mathis (1990) and
Fitzpatrick (1999) reddening laws, respectively, weighted over
the V Rc Ic and J H Kg band profiles of the Bessell (1976) and
2MASS photometric systems, respectively.

We find that only a fraction of our targets show color-excess
ratios consistent with uniform Ry, as expected for normal red-
dened stars, while for many objects the color excess ratios show
a wide spread that it is likely due to excesses in the blue B
and/or in the red K bands. In fact, most of the accretors have
high E(V — I)/E(B — V), while almost all the objects with IR
excesses have high E(V - K)/E(B-V).

Objects with evident NIR excesses can also be seen in Fig. 12
where we show the J — H vs. H — K diagram. Most of our tar-
gets show colors that are more reddened than those expected for
dereddened main sequence stars. Nevertheless, since our targets
are YSOs of earlier spectral type than M2, the observed colors
cannot be explained by interstellar reddening alone, as can be
seen by the comparison with the reddening vectors. Instead, for
many of our targets, the observed colors are consistent with the
Meyer et al. (1997) locus of CTTS stars. Therefore, the observed
colors result from a combination of interstellar reddening and
NIR excesses from dust of the circumstellar disk.

However, if we consider the objects with constant color ex-
cess ratios we find that the values E(V — I)/E(B— V) are consis-
tent with the ratio given by Munari & Carraro (1996) for Ry =
5.0, while if we consider the objects with E(K—-V)/E(B-V) < 4,
we find Ry in the range 4.0—4.5 by using the Fitzpatrick & Massa
(2009) equation. Since our sample is dominated by YSOs with
circumstellar disk with or without excesses, we cannot constrain
the Ry value with high precision. Nevertheless, by considering
the consistency of the results obtained both from optical and IR
magnitudes, we can conclude that NGC 6530 cluster members
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Fig.13. V vs. V — I diagram obtained by using observed (fop panels) and dereddened (middle panels) magnitudes and colors for the CTT and
WTT cluster members with E(V — I) > 0. Solid and dotted lines are the Siess et al. (2000) isochrones and track, respectively, assuming the
cluster distance of 1250 pc (Prisinzano et al. 2005). In the fop panel, the isochrones are reddened by assuming the literature mean reddening
E(B—-V) =0.35 (Sung et al. 2000) and the Munari & Carraro (1996) reddening laws for Ry = 5.0. In the middle panel, isochrones are only scaled
for the cluster distance. The arrow indicates the reddening vector corresponding to E(B — V) = 0.35 for Ry = 5.0. The HR diagrams of the two

samples are shown in the bottom panels.

show an anomalous extinction with Ry < 5.0. Thus for the fol-
lowing analysis, we use the reddening ratios given by Munari &
Carraro (1996) for Ry = 5.0.

4. Discussion
4.1. H-R diagram, ages, and age spread

Figure 13 shows the observed (top panels) and dereddened
(middle panels) color—magnitude diagrams for the 21 CTTS
(left panels) and the 57 WTTS (right panels) members with
E(V —1) > 0. The sample of CTTS includes an object classi-
fied as Class 0/I based on the IRAC-Spitzer photometry (Kumar
& Anandarao 2010). The HR diagrams of the two samples
are shown in the bottom panels. Effective temperatures and

bolometric corrections were derived by using the Kenyon &
Hartmann (1995) transformations. Bolometric luminosities were
determined from the V magnitudes, by considering individual
absorption corrections derived by the intrinsic colors and the
adopted reddening law. Masses and ages were derived by in-
terpolating the theoretical tracks and isochrones by Siess et al.
(2000) to the position of the stars in the Vj vs. (V — I)( diagram.
Uncertainties on the stellar parameters were derived by propa-
gating individual uncertainties on the spectral types. The values
of individual extinctions, effective temperatures, bolometric lu-
minosities, ages and masses, and the relative uncertainty ranges
are given in Table5.

The comparison between the two CMDs (observed and
dereddened) drawn in Fig. 13 shows that the actual dynamic
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Fig. 14. Cumulative age distribution of WTTS, CTTS and all cluster
members.

range of the intrinsic magnitudes (Vy = 10.—18.1) is greater than
that of the observed magnitudes (V = 14.5-19.0). In addition,
we note that the individual correction for interstellar reddening
allows us to reduce the apparent age spread, since we find that
most of those YSOs that in the V vs. V — [ diagram have an
apparent age in the range 0.1-1 Myr are actually very reddened
stars with age > 1 Myr. Finally, we see that the mass distributions
in the observed and dereddened diagrams are very different.

Figure 14 shows the (cumulative) age distributions for the
WTTS and CTTS and for the joint sample (WTTS plus CTTS).
The ages of WTTS are not significantly different from the CTTS
ones, with a marginal indication that CTTS are younger than
WTTS. As a result, we decided to consider the WTTS-plus-
CTTS joint sample and found that around 60% of cluster mem-
bers have ages in the range ~1-2 Myr, but there is an older popu-
lation with ages in the range 3—7 Myr. Even if a small part of this
spread (~1.5 Myr) could be attributed to binaries, we exclude the
younger population actually being a population of binaries, since
in this case the two populations should have the same spatial dis-
tribution.

