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ABSTRACT

In a deep 60 ks Chandra ACIS X-ray observation of the very young cluster NGC 6530, we detect 884 X-ray
point sources and argue that a very large fraction of them (90%—95%) must be pre—main-sequence (PMS) cluster
members, mostly of low masses. This is a significant enlargement of the known NGC 6530 stellar population
with respect to previous optical studies, including Ha surveys. We identify 220 X-ray sources with cataloged
stars down to ¥ = 17, while most unidentified sources have fainter counterparts. Moreover, we find an infrared
counterpart in the 2MASS catalog for 731 X-ray sources. The optically identified cluster X-ray sources are found
in a band in the H-R diagram above the main sequence, in the locus of 0.5—1.5 Myr PMS stars, with masses down
to 0.5-1.5 M. We find evidence of an age gradient across the field from northwest to south, suggesting a
sequence of star formation events qualitatively similar to that found in earlier studies of the same region, but
differing in the details. A group of X-ray sources showing frequent flares may be associated with the youngest
stars in the cluster, suggesting that X-ray flaring activity is especially intense in the youngest PMS phases of low-

mass stars.

Subject headings: open clusters and associations: individual (NGC 6530) — stars: coronae —
stars: pre—main-sequence — X-rays: stars

On-line material: machine-readable table

1. INTRODUCTION

NGC 6530 is a very young cluster closely associated with
the M8 nebula. This emission nebula is excited primarily by
bright nearby O stars: the extremely young object Herschel 36
(O7 V), which illuminates the brightest part of M8 (the
“Hourglass Nebula), 9 Sgr (O4 V), and HD 165052 (an
06.5 V + 06.5 V binary). In addition to O stars, NGC 6530
contains about 60 B stars (Sung et al. 2000, hereafter SCB),
making it ~3—4 times richer in massive stars than the Orion
Nebula cluster. NGC 6530 is much farther away than the Orion
Nebula: its distance has recently been estimated to be d =
1.8 kpc (SCB), while earlier estimates were in the range d =
1.3-2.0 kpc (The 1960; Walker 1957). The NGC 6530 age was
estimated as ~1.5-2.0 Myr (van Altena & Jones 1972; Sagar &
Joshi 1978; SCB), slightly older than the Orion Nebula cluster
(Hillenbrand 1997).

The M8 emission nebula is the illuminated, nearest part of a
giant molecular cloud, along the same line of sight as the
visible NGC 6530 cluster, in which some of its members may
be still embedded. The thick, dense molecular cloud is visible
in optical images, since its nonexcited parts are dark and ab-
sorb the light of background stars. The nearly complete ab-
sence of background stars can also be verified from the H-R
diagram of the cluster region (see, e.g., that shown in SCB),
which shows essentially no stars fainter than the main se-
quence at the cluster distance for a given color.

NGC 6530 has been the subject of a number of optical
studies, both to investigate its massive stars and to search for
lower mass stars. Low-mass stars coeval to massive OB stars
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are expected to be still in their pre—main-sequence (PMS)
evolutionary stages, falling above the main sequence in the
cluster H-R diagram. Walker (1957) found indications of a
band of less massive stars above the main sequence and ten-
tatively identified these stars as contracting PMS stars. Later,
The (1960) and Chini & Neckel (1981) found that this result
was not statistically significant when compared to the local
density of field stars. A proper-motion study was then made by
van Altena & Jones (1972), but in excluding stars fainter than
V' ~13.6 they missed most of the stars hypothesized by Walker
to be in the PMS stage. The existence of a PMS stellar popu-
lation has therefore remained controversial until very recently.
An optical study by SCB yielded only 37 (plus 9 candidate)
low-mass PMS members, selected through their bright Ha
emission (typical of classical T Tauri stars); since many low-
mass PMS stars exist without Ho emission, this low-mass PMS
sample underrepresents the true low-mass PMS cluster popu-
lation. Focused mainly on the massive stars, instead, were the
photometric studies by Kilambi (1977) and Sagar & Joshi
(1978) and the photometric/spectroscopic study by van den
Ancker et al. (1997).

NGC 6530 and M8 have also attracted attention because they
provide hints of a “sequential” star formation process (Lada
et al. 1976) in which the NGC 6530 cluster formed first and
Herschel 36, embedded in the Hourglass Nebula about 5 pc to
the west of NGC 6530, formed much more recently. Tothill et
al. (2002) have studied this region at submillimeter and milli-
meter wavelengths and have found strings of cloud cores,
which may be induced to collapse and form stars under the
action of the external pressure/shock front.
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Fig. 1.—DSS red image of NGC 6530 and M8, with the ACIS-I field of
view overlaid. The brightest part of the nebula, the so-called Hourglass
Nebula, and its illuminating star Herschel 36 lie just outside the ACIS field.
Detected X-ray sources are indicated by small circles. The ACIS-I FOV is
16/9 on a side. North is up and east is to the left.