This is not the case, as shown in Fig. 15 where we plot the
spatial distributions of the YSOs with ages younger and older
than 2 Myr falling in the N, S, W, and E regions correspond-
ing to the four VIMOS CCD quadrants. Different symbol sizes
correspond to YSOs with E(V — I) in the ranges indicated in
the caption. We find that, while the oldest objects are quite ho-
mogeneously located in the observed region, about 50% of the
youngest objects (ages <2 Myr) are located in the SE region. To
see whether the spatial distribution of the youngest population is
significantly different from the oldest one, we derived the cumu-
lative age distribution in the four regions shown in Fig. 16. Since
the number of objects in the N and SW region is very small,
we also consider the sample including all the objects in these
three regions with the aim to have more robust statistical results.
From these distributions, it is clear that in the SE region around
80% of the objects are younger than 2 Myr, while this percentage
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Fig.15. Spatial distribution of the populations youngest (fop panel)
and oldest (bottom panel) than 2.0 Myr (empty circles). Different cir-
cle sizes correspond to objects with E(V — I) < 0.5 (smallest circles),
0.5 < E(V = 1) < 1.0 (medium circles) and E(V — I) > 1 (largest
circles). X symbols indicate objects with mass larger than 2.5 M,,. The
four regions corresponding to the four VIMOS CCD quadrants are also
indicated.

is much lower (~40-50%) in the other regions. Using the two
sample Kolmogorov-Smirnov tests, we find that the population
of objects in the SE is different from the one in the SW-NE-
NW regions at a significance level of 99%. Figure 15 also shows
that there is no correlation between the spatial distribution of the
individual reddenings and the one of the derived ages, so we can
discard the observed “age spread” as due to an artifact from the
treatment of the extinction.

Our results support the scenario of sequential star formation
since we find a first generation of stars in the N regions and in
the SW region and a second generation of stars that is quite con-
centrated in the SE region. Since our observations do not cover
the central region, we cannot say anything about this interesting
region.

Since the E(V — I) median value +1¢ is equal to 0.52

: _ 1.57
corresponding to Ay = 1.57f0‘83,

a mass limit equal to O.6f8'? M, at 4 Myr, not including outliers

that can have very different values of E(V—TI) and mass limit. For

+0.52
-0.28°

our observational limit implies


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201219853&pdf_id=14
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201219853&pdf_id=15

L. Prisinzano et al.: HR diagram of PMS stars in NGC 6530

0.8—

0.6 —

cumulative distribution

04—

0.2—

L | | |
0 2 4 6 8
Age [Myr]

0.0 I

Fig.16. Cumulative age distribution of all objects in the four spatial
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these reasons, we are not able to discuss the sequential process as
a function of stellar masses, even if we find that almost all seven
observed YSOs with masses higher than 2.5 M, are located in
the SE region.

Our finding allows us to suppose that (within the FOV stud-
ied in this work) the SE region is the most recent site of star
formation of low and intermediate mass stars where the popula-
tion has not yet undergone (or just started) mass segregation. In
contrast, the oldest population is more loosely clustered in the
surrounding N and SE regions.

5. Summary and conclusions

We used the VLT/VIMOS spectra of 94 candidate cluster mem-
bers of the young open cluster NGC6530 with the aim to obtain
the spectral classification, crucial for deriving accurate stellar pa-
rameters. First of all, we considered available membership indi-
cators (X-ray detection, radial velocities, lithium line, and H,
shape) both from literature data and/or from our new spectra to
find members. Our spectral resolution does not allow us to mea-
sure the equivalent width of the lithium line, but since this line
is expected to be very prominent in YSOs, we were able to use
it effectively to distinguish cluster members.

Owing to the strong and spatially variable H, emission from
the surrounding nebula, we cannot quantify the H, emission of
the YSOs that are undergoing accretion, so we were not able to
estimate the mass accretion rates. Nevertheless, we can distin-
guish strong accretors by estimating the FWZI of the H, line
that for these objects is larger than H, emission coming from
the nebula. Based on the available membership indicators, we
find that 88 of our targets are confirmed cluster members, and
the remaining six are nonmembers.

Based on the comparison with standard spectra in the litera-
ture, we classified our targets and found that the cluster member

sample (88 YSOs) is dominated by late type stars with 42 K type
and 32 M type stars, while for two of them we were not able to
assign a spectral type.

By considering the Kenyon & Hartmann (1995) transforma-
tions, we derived intrinsic colors (V — I)g, hence the interstel-
lar reddening E(V — I). We used the V — I colors, since they
should be less affected by blue excesses due to accretion phe-
nomena and by IR excesses from circumstellar disk dust. Even
if our sample is dominated by WTTS, we find that some objects
show evident blue excesses with respect to the locus of (V — 1)
vs. (B — V) colors, while eight YSOs have observed colors bluer
than the intrinsic ones that would imply an unphysical negative
reddening. This means that these objects are likely accretors in
which the V — I colors include a contribution originating in the
accretion hot spot. For these objects we did not attempt to derive
stellar parameters since we cannot estimate the true interstellar
absorption and get a reliable bolometric luminosity.

By considering only the 78 YSOs with E(V — 1) > 0, we find
a mean cluster reddening E(V — I) = 0.7 = 0.5. In addition, by
comparing the ratios E(V —1)/E(B—-V)and E(V—-K)/E(B-YV),
we conclude that the NGC 6530 members show an anomalous
extinction with R < 5.0. Therefore, for our analysis we used the
reddening law given by Munari & Carraro (1996) for Ry = 5.0.
The mean cluster reddening corresponds to E(B — V) = 0.42,
which is consistent with the value (E(B — V)) = 0.35 found
by Sung et al. (2000). For this sample we derived fundamental
stellar parameters, i.e. effective temperatures, interstellar absorp-
tion, luminosities, ages, and masses. The HR diagram shows that
our targets have ages between about 1 and 6—7 Myr. There is not
a significant difference of ages between WTTS and CTTS, but if
we distinguish the populations younger and older than 2 Myr, we
find that the youngest population is mainly concentrated in the
SE region, while the oldest population is loosely clustered in the
N and SW regions. Since the ages of two populations are signif-
icantly different, we can conclude that there are two generations
of stars in this region, formed during different events. The SE
region is therefore the most recent site of star formation in the
FOV studied in this work. Our results confirm the scenario of
sequential star formation already suggested in previous works.

Acknowledgements. Part of this work was financially supported by the ASI con-
tract 1/044/10/0. We wish to thank C. Argiroffi for her help in some steps of the
spectral classification.

References

Arias, J. I., Barbd, R. H., Maiz Apellédniz, J., Morrell, N. 1., & Rubio, M. 2006,
MNRAS, 366, 739

Arias, J. 1., Barbd, R. H., & Morrell, N. I. 2007, MNRAS, 374, 1253

Ballesteros-Paredes, J., Klessen, R. S., Mac Low, M.-M., & Vazquez-Semadeni,
E. 2007, Protostars and Planets V, 63

Bessell, M. S. 1976, PASP, 88, 557

Calvet, N., & Gullbring, E. 1998, ApJ, 509, 802

Conti, P. S., Hanson, M. M., Morris, P. W., Willis, A. J., & Fossey, S. J. 1995,
Apl, 445, L35

Covino, E., Alcala, J. M., Allain, S., et al. 1997, A&A, 328, 187

Da Rio, N., Robberto, M., Soderblom, D. R., et al. 2010, ApJ, 722, 1092

Damiani, F., Flaccomio, E., Micela, G., et al. 2004, ApJ, 608, 781

Damiani, F., Prisinzano, L., Micela, G., & Sciortino, S. 2006, A&A, 459, 477

Edvardsson, B. 1988, A&A, 190, 148

Elmegreen, B. G. 2000, ApJ, 530, 277

Elmegreen, B. G. 2007, ApJ, 668, 1064

Fernandes, B., Gregorio-Hetem, J., & Hetem, Jr, A. 2012, A&A, 541, A95

Fiorucci, M., & Munari, U. 2003, A&A, 401, 781

Fitzpatrick, E. L. 1999, PASP, 111, 63

Fitzpatrick, E. L., & Massa, D. 2009, ApJ, 699, 1209

Gullbring, E., Calvet, N., Muzerolle, J., & Hartmann, L. 2000, ApJ, 544, 927

Hartmann, L., Ballesteros-Paredes, J., & Bergin, E. A. 2001, ApJ, 562, 852

Huff, E. M., & Stahler, S. W. 2007, ApJ, 666, 281

A9, page 15 of 22


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201219853&pdf_id=16

A&A 546, A9 (2012)

Jao, W.-C., Henry, T. J., Beaulieu, T. D., & Subasavage, J. P. 2008, AJ, 136, 840
Kenyon, S. J., & Hartmann, L. 1995, ApJS, 101, 117

Kumar, D. L., & Anandarao, B. G. 2010, MNRAS, 407, 1170

Lada, C. J., Gottlieb, C. A., Gottlieb, E. W., & Gull, T. R. 1976, Ap]J, 203, 159
Leggett, S. K. 1992, ApJS, 82, 351

Luhman, K. L. 1999, ApJ, 525, 466

Mathis, J. S. 1990, ARA&A, 28, 37

Meyer, M. R., Calvet, N., & Hillenbrand, L. A. 1997, AJ, 114, 288

Molinari, S., Swinyard, B., Bally, J., et al. 2010, A&A, 518, L100

Munari, U., & Carraro, G. 1996, A&A, 314, 108

Palla, F., & Stahler, S. W. 2000, ApJ, 540, 255

Povich, M. S., Townsley, L. K., Broos, P. S., et al. 2011, ApJS, 194, 6

Preibisch, T. 2012, Res. Astron. Astrophys., 12, 1

Prisinzano, L., Damiani, F., Micela, G., & Sciortino, S. 2005, A&A, 430, 941

Prisinzano, L., Damiani, F., Micela, G., & Pillitteri, 1. 2007, A&A, 462, 123

Sanchez-Bldzquez, P., Peletier, R. F., Jiménez-Vicente, J., et al. 2006, MNRAS,
371,703

Siess, L., Dufour, E., & Forestini, M. 2000, A&A, 358, 593

Soderblom, D. R. 2010, ARA&A, 48, 581

Solomon, P. M., Sanders, D. B., & Scoville, N. Z. 1979, in The Large-Scale
Characteristics of the Galaxy, ed. W. B. Burton, IAU Symp., 84, 35