The current lack of knowledge about the bulk of the NGC
6530 stellar population has motivated us to perform an X-ray
study of this cluster with the Chandra X-Ray Observatory
(Weisskopf et al. 2002). It is well known that PMS stars have
strong X-ray emission and clearly stand out in X-ray images
compared to older, X-ray fainter field stars, thus enabling an
accurate and efficient selection of low-mass cluster members.

M8 was recently observed in X-rays with XMM-Newton
(Rauw et al. 2002). This observation was targeted at the
Hourglass/Herschel 36 region, and only part of NGC 6530
falls in its field of view (FOV). Unlike these Chandra data,
moreover, the XMM-Newton data have insufficient spatial
resolution to fully resolve the dense cluster of X-ray sources.
An archival ROSAT PSPC observation (unpublished) shows
distinct X-ray sources associated with 9 Sgr and Herschel 36,
but only unresolved emission (~10" wide) coincident with the
NGC 6530 center.

We present our new Chandra X-ray data in § 2. In § 3 we
deal with the optical identification of detected X-ray sources.
Section 4 contains a discussion of our results on the cluster
population. A few more general conclusions on the cluster are
discussed in § 5, and § 6 provides a summary of our results.
The study of the ACIS X-ray spectra of NGC 6530 sources
and the analysis of the properties of the X-ray emission are
presented in a companion paper (F. Damiani et al. 2004, in
preparation, hereafter Paper II).

2. THE X-RAY OBSERVATION AND DATA REDUCTION

NGC 6530 was observed for 60 ks with the Chandra ACIS-I
CCD detector (Townsley et al. 2000) on 2001 June 18—19
as part of the GTO program. The ACIS-1 FOV is square, 16/9 x
16/9, on the sky (only chips 0-3 are used). The pointing di-
rection (R.A. = 1810424538, decl. = —24°21'05”8 [12000.0])
was chosen coincident with the NGC 6530 cluster center, and
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Fic. 2.—ACIS-I X-ray image of NGC 6530 in the 0.5-8.0 keV band. There
are 884 X-ray point sources detected. North is up and east is to the left.

because of the limited FOV we could not observe the Hourglass/
Herschel 36 region, located ~10’ from cluster center. Figure 1
shows a Digitized Sky Survey (DSS; second epoch) red image
of NGC 6530, with the ACIS-I FOV overlaid and the positions
of the X-ray—detected sources (see below).

ACIS-I images have a very narrow point-spread function
(PSF; FWHM ~ 0”5 on-axis). X-ray photons are accumulated
and read out every 3.2 s, so that timing analysis of not-too-
intense sources can be made. The ACIS has moderate spectral
resolution (R ~35-50 around 1 keV), allowing a spectral
analysis to be performed.

We have inspected the ACIS background light curve to
check whether high-background time intervals were present, as
a consequence of eruptive solar activity. High-background
episodes are capable of significantly deteriorating the data
quality and must be screened out to achieve the best sensitivity
for detecting sources. Fortunately, no such high-background
intervals occurred during the NGC 6530 observation, and we
therefore did not have to apply time filtering. As a consequence,
we are able to study X-ray light curves of detected X-ray
sources over an uninterrupted time span of 60 ks.

We have processed the raw X-ray event file using CIAO' to
apply charge transfer inefficiency correction and correct for
“afterglow” spurious events. We selected (standard) event
grades 0, 2, 3, 4, and 6 and selected only photons in the
energy range 0.3—-8.0 keV. The ACIS image so obtained is
shown in Figure 2 and reveals a crowded cluster of hundreds
of X-ray point sources; nevertheless, it is not confused thanks
to Chandra’s superb resolution. A zoom of the dense central
region of this field is shown in Figure 3. The large number of
point sources puts this cluster in a class with Chandra images
of other massive star formation regions, such as the Orion
Nebula, M17, and M16.

Source detection was performed using a 1 keV exposure map
with PWDetect,> a wavelet-based source detection algorithm

! Ver. 2.3, http://cxc.harvard.edu/ciao.
2 PWDetect is available publicly at the URL http://www.astropa.unipa.it/
progetti_ricerca/ PWDetect.
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Fic. 3.—Full-resolution zoom of the central 5’ x5’ of the ACIS image,
where spatial resolution is highest, corresponding to the NGC 6530 cluster
center.

developed at the Osservatorio Astronomico di Palermo on the
basis of its ROSAT predecessor WDetect (Damiani et al. 1997a,
1997b) and previously employed on Chandra data by Harnden
et al. (2001), Flaccomio et al. (2003a, 2003b), and Damiani
et al. (2003), where a brief account of its features can be found.
PWDetect found 884 X-ray point sources in the NGC 6530
ACIS-I image, with a significance threshold chosen to ensure
only one spurious detection on average. The narrow PSF and
extremely low background (<0.1 counts arcsec™2 on-axis) of
Chandra permit confident detection of sources with as few
as 4 or 5 X-ray counts within 5’ of field center and with 15-25
counts in the outermost field regions. Detected source count
rates were measured using PWDetect as well. The list of de-
tected X-ray sources in NGC 6530 is reported in Table 1. In this
table we also report the probability that the X-ray source is
constant according to a Kolmogorov-Smirnov test (Px_g col-
umn), and two hardness ratios (HR1 and HR2 columns), each
defined as (H — S)/(H + S), where H and S are the source
counts in two energy bands, here chosen as [0.75—1.5]and [0.3—
0.75] keV for HR1 and [1.5-8.0] and [0.75—1.5] keV for HR2.

3. OPTICAL-INFRARED DATA AND X-RAY
SOURCE IDENTIFICATION

3.1. Available Data

Optical data on stars in the NGC 6530 region were taken
from the previous works noted in § 1, in particular from the
recent work by SCB. This latter study had the deepest limiting
magnitude (complete to V' = 17, with a few stars fainter than
this limit) and hence contains the largest number of stars. SCB
report V' magnitudes, U—B, B—V, and V'—I color indices, and
an R—Ha index as a measure of Ha emission relative to the
nearby continuum (analogous to the line equivalent width).
Spectral types are available (from the SIMBAD database) for
only 68 stars in the ACIS FOV, most having V'<13. For all
other stars, the spectral type was estimated from their B—V and
V—I colors, as in Damiani et al. (2003; their Table 7). Because
of its V' = 17 magnitude limit, only a few stars in the SCB
catalog have optical colors of M stars.
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As remarked in § 1, a consolidated member list is not avail-
able for stars later than about type A0, which are expected to be
still contracting toward the main sequence. The proper-motion
study by van Altena & Jones (1972) was complete only down to
V' ~13.6, corresponding to mid-A on the main sequence. Using
the R—Ha index, SCB have selected 37 low-mass PMS
members of NGC 6530, plus nine candidate members, mostly
in the range V' = 14.5—18.0. Since the SCB selection probably
misses many cluster members already present in their catalog,
we have cross-correlated our X-ray source catalog not with an
optical list of members but with the whole SCB catalog. There
are 611 SCB stars falling in our ACIS FOV.

The SCB survey does not cover the easternmost 2/25 of the
ACIS FOV (R.A. later than 18"04™525) comprising about 13%
of the FOV. There are 46 detected X-ray sources (5.2% of
total) in the area not covered by SCB. The percentage of these
latter sources is smaller than the uncovered area percentage
because the NGC 6530 X-ray sources are strongly clustered
around the center, as discussed in § 4.3.

We have also taken advantage of the availability of the
2MASS All-Sky Catalog of near-IR sources. We found 9112
2MASS sources falling in the ACIS FOV. However, following
the 2MASS Explanatory Supplement (Cutri et al. 2003), we
have selected only those sources unaffected by strong photo-
metric uncertainties, discarding detections with ph_qual = E,
F, U, or X or with cc_ flg = p, d, or s. We have anyway retained
sources with some confusion-related problems (cc_flg = b or
¢), a significant fraction of the total in such a crowded region.
This selection results in 8792 good 2MASS sources. The num-
ber of 2MASS sources in the ACIS FOV is therefore much
larger than the number of SCB stars, and moreover IR sources
are less affected by extinction and can be used to probe stars
embedded in the cloud or behind it.

One further advantage of using the 2MASS catalog lies in
its good astrometric accuracy (80—100 mas with respect to
the Tycho-2 catalog; Cutri et al. 2003). Therefore, we have
matched positions of SCB stars with 2MASS sources, and
after correcting for shifts of 0”7 in right ascension and —0709
in declination, we have found 851 SCB-2MASS identifications
within 1”3 (of which 583 are in the ACIS FOV). Five cases of
double identifications within this distance turned into single
identifications by using a smaller matching distance of 076,
thus obtaining a list of unique identifications.

3.2. 2MASS X-Ray Source Identification

Since the 2MASS sample in our ACIS FOV is larger than the
SCB sample and gives more accurate positions, we have first
matched positions of our X-ray sources with 2MASS sources.
We have used a matching distance d <4 oy (where oy is the
PWDetect X-ray position error). In doing this, we found and
corrected a systematic X-ray position shift of 073 in right as-
cension and 1775 in declination (thus obtaining more accurate
X-ray positions, reported in Table 1). For three X-ray sources
with such a small X-ray error that 4 ox was less than 175, we
relaxed the identification condition to d < 175. This resulted in
a number of multiple identifications, among which four turned
into single identifications by using a reduced distance d <
1.5 ox. This leaves us with 13 double and two triple X-ray—
2MASS identifications. The total number of X-ray sources
with 2MASS counterpart(s) is 731, reported in Table 1. The
agreement between X-ray and 2MASS positions is excellent in
most cases, with offsets below 1”.