Sung, H., Chun, M.-Y., & Bessell, M. S. 2000, AJ, 120, 333

Tan, J. C., Krumholz, M. R., & McKee, C. F. 2006, ApJ, 641, L121

Wallerstein, G., & Cardelli, J. A. 1987, AJ, 93, 1522

Pages 17 to 22 are available in the electronic edition of the journal at http://www.aanda.org

A9, page 16 of 22


http://www.aanda.org

L. Prisinzano et al.: HR diagram of PMS stars in NGC 6530

€00 F6CCl €O
Y0'0 ¥ STl SO

0F6 6°cl €000 F I¥8°Cl  8I00F8L6BI  6£0°0 F€C6'0C  660CI 965 LTV~ €6'LCVO 8] 6V
0F1

€00 FS0Cl  ¥00F8CTI +O
0F¢
0+F0

0F6
0F0ovel  2000F098%I 9000 F 28691 €000 F0CS8 96091 8TEYCYC—ILLTYO 8] 8
0Feeel <2000 FCLTST  S000FSO9LT  SC00F0ec6l  €v00C LTI CCTYT—8E'LTHO 8L Ly
6'Cl  ¥YO'OFS8El 6000 FSSH'ST  S000F 169°LT  ¥10°0 F ¥ST61  996SC  I'v0 61 ¥T-CS9C Y0 81  9F
’ 0F0
0F6
0F0

+

SO0 F ISTL  ¥0O°
Y00 F €LCI €0
10+ Le¢el 90
ooo Nm €l ooo hm €L <o

€vl  v00°0 F 0LE9T  T10°0F 60881 €100+ SCCOC €LITI 98V 8CYC-6C9CT 08I S
Yvl  $00°0 F SOC9T  L00'0 ¥ 9¢S81 6100 FCce0c SC881  v'SSTTT—v8vI V08I  vb

Yyl $00°0 F LE6'ST  LOOOF €vC81  0C00 F 61661 8SSLT 9LELIVC-v8VIVO8L €V
900°0 F 618°ST  $00°0 F €€8°LT  OI00 F¥8c'61 CI6IE 6 1€ SI Y- TSVI VO8I  TY
Noo mm Il moo R IT 200+99Cl <C000F0cevl S000F 9l 9000 F9€6'LT  C8LET  €€TITYT—16€I vO 8L  Iv
900°0 F 196°GT  800°0 ¥ ¢88'LI 000 FO¥S'61  0OL8LT 69CTLIVC-SLEI VO8] OF

+

900 F STl T11I'0F 08Tl 2000 F SO6'vI  S00°0 F S6691  ¥00°0 F PS8 9¥9Ce  G'€l SI ¥C—8E €l YO8  6¢
0 o FYSIT COOFCLIT  CO0FOrCl  6000F #89°Cl  +¥00°0 F ¥6£°ST 9000 F 98991  S8CCI  6°0S vCvc—SEEl ¥0 81 8¢
900 F06'Cl  90°0F0T€l  900FLOYI +000F CSO'ST 8000 F L8G'LT  CIO0F0£9'6l 09vS€  98SElvC—vCel ¥0 81 L€
€00FPO'IT  €O0F8ETI €00+ LEET  €000F6II'ST  ¥00°0F LOY'LT G000 F LOT6I €€6€l  TEI9TYT—LOEI vO 8T  9¢
LOOFTOEl  vO'OFBEVI  $00°0 F 109°CT G000 FOVE'LT  +00°0 F L9981  80CT6I LTV CC¥C—SO'Cl ¥O 81  S€

€00 F LLCT  CTOOFEIEl €00+ €OVl  ¥00°0F LyS ST €000 F ILY'LT 6000 F 08681  SECT8I  T'LT €C¥T—vO €l ¥O 81  v¢€
CO0FSO6'IT 2O0F60CI CO0FEQCI  €000F9L0¥I 9000 F €LL°ST  800°0 F I80°LT  0SS+¥CT 6TV 6l vT— LYCI 081 €€
900 F9GCI  +vO'0OFLLTCE €00F99€Cl  S000FSLTST 000+ S6v'LT 6000 F S9I'61  SOSST L6061 vc=907CI¥08I <€
Y00 F 8701  SOOFOI'TT  $00F60CI T100F9L9°€l 6000 F 689°ST 6000 F SIT'LT  CITEl  96S9CvC—CSOI 081 1€
YOO FOrCl  €00FSSTI  CO0FETEL  €000F9LTyI 9000 F vOL' ST ¥00°0 F ¥¥6'9l 89S €l 9vE€9CvC=90°0I ¥0 81  0O¢
€0° o vm.: SO0OFOPCL  ¥OOF09°CT €000F8YL¥I €000 F 00891 9000 F 68¢8l cCeovC 8'6C 61 ¥C—86'6070 81  6C
900 F LI €000 F LEE9T 8000 F €098 9200 F 06C°0C 0C00E  1'CCOI ¥C—9L°60¥0 81  8C