From the total cross-identification area and the 2MASS
source density we may expect 215 spurious identifications,



TABLE 1
NGC 6530 X-RAY SOURCE PROPERTIES AND IDENTIFICATIONS

Position Error ~ Count Rate Py_g Offset Offset
X-Ray No.  R.A. (J2000.0) Decl. (J2000.0) (arcsec) (counts ks~ 1) (%) HR1 HR2 SCB No. (arcsec) Vv V-1 B-V 2MASS (arcsec) J H K
18 03 46.22 —242512.2 2.05 0.891 +£0.266 10.499 1.000 0.276 18034615—-2425106 1.85 14.561 13.339 12.585
18 03 47.16 —24 24222 1.15 1.146 £ 0.182 19.057 0.747 —0.482 203 0.81 16.094 1.660 1.288 18034720—-2424212 1.08 13.022 12.142 11.608
18 03 47.21 —24 25 39.6 3.46 1.352 £0.346 63.661 0.644 0.426 18034703 —2425372 3.38 13.547 11.808 10.435
18 03 47.21 —24 25 39.6 3.46 1.3524+0.346 63.661 0.644 0.426 18034745—-2425372 4.08
18 03 47.72 —24 24 46.5 2.52 0.845+0.165 75.672 1.000 —0.314 18034776—2424471 091 13.504 12.557 12.162
18 03 48.25 —24 22 23.8 0.86 4446 +0.388 62.482 0.867 —0.225 209 0.40 14.835 1.383 1.073 18034826—2422233 0.51 12.339 11.743 11.497
18 03 48.48 —24 23 373 1.22 0.870£0.159 37.274 1.000 0.641 18034860—2423383 2.05 13.029 11.060 10.125
T 18 03 49.20 —24 22 08.2 0.90 3.008 +£0.272  0.000 0.839 0.012 222 0.74 16.636 1.636 1.252 18034920—2422084 0.32 13.623 12.883 12.613
SN 18 03 49.28 —24 24 00.9 1.55 0.509+0.174 67.449 1.000 0.222
L 18 03 49.33 —24 23 37.8 1.22 3.2274+0.285 0.000 0.917 0.093 223 0.19 16.847 1.722 1.354 18034935-2423374 0.46 13.708 12985 12.673
10, 18 03 50.03 —24 21 08.0 0.72 6.492+0.402  0.003 0.845 —0.239 228 0.31 14.497 1296 1.139 18035006—2421079 0.60 12.211  11.621 11.410

Notes.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. Table 1 is published in its entirety in the electronic edition of the Astrophysical Journal.
A portion is shown here for guidance regarding its form and content.
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more than one-quarter of the total. Since however we expect
indeed a strong real correlation between our X-ray and 2MASS
samples, this number is probably unrealistically large. We have
therefore derived it differently. We expect the tail of the offset
distribution to be more affected by spurious identifications than
the distribution peak. Therefore, we counted 21 X-ray sources
with identification between 3 and 4 o, of which a significant
fraction may be spurious. In particular, if we have over-
estimated our X-ray position error, nearly all of these 21 may
be spurious identifications. Since, based on simple geometrical
arguments, the number of spurious identifications in the range
3—4 ¢ is 43.75% of all spurious identifications within 4 o, we
would obtain a maximum total number of 48 spurious identi-
fications in our sample. If instead our X-ray position error is
correct, we expect 1.08% of all real identification to fall in the
3—4 o range [in two dimensions, offsets are distributed as
P(r)dr = exp (—r? /2)r dr, with r in units of o], and thus among
the 21 identifications in this range, eight will be real and 13
spurious, from which one derives a total number of 30
expected spurious identifications. To summarize, we conclude
that the plausible number of spurious X-ray—2MASS identi-
fications is between 30 and 50.

3.3. Optical-X-Ray Source Identification

We then performed a cross-correlation of our X-ray posi-
tions with the optical star positions of SCB, using a matching
distance d < 4 ox (Where oy is the PWDetect X-ray position
error). In doing this, we applied a systematic shift between
X-ray and SCB positions, computed from the shifts already
found, of —0”4 in right ascension and 1784 in declination. For
one X-ray source with such a small X-ray error that 4 ox was
less than 2", we relaxed the identification condition to d < 2.
The agreement between X-ray and optical positions is again
very good (see Table 1). In this case we find no ambiguous
identifications, mostly because of the much smaller size of
the SCB sample (limited to V' <17) compared to the 2MASS
sample. In addition to the O7 star 9 Sgr, not listed by SCB
but identified with the brightest X-ray source (No. 22) in the
ACIS FOV, we uniquely identify 219 X-ray sources, each with
an SCB optical star. Optical counterparts for the remaining
664 unidentified X-ray sources (excluding 46 sources outside
the SCB surveyed region) are either fainter than ' = 17 or are
found in regions with bright nebulosity or nearby bright stars.
We have also computed PWDetect count-rate upper limits for
391 other SCB stars that fell in the ACIS FOV but were not
detected. Overall, there remain 146 X-ray sources with no
optical or IR identification.

We estimate that as many as 28 of our 220 optical identi-
fications may be spurious, with these found preferentially in
the outer parts of the FOV where the ACIS PSF, positional
errors, and matching distances are larger. This number is de-
rived under the assumption that the X-ray and optical pop-
ulations are uncorrelated, probably not the case for most
objects in the NGC 6530 field. Analogously to the case of
2MASS identifications, it therefore should be regarded as an
overestimate.