Y00°0 F 96L VT S00°0 F LELOT €100 F9€T8I  €86CI 860 LT YT~ €960 +0 81 LT

€00°0 ¥ 28091  LOO'0 F90T8I  0OI00F 1086l €896C LOCOI¥C-0c60+¥081 9T

¥00°0 ¥ ¢8S'ST  LO0'0 F ¥O8'LTI €100 F 8’6l  6LLCI 10T LTYC-91'601+081 ST

€00 F S0l €0 o ow 0l €00+ S¥IT  8000F6vLCl <C000F69v vl  OI00FSvL' Sl 960¥1  8¥09CT+¥C—SI'80 V081  +C

S0" o oo or €00 F LOIT  S00°0 FTI9El €000 F ¥¥8CT €000 F LOL'LT  868SE 99V €1 ¥~ I11'80+0 81 €T

Y00 F 6601 €00+ ELTT  $00°0F Se6Cl  ¥000F€9SvI 6000 F8e8CI  ¥9L61  LITTCYT—SELOVO8T  TC

YOO FC8IT  SO0OF8ETI €00FCHeEl  8000F 06671  S000F S9L9T  LOOOF 6vI'81  €06vI T8I STYC— 080081 1T

YOO F S¥Cl  vO0OFO0LCE  €00FISEl  LOOOF9C0°ST €000+ Ov0°LI  S00°0F8yy'81  C9cce  8VSvIvi—vL'SOV0 81 0T

€00 F 66Cl  €O0FLEET €00FSOYI  TI00F ¥LO9T 0200 F806'LI €200 F9¥C'61  6C€9C  S°6C 81 ¥~ 0€'SO+0 81 61

Y00 F LTCI  +vO'0F6SCL  CO0F I¥FEl  LOOOF 6ESYI  CO0O0F9LE9L  C000F6S9°LI ¥#8C6C 6'1v 91 ¥¢—80°SOv0 81 81

SOOFLLEL  €00FOSTI 000 F €L6'ST  ¥00°0 FCS8LL 1100 F €I¥'6l  9LSTI  0CELCYC— L8YOYO 8T LI
SO0+ ¢

6Cl G000 F ILS' ST €000 F IL8LT  LOOOF ISS'6l CCE8C SOl LI ¥C—8CTYO¥0 81 91

€000 FTOLYT  TOOOFHSE9T €000 F IL9LT  €I¥9¢  0€E €I ¥T—0I'P0#0 81  SI

COFIETL 900 FSSTL  SOOFIEEl  LOO0F 8EOST  #O00F6II'LL  €100F 98I TIVEL  I'th 9THT-¥6T0F0 8L ¥l
900 F¥THL  SO0F90°ST  $00°0 F 60S9T  LO0O0 F SEL'8T  0SO0 FTLTOT 1TILT +'E€SLI$T—0C20+081 €1

: POOF 6£CT 0100 F O¥8¥I  TO00 F S6L9T 9000 F9PT'8T  T89+I  +°0€ STHC—SE'00+0 81  TI

YOO F I¥CT 900F 00°€T  SOOFTOYT  #00°0 F 86€°ST 6100 F 08K LT 6100 F €06'ST  LLS9T  L'LI ST ¥T-S6'8S€08T  I1
YOO F6ETT  SOOFSLIT  €O0F6STI  LOOOF SOFFI  TO00F €PI'9T 9000 F 16V°LT  SISST 6 I¥ #THT—66'LS €081 O
60°0 F 89°CI €000 F IL8FT  TOO0FLICIOL €000 F 9P LT  LISOE 86091 +T—8TLSEOST 6

600 F98°CT  900F I0FI  ¥IOF LYYl S000F €OE9T  080°0 F LLY'ST 8¢19C L'8E 81 ¥T-+8°SS€08T 8
POOT SLIT SOOFTOTL 00T LTI TIO0F 6Zh'El  TOO'0 FOOLYD  TOO'0 F €EL'ST  00L8T 665 91 ¥T-¥TSSEO8L L
LOOFS8'ET  €OOFI8FI  SO000F I€E9T 8000 F9LS'8T  8CO0F I€T0T  6¥TST 98I 61 #T—11°SS€08I 9

0I'0F¢LTI 900 F L6'ET  S00'0F 669°ST 9000 F €¥L'LT 6000 F I¥T61  S8691  T'LSE€THT—90HS€08T S
SOOFF6CI  POOF8EEl  TOOFOICHI  +000F SI6°ST  OI00FIS6LT 1200 FSLI'6  LbP6l  SECTTHC—T0TSEO8T +
900 F 6TEl  SOOFILEL TOO0OFH9¥I 9000 F 61T91  0I00F08Y'81 €100 FT6I'0T  S9CTI  TISLTHT—T0ISE€08T €
SOOF LTI $O0OF86TI  €OOFILEI 8000F ITI'ST  #000 FTOL9T  CTIOOF6SO'8T  T16SLI  €LESTHI—€E6V €081 €
YOO FI9IL  SOOF#I'CL €00 FC0El  S000F 60F¥I  TOO'0O F 60191 €000 F+6€' LT 1S€91 11T T ¥~ 81'Ly €0 81 I
Y H l I A g AL (0000)¢  (0000)® al