4. THE NGC 6530 CLUSTER STELLAR POPULATION
4.1. Nonmember Contamination

The number of X-ray sources we detect in the NGC 6530
ACIS field is so large that it leaves little doubt that most of
them are indeed cluster members. Here we try to estimate more
quantitatively the number of ‘“‘contaminating” X-ray sources,
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Fic. 4—Histograms of detected source count rates in the NGC 6530 field
(white) and in a reference Galactic plane field with the same sensitivity
(shaded). The narrow bins indicate the count-rate distribution for optically
identified sources.

which do not belong to the cluster but are either foreground or
background objects. To this aim we have searched the Chandra
data archive for other pointings toward nearby sky regions
(especially at nearly the same Galactic latitude), with the same
detector and with at least as long an exposure time, to be used
as a “control field” for the field-object X-ray sources. There
are not many archived observations meeting these require-
ments, and the best candidate we found is a 58 ks ACIS ob-
servation of the Galactic plane (observation ID 1523) pointed
at Galactic coordinates / = 28745, b = —0°2 (our NGC 6530
field is at [ = 6708, b = —1°31). In this field PWDetect de-
tected 119 X-ray point sources (in addition to a few possible
diffuse sources). This is a significantly smaller number than
detected in NGC 6530. Figure 4 shows the detected count-rate
distributions for NGC 6530 (white bars) and this Galactic
plane pointing (shaded bars). If the number and types of field
X-ray sources are the same for the Galactic plane field and
NGC 6530, then most of the expected contamination occurs
at the lowest X-ray fluxes, while virtually no contamination is
present for count rates larger than 10~ counts s—!. Moreover,
we have found that most of the Galactic plane X-ray sources
have hard X-ray spectra (although only a handful of counts are
detected for most of them), namely, harder than those of most
NGC 6530 sources. Ebisawa et al. (2001) have studied this
Galactic plane pointing and concluded that most of these point
sources are probably extragalactic objects seen through the
Galactic disk, i.e., preferentially background rather than fore-
ground objects.

Because NGC 6530 lies in front of a dense, opaque dust
cloud (see § 1), the total Galactic absorption in this direction is
much larger than the simple Galactic plane value. Therefore,
any background objects would be detected with still lower
fluxes than those in the Galactic plane pointing. Moreover, they
will be found preferentially among the hardest X-ray sources
detected. Hence we estimate that the number of unrelated field
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objects that we detect as X-ray sources in the NGC 6530 field is
definitely not larger than 120 and more probably of order ~50
objects, most of which would have very low count rates.

We plot also in Figure 4 the count-rate distribution of
NGC 6530 X-ray sources that are identified with optical stars.
These are more frequent at higher count rates, where the
fraction of expected contaminants decreases. If we consider
only optically identified X-ray sources, the number of expected
detected nonmembers (computed as >, NSaIPLyident /ptot
where the sum runs over count-rate bins and NP1 Nt and
Nident are the numbers of detections in the Galactic plane field,
the total number of detections in NGC 6530, and the number
of optically identified sources in NGC 6530, respectively)
drops to 17 at most, and is probably much lower. We conclude
therefore that at least 90% of the X-ray sources detected in
NGC 6530 are very probable cluster members, and this per-
centage rises to 95%, considering only sources with optical
counterparts in the SCB catalog.

4.2. Background/Embedded Stars from 2MASS Data

Using 2MASS IR data, we have tried to obtain more clues
about the nature of objects falling in the ACIS FOV, and
in particular of detected X-ray sources. Figure 5a shows an
(H-K, J—K) color-color diagram for all 2MASS sources in
the ACIS FOV with a valid detection in the J, H, and K bands
(small dots), with crosses indicating X-ray detected sources.
Also shown are the reddened 1 Myr isochrone between 0.16
and 7 M, (see § 4.5; in this diagram, it is very similar to the
ZAMS) and the reddening vector (from Rieke & Lebofsky
1985). Figure 5b is an analogous diagram including only SCB
stars in the FOV. Figure 5a shows that most 2MASS sources
in the field are found distributed in a strip nearly parallel to the
extinction vector up to H—K ~ 1.7. The largest H—K for stars
with 4y ~1 is about 0.4, and therefore the much larger values
of H—K found are indicative of high reddening (4 ~ 5—15

for most sources and ranging up to 4y ~ 30). Only about 60
of these high-reddening 2MASS sources are X-ray detected,
very compatible with the expected number of background
X-ray sources (§ 4.1). Most X-ray detections are instead found
along the 1 Myr cluster isochrone, indicating low-reddening,
normal photospheric emission. Some X-ray sources show
redder IR colors, but not along the reddening vector, suggest-
ing possible IR excesses from circumstellar dust.

Figure 5b contains only SCB stars (with /' < 17), and we can
see that while the pattern of X-ray—detected sources has not
basically changed, the strip of heavily absorbed sources has
almost disappeared. In particular, there are no more X-ray—
detected, high-extinction sources. Therefore, while among IR-
identified X-ray sources we find a few tens of sources with
Ay ~ 5-15, virtually no such high extinction is found among
optically identified X-ray sources (within the SCB limit). In
either case, most X-ray sources are compatible with stars
with normal IR colors and reddening in a small range (4y ~
1-2), apart from stars with probable IR excesses. Therefore,
embedded/background stars are present in a small number
among X-ray sources with an IR counterpart but are effectively
absent among X-ray sources with an optical (SCB) counterpart.