"SOINIA UM PIAIDSqO SIEIS JO ISIT *[ QB

A9, page 17 of 22



‘sopmjrugewt

SSVIAZ 2Y) 218 Y pue ‘ff ‘£ 9[1ym ‘(S00T) ‘[& 30 OuBZuIsLq ul pajuasaid sopmyuSewr o) I8 7 pue ‘A ‘g L10quinu Uonedynuapl (GO0g) [ 10 OUBZUISLI oy} st MM ‘Toquinu [erjuenbas oy} St (] *SIION

A&A 546, A9 (2012)

SOOF6ETI  LOOF68TI  €O0FLYET  SO00F0SH'ST  #000 F0Z9LT 6100 F80T61  +¥r ST +9S vT vT— S9'LS ¥0 81  +6
SOOF8I'EL 900 FS9El YOO F 8Pl 8000 F ShP9l €100 F €08'81  TIO0 F 6£10C  069ST  §'Oy T #T~ SS'LSHO 8T €6
T00°0 F 8TS'ST  LOOO FE€TL'LT  TIOOFSLE6T  0OTISE  TLOVI Y- 6V +S+H0 8T T6

T00F €901 €O0FS8TIL €O0FISTL HO00F CEI'ST 9000 F #1€'81  SI0O0FISOT TOIVI  LLSSTHI—LY'ESHO8T 16
TOOFSSTIT  TOOFCOCTI  TO0F86TI  #000F9ZL YT €000 FTOO'LL  +00°0 F #S9°81  6S6+1  9°SI STHI-8SISH0 8T 06
SOOFOI'EST  600FTSET  600F I¥'PI S000F 8TI'9T 9000 FObe'81 1100 F+000C  +019C  1'0F 81 #T— €5°0S #0 81 68
SOOFTOET  SOOF6LET  FOOFSHI  +000F $€6'ST €000 FTTLL  L900O F6LT6T  +HOL6T  9€TTTHT- €S8P #0 8T 88
TO0F99TIT  TOOFIQIL CTO0OFLSTI 9000F8T6'ET 2000 FO089°ST  1000F LL69T  TISLI  +0€ €THT— €8 LY #0 8T L8
TO0FCCIT €OOFICTIL TOOF6STII  TIOOFCCICT  0TOOFOP9TI 8000 F896CI  8¥69C € 1081 ¥T—¢H' Ly 08T 98
TO0OFI0CE  €OOFHSTI  TOOFLIET  LOOOF661'ST  #000 F8ICLI  S000F LyO'61  STOVI  L'LO9T¥T— LE9Y #0 8T S8
900 F CI'¢l S00'0 F L8091 9000 F LOS'8T  CTIO'0 F8¥T0C LS6TI  +908CT+T— €9 #0 8T +8
SO0 F 08°CI S000F I1TST  +000 F601°LT  8TO0OFOIO8T  +LLST +'LSOIvT—€TSHH0 8T €8
€O0FO9LTI TOOFEOET €O0FS86'ET  LOOOF8S6'ST  LO0OFLRS8T 9100 F9IF0T  +9911 60T 8T+~ 10°SH+0 8T T8
YOO F €TTL  SOOF T $O0OF8TEl 9000 F SLOFI €000 F v€S9T  S00°0 F #2081 86LTI  L'81 LTHT-99+F #0 8T 18
YOO F+STI TOOFS6TT  CO0F68El +000F 19S°ST  S00'0 F88S'LT 8000 F L6061  0L9T1¢  0'8ESTHT-1THF #0 8T 08
€O0FSOIT  $OOFI0TI  €O0FT6TI  SO00F 08I  +000F ISI'LT 8000 FT68'8T 881CE 6T SIvT— ¥y 0 81 6L
POOF 6ETI Y00 F6STL  TOOF0EEL  $000F ¥6S'¥I  TO0'0 ¥ LOI'9L €000 ¥ 8SY'LL  6€6€E  8'8E Y] ¥T-OI'FF HO 8L 8L
90°0 F 8L°01 S00°0 F 8€6°€T €000 F S9T91  SO0'0 F LLO'ST  L9YTI  T8E LTI 6V’ SH+0 81  LL

LOOF ¥LTL  SOOFOI'El  ¥0'0F86'EL  $00'0 F 019ST  ¥000 ¥ SS6'LL 1100 F 10961 69061  ¥'Ly TTHT~ 1TTY H0 81 9L
: YOO F LLTI €000 F 995+ TOO'0 F #2691  S00'0 FT89'ST  +S8€I T8I 9T +T— 681+ #0 81  SL

SOOFSITI 900F8LTI HOOF8YEL  €000F 65091 8000 F 16681  SI00F LZEOT FISLI  L6EE€THI— IS TH#0 8T +L
SOOFOLIT $OOFISII  €O0OFTHTI 8000 F 68€°€l  TOO0FCLOYI €000 F989°ST  STLST +¥S8IvT—9F I+ +#0 81 €L
900 F S0l €00FYTEL  €00F ¥I'PL  $O0'0F LTSI LOO'O F89T8I  [10°0 ¥ 19661  STOYT  6'6S 61 ¥T~ 9807 ¥ 8L  TL
€000 F T6SHI  TOO'0 FTLS9T  600°0 FTLO'ST  0808S  €0S LTHT— €90V #0 81 1L