Since X-ray sources identified with SCB stars will be found
to have a mass larger than 0.5 M, (see § 4.5 and Fig. 11), we
have plotted in Figure 5b the 1 Myr isochrone only down to
0.5 M, and one sees that many X-ray sources now fall red-
ward of it (larger H—K), as if they had normal colors but
a lower mass, discrepant with optical photometry. If the
evolutionary tracks are correct, the solution of this discrep-
ancy might be that IR excesses are more frequent among these
stars than is evident at first sight: the displacement of data
points (crosses) in Figure 56 with respect to normal colors can in
fact be accounted for simply by excess emission in the K band,
as shown in the figure. Although a very crude approximation of
a real excess-emission spectrum, this “excess vector” has the
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right slope to fit the data, while the usual reddening vector
does not. Moreover, postulating large reddenings (4y ~ 5) for
these (many) stars would imply that they are not late-type stars
(see § 4.4) but a cluster of X-ray—emitting A stars, an ex-
tremely unlikely circumstance. Therefore, IR excess emission
may be more widespread in our NGC 6530 stars than sug-
gested by their apparently normal (i.e., photospheric) IR col-
ors. Beyond these simple conclusions, the richness of 2MASS
data deserves a much deeper study, which we defer to a future
paper. Because of the very likely presence of IR excesses in
these stars (possibly not only in the K band), we do not at-
tempt to derive star properties (masses, ages) from an IR
color-magnitude diagram, despite the number statistics of IR-
identified X-ray sources being much larger than those of op-
tically identified ones.

4.3. Cluster Census and Morphology

We are confident that about 800 of the X-ray sources that
we detect in our ACIS field are confirmed cluster members
(see § 4.1). This number is 8—10 times the number of con-
firmed NGC 6530 members known from previous optical
studies. Since all higher mass stars in the cluster are already
known, these new X-ray objects must correspond to lower
mass stellar members (or to embedded, heavily absorbed
massive stars missed by previous studies). Given that only 46
low-mass members (and candidates) were found by SCB, the
increase brought about by our X-ray data in the known cluster
population in this mass range is by about a factor of 15. Rauw
et al. (2002), on the basis of their XMM-Newton X-ray data
with its smaller source sample, inferred an enlargement of
only a factor of 2 with respect to optical studies.

With this enlarged membership, we have attempted to study
the morphology of NGC 6530. The small uncertainty related to
field objects will have a minimal impact on this study, since
these have a uniform spatial distribution. As seen in Figures 1
and 2, clustering of X-ray sources is highest near field center.
The northeast part of the FOV has a significantly lower density,
while toward the southeast a subclustering of X-ray sources
can be seen. Directly counting the source density in these
figures may be misleading, however, because the point-source
sensitivity decreases toward the outer parts of the FOV; some
central enhancement can be expected even for a uniform
source density in the sky. Therefore, we plot in Figure 6 the
density of sources with ACIS count rate >3 x 10~ counts s !,
detectable across the whole FOV. This plot confirms that a
strong central clustering is present, with the source density
reaching a maximum at R.A. = 18"04™25%, decl. = —24°22'00",
which we therefore take as the NGC 6530 cluster center, and
falling by a factor of 2 within a radius of ~3’ (1.5 pc) from
the center. The peak density of sources with rate >3 x 10~
counts s~! is about 46.5 stars pc2 (the total peak density
is 61.5 stars pc~2). Figure 6 shows also that the NGC 6530
source density does not fall equally steeply in all directions. In
the figure, the arrow in the top gray scale indicates the average
source density (above the same full-FOV flux threshold) for
the Galactic plane field. In the northeast NGC 6530 quadrant,
the source density is the lowest and approaches that of the
Galactic plane, while in the other three quadrants (especially in
the two southern ones) it remains higher than that, until the
farthest off-axis positions.

We conclude therefore that our observation has probably
reached the cluster outer border in the northeast, while the
cluster may extend beyond our FOV in other directions. Since
the cluster center, identified as the position with the highest
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Fig. 6.—Gray-scale map of detected source density in NGC 6530 (only
sources with ACIS count rate >3 x10~* counts s~!, detectable across the
whole ACIS field), with contour levels. The assumed cluster center is indi-
cated by a small cross. The arrow in the top gray scale indicates the average
source density in the reference Galactic plane field.

stellar density, appears to be near the center of our FOV, the
cluster shape is asymmetrical with respect to its center. Indeed,
we know that at least one young star associated with NGC
6530, namely Herschel 36, lies outside our ACIS FOV, a
couple of arcminutes beyond its western edge.