800 FOVCZI  900FL8TI HOOFOSEl  €000FST8PI 000 F €0P9I €000 FSSS'LT  9pEHl  S6F STHI—09°0v #0 8T OL
COOFCLIT 90°0F9TTI  LOOFSECEl  TOOOFETTST 9000 F [#9°LT  S00'0 FSSE'61  000€T 880 LT YT~ TH'6E 0 81 69
900 F 88T SOOFII'El  $OOFSO'EL 000 F OFF'SI S000 F 619'LL  LOO0 ¥ €0T6I €26l I'HETT YT I€6E VORI 89
800 FNeN 900 F ISHI  €I00F069ST 9000 F LSTLI 8000 F #¢+'81  S60LI  9°€S€THT— 9165 +081 L9

900 F80°CT  SOOFS8TEL  FOOFSOTI  €000F 699°ST 9000 F L9S'LT  +00°0 F SS6'8T  S8F0¢  SOI 91 #T— €6'SE+0 8T 99
800 F 98°TI €10 F 9I°€l $00'0 F €091 9100 F I1TH'8T 1100 F990°0C  12CST 861 61 ¥T—SS'LEFO ST S9
600°0 F9TL¥T  0TI'0 F €8T°91 GG88S POV 9T T EL'SEYO8T 9

010 F I¥°¢€I €000 F 8€6'ST  S00'0 F9T6'LT  STOO F86E'61  69CI€ 68 ST vT— LESEFO 8T €9

900 F #L'IT  LOOFO0CI H$O0F$6CI  SO000F9SSHI  TOO0F L¥99T 9000 F0TT8I  809CTI 10 LTHT—CESEH08T 79
800 F 0L TI0OF 0TI SOOFOI'TL  OI00FOIFEl  TO00F €061 TO00F 60191 6FPLT STYLI YT LTSEVORL 19
900 F I€FL 1100 F9IT9L  L00'0 F OSK'8T  S¥0'0 F 6C8'61  8SE9T  €'LT8I YT~ 96'€E O8I 09

IFOFT0El TIOT Erel 6000 F9LI'9T  0£0'0 F6L9'8T  LIT'OF 6£€0C  TEIQL  TOTETHT—09°€E#0 8T 65
SOOFHHEl €000 F9¢TST 6000 F 06 LT 8000 FCS6'ST  ISTEL  +'€S9THT—¥S' €€ #0 8T 8S

800 FSEFI  YOOFFI'ST 0100 F 88991  LIOOFSTO8I  6£0°0 F LSY'OT  6T00€  0TTII ¥T—¥8TEH0 81 LS

YOOF 90 IT  SOOFHTIT 900FC6II  #000F CEI'El  TOO0O F6£9¥T 1000 F I6L°ST 82991 001 ¥THT—STTEHO8T 9§
€00F 60Tl SOOFIETI  €00FEIEl  TOO0F LIFHL €000 F 6y TO00F ISYLL  T88SI 10OV HTHT-88IEVOBI  SS
YOO F80ET  HOOF96°CT  SO0°0F L6SST  SO00F IZI'8T €100 F LL86T  68€€E  THS+Ive—CLTIE YO 8T +S

YOO F 0TI SOOF LTI  SOOFO08El 90000 F 80S'ST 6000 FTISLI  S000F L6161  +6TvE €6THI ¥T—88°62+0 81 €S
YOOF ESIT  SOOFLLTIT  $O0OF0STI  €000F898ET  1€00F0SS'ST  80I'0 FHOL9T 8Ll 08T STHI—CE6CH08T TS
SOOF6TEl  LOOFVLEL  LOOFLSHI  +000F 12891 0100 F L86'8T  TTO'0O FO00L'0T 0209 TEH €I vT—SI'6T+0 81 IS
Y00 F S8'CI 600 F ST'€I : €000 F819°ST  0I00FTCO'LL  TI00FEIS6L  8SS¥I S LESTHI—TT8THO ST 0S
Y H l I A g AL (0000)¢  (0000)® al

‘panunuod °| qe],

A9, page 18 of 22



L. Prisinzano et al.: HR diagram of PMS stars in NGC 6530

Table 3. Results on membership, spectral types, and He properties.

ID NIR Target Membership Membership Spectral H, F WZI[/D\] H, F WZI[;\] Notes
class  type PDM2007 this work type PDM2007 this work