One would like to know just how much of the NGC 6530
cluster falls outside our ACIS FOV. Clues to this may be found
in the ROSAT PSPC image, which shows that apart a few dis-
crete sources (mainly Herschel 36 to the west and HD 165052 to
the east), nearly all of the PSPC unresolved emission falls inside
our ACIS field. A similar conclusion may be reached from the
XMM data (Rauw et al. 2002), covering a larger field than ACIS
but pointed about 10’ to the west of our field. It shows very few
sources outside our ACIS FOV toward the west, south, and
north, with the exception of Herschel 36 and its immediate
neighborhood. We conclude that indeed a very large fraction of
the total NGC 6530 cluster is covered by our ACIS FOV.

We have also examined why previous optical studies failed to
identify this substantial NGC 6530 cluster population found in
our X-ray study. Figure 7 shows spatial distributions of our
X-ray sources in two different X-ray luminosity ranges, together
with distributions of optical stars brighter and fainter than
V' =15. The X-ray sources show evident clustering, while
optical stars, in either magnitude range, do not (apart from the
few bright OB stars, which typically do cluster). For a cluster
at the distance of NGC 6530 on the Galactic plane and close to
the Galactic center direction, the number of field stars is very
large (even though almost no background stars are found in
the SCB optical sample, as discussed in § 4.2) and precludes a
statistical determination of the cluster population of late spectral
types, as noted by previous studies such as The (1960).
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Fic. 7.—Spatial distributions of (a) X-ray sources with ACIS count rate in the range 3 x10™* to 3x 10~ counts s~!, (b) X-ray sources with ACIS count rate

>3 %1073 counts s, (c) all stars with ¥ < 15, and (d) all stars with ¥’ > 15. Note that apart from the visually bright stars evident in Fig. 1, there is no obvious
clustering of optical stars in any magnitude range, as found in previous studies. The dotted lines indicate the ACIS FOV, while the solid lines indicate a reference
square region of 7/2 on a side, centered on cluster center as defined in Fig. 6.

We have computed the expected number of foreground field
stars brighter than V' = 17 falling in the ACIS FOV toward
NGC 6530, which, using data from Allen (1973) for a cluster
distance of 1800 pc and average extinction Ay ~ 1, turns out
to be 720 stars, even larger than the number of X-ray unde-
tected SCB stars in the FOV (391 stars; see § 3.3). For a
smaller cluster distance of 1300 pc (Walker 1957), the ex-
pected number becomes 356 stars, very close to the observed
number. In any case, we do not expect many background stars
to be contained in the SCB sample.

Compared to SCB field stars, an even larger density of field
stars (both foreground and background) is found in the

2MASS data, as already seen in § 4.2. This emphasizes how
crucial sensitive, high-resolution X-ray data are for a proper
study of such very young star clusters.

4.4. H-R Diagram

To understand better the nature of the stellar population
selected through our X-ray data, we have located their optical
counterparts on a (¥, ¥—I) H-R diagram of the NGC 6530
region using SCB optical data, as shown in Figure 8. A few
stars fainter than V' = 17 are PMS cluster members selected
by SCB from their Ho excess.
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Fig. 8.—Color-magnitude (¥, V—I) diagram for NGC 6530 (from SCB
data). The average reddening correction and its range are indicated. Crosses:
X-ray—detected stars. Dots: X-ray nondetections. A region is indicated where
most X-ray—detected stars with G-K (dereddened) V'—I color are found, which
we call the “cluster locus.” Blueward of it, we identify a field-star “main
sequence” (an envelope of field-star main sequences up to the cluster dis-
tance). Note that there is an apparent lack of stars more distant than NGC
6530, probably because they are completely obscured by the dark cloud just
behind the visible cluster. See text.

This diagram proves to be very rich in information. Exam-
ining Figure 8, we note (1) an upper main sequence (as red-
dened by SCB and indicated with the vector on the upper
right); (2) a swarm of stars whose lower envelope shapes the
main sequence at the NGC 6530 distance, mostly undetected
in X-rays, labeled “field-star main sequence” in the figure;
(3) another swarm of X-ray—detected stars, distinctly to the
right of main-sequence field stars and mostly at faint / mag-
nitudes; and (4) with still redder V—/ color, a much less nu-
merous population of stars, presumably foreground.

Since we have already established that most stars detected
in X-rays are cluster members, the position occupied by the
bulk of X-ray detections defines the NGC 6530 cluster locus
in the H-R diagram. Accordingly, we have drawn a trape-
zoidal region enclosing them in Figure 8, with (reddened)
colors corresponding to G-K-M stars, and we have labeled it
“cluster locus.” The number of X-ray—detected G-K stars in
the main-sequence and foreground regions is about 12—15,
compatible with the estimated number of contaminating field
objects among optically identified sources. Therefore, we re-
gard all X-ray detections in the cluster locus as genuine
NGC 6530 members, with no more than a few spurious
objects among them. On the other hand, the probability that
X-ray—detected stars outside the cluster locus belong to the
cluster is expected to be very small. In most X-ray studies
of star-forming regions with a well-defined member list, e.g.,
as in the Orion Nebula, X-ray—detected and undetected stars
are found to be well mixed in the H-R diagram (see, e.g.,
Feigelson et al. 2002; Flaccomio et al. 2003a). We therefore
assume that there will be hardly any NGC 6530 members
among the X-ray—undetected stars that fall outside our
cluster locus.