1 11 2 M 1 K2-K3V 8.3 9.5

2 111 1 M 1 K2-K3V 6.5 6.0

3 111 1 - 1 MO-M1V 6.0

4 II 2 M 1 K7.5-M0.5V 14.0 BVI excess

5 11 1 M 1 K4 -K6 'V 6.0

6 111 1 - 1 K4.5-K6 V 6.0

7 111 1 M 1 K4-K5V 14.0 6.0

8 111 1 - -1 F7-F9V 6.0

9 111 1 M 1 K7-M0OV 2.7 6.0

10 II 2 M 1 K4-K5V 4.0

11 11 2 M 1 MO.5-M1V 6.0

12 I 1 M 1 K35-K45V 11.0 veiling

13 11 1 - 1 MO -M1V 11.0

14 111 1 M 1 K5-K6V 8.6 13.0

15 3 NM -1 K5-K7V -7.0

16 111 1 M 1 G7-G9V 5.0

17 111 1 M 1 K4 -K6V -6.5

18 0/1 2 M 1 MO.5-M1V 7.0

19 3 NM 1 MO -MI1 V 17.0

20 111 1 M 1 K7.5-M0.5V 13.0

21 1T 2 M 1 K2.5-K3.5V 12.5 15.0

22 11 1 M 1 K1-K3V 7.0

23 1T 2 - -1 KO-KIV -6.0

24 111 1 M? 1 FO-G1V 6.0

25 111 1 M 1 K7-M0OV 12.0

26 111 1 - 1 MO.5-M1V 6.0

27 111 1 M 1 K4-K5V 6.0

28 111 1 - 1 K1-K2V 12.0

29 1T 2 M 1 MO -MI1 V 6.0

30 111 1 M 1 KO-K2V 6.0

31 0/1 2 M 1 - 15.6 11.0 emission lines

32 111 1 M 1 M0.5-M1.5V 6.0

33 11 1 M 1 KO-K2V 15.0

34 11 2 M 1 K4 -K6V 10.0

35 11 1 M 1 K4 -K6V 13.0

36 11 2 M 1 K7.5-M0.5V 9.5 veiling

37 111 1 M 1 MO -MO0.5 V 9.0

38 111 1 M 1 K2-K3V -7.0

39 11 1 M 1 G9-KI1V 10.7 7.0

40 111 1 M 1 MO -M1V 13.5

41 II 2 M 1 K3-K5V 12.0 14.0

42 111 1 M 1 K7.5-M0OV 10.0

43 111 1 - 1 MO -M1V 13.0

44 111 1 - 1 K4-K6V 7.0

45 1T 2 - 1 MO -MO0.5 V 6.0 BVI excess

46 I 1 M 1 - -70.0 high rotator

47 111 1 - 1 MO -MO0.5 V 10.0

48 11 1 M 1 MO -MO0.5V 10.0

49 111 1 - 1 KO-KI1V 22.0

50 111 1 M 1 MO -MO0.5V 11.0

51 3 - -1 - 6.0

52 111 1 M 1 K2-K3V 11.0 11.0

53 11 2 M 1 MO -MI1 V 6.0 BVI excess

54 11 1 M 1 K2-K3V 5.0

55 111 1 - 1 K2 -K4V 4.5

56 111 1 M 1 G7-G8V 9.0

57 111 1 - 1 K7.5-M0.5V 17.0

58 111 1 M 1 G9-KI1V 5.4 6.0

59 111 1 - 1 M0O.5-M1V 18.0

60 111 1 - 1 MO -MO0.5V 8.0 BVI excess

6l 11 2 M 1 K5-K6V 6.0

62 111 1 M 1 MO -MO0.5V 14.0

63 111 1 M 1 K7.5-M0.5V 15.0

64 111 1 M 1 MO -MO0.5 V 34 8.0

65 111 1 - 1 MO -M1V 17.0
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Table 3. continued.

ID NIR Target Membership Membership Spectral H, FWZI[A] H, FWZI[A] Notes
class  type PDM2007 this work type PDM2007 this work

66 111 1 M 1 K4-K5V 12.0

67 3 M 1 MO.5-M15V 2.2 6.0

68 111 1 M 1 K7-MOV 14.0

69 11 2 M 1 F7-F8V -24.0

70 3 NM -1 G4-G4V 18.4 -13.0

71 III 1 M 1 K7-MOV 12.9 8.0

72 111 1 — 1 K0.5-K2.5V 8.0

73 III 1 M 1 G4-G6V 8.0

74 111 1 - 1 M2.5 -M3.511 26.0 BVI excess

75 III 1 M 1 K2-K3V 17.0

76 111 1 M 1 MO - MO0.5 V 15.0

71 1I 2 M 1 K2-K3V 6.0

78 111 1 M 1 MO -MI1 V 17.0

79 0/1 2 M 1 Ml -M2V 12.0

80 II 2 M 1 MO -MI1 V 14.9 14.0

81 III 1 M 1 MO -MO0.5V 8.0

82 111 1 - 1 M2.5 -M3.5111 10.0

83 III 1 M 1 MO-M1V 2.4 5.0

84 111 1 — 1 K45-K55V 10.0

85 1I 2 M 1 K7-MOV 12.3 7.0

86 I 1 - 1 K7.5-M0.5V 19.0 veiling

87 111 1 M 1 K1.5-K25V 5.0

88 111 1 M 1 K2-K4V 6.0

89 I 1 - 1 M4 - M5 1L 4.0

90 II 2 M 1 K3.5-K4.5V 13.3 8.0

91 II 2 — 1 A9-F1V 30.0

92 III 1 M? -1 K4-K5V 6.0

93 1T 2 - 1 MO -MI1 V 14.0 BVI excess

94 11 2 M 1 K75-M0.5V 8.0

Notes. ID is the sequential number, Col. 2 is the class assigned based on the NIR excesses; Col. 3 describes the target type where 1 indicates
candidate WTTS, 2 indicates candidate CTTS and 3 indicates candidates selected only photometrically; Col. 4 indicates the membership assigned
in PDM2007; Col. 5 indicates the membership assigned in this work; Col. 6 gives the spectral types; Cols. 7 and 8 gives the full width zero
intensity (FWZI) of the H,, line measured in PDM2007 and in this work, respectively; Col. 9 gives some notes.
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