Fic. 9.—Color-magnitude (¥, B—V) diagram for NGC 6530. Crosses:
X-ray—detected stars. Dots: X-ray nondetections. Plus signs: Stars with proper-
motion membership probability greater than 50% according to van Altena &
Jones (1972) (X-ray—detected, proper-motion members show up as asterisks).
Dashed horizontal lines indicate magnitude limits from different optical studies
of NGC 6530: van Altena & Jones (1972, VAJ72), Chini & Neckel (1981,
CN81), van den Ancker et al. (1997, vdA97), Sagar & Joshi (1978, SJ78),
Walker (1957, W57), The (1960, T60), and SCB.

For field stars at distances just a little closer than NGC
6530, the main sequence is very well defined (see § 1) as the
lower envelope of dots in Figure 8, with only two stars below
it, confirming the absence of background field objects, with
the two exceptions probably seen through small holes in the
molecular cloud (or perhaps representing foreground white
dwarfs). The reddening of background stars must therefore be
so large that they would appear at much fainter magnitudes
than the SCB catalog limit. The direction of the reddening
vector direction, as shown in the figure, is such that stars in the
cluster region cannot be more distant, highly reddened stars.

Most X-ray detected stars have the V'—I colors of K stars.
None have M star colors, probably since M stars in the cluster
are fainter than the SCB magnitude limit and all M stars in
SCB are low-mass foreground stars. Among stars bluer than
G type, we consider all O and B stars in the FOV to be cluster
members because of their rarity in the field, as found in pre-
vious studies. Stars of intermediate type (A and F) are seen in
the H-R diagram of Figure 8 to be mostly X-ray detected if
they are brighter than V' = 13; because of their large number
these X-ray sources must also be cluster members. Therefore,
we consider all stars earlier than type G and with V< 13 to be
highly probable cluster members. The percentage of X-ray—
detected stars in the range B3—F5 is 49% (25/51) for V' < 13;
including fainter (mostly field) F stars halves this percentage.

In order to compare our NGC 6530 member selection with
that of previous optical studies, we show in Figure 9 a (V,
B—V) diagram for NGC 6530, plotting X-ray—detected and
undetected stars, together with stars found by van Altena &
Jones (1972) to have a proper-motion membership probabil-
ity greater than 50%. In addition, we indicate with horizon-
tal lines approximate magnitude limits for various previous
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discussed in the text.

studies (see § 1). A number of early-type stars have low proper-
motion membership probability, suggesting that this indicator
has limited value. Nevertheless, we find that many stars of
types B and A and V<13 are both proper-motion members
and X-ray detected, strengthening our assertion that these stars
are indeed cluster members. The usefulness of the proper-
motion study of van Altena & Jones (1972) is confined to these
brighter stars because of the study’s magnitude limit at around
V' = 13.6. The inability of The (1960) and SCB to detect the
lower mass cluster locus can be understood in view of both the
large number of field stars and the fact that in such a young
cluster low-mass stars are still in their PMS stages. They are
regularly found in a wide band above the main sequence in the
H-R diagram, not in a narrow and well-defined ZAMS locus.
This “dilutes” their appearance on the H-R diagram and makes
them unrecognizable against the large number of foreground
field stars.

To test the validity of our “cluster locus” selection in the (¥,
V—I) diagram, we plot in Figure 10 the spatial distributions of
stars in this locus (Fig. 10a) and stars in the main-sequence
locus (Fig. 10b). It is obvious that while cluster-locus stars are
indeed clustered around the NGC 6530 center and are much
less numerous outside our ACIS FOV, to the south and to the
west, main-sequence field stars are much more evenly dis-
tributed across the whole region, with absolutely no clustering
toward cluster center. This strengthens our contention that
most stars in the cluster locus are indeed cluster members.
This locus contains 158 X-ray—detected and 88 X-ray—
undetected stars. While the cluster membership is virtually
assured for all detections, membership for nondetections is
much more uncertain. If the NGC 6530 cluster ends exactly at
the edge of our FOV (a reasonable approximation, as discussed
above), we can estimate the number of nonmembers in the
cluster locus inside our FOV from the space density of cluster-
locus objects outside the FOV. A density of 0.41 £ 0.05
cluster-locus stars per square arcminute times the ACIS FOV

area common to SCB yields 104 £ 12 field stars in the cluster
locus within our ACIS FOV. This number (within uncertain-
ties) is the same as the number of undetected stars in the
cluster locus, indicating that most are nonmembers. Since we
do not know exactly where the NGC 6530 cluster border lies
in the sky, however, this is an overestimate of contamination
in the cluster locus, and we will admit in the following also the
possibility that a fraction of the X-ray—undetected stars in this
locus may be NGC 6530 members.

In the following we therefore regard as confirmed cluster
members (1) all O and B stars; (2) all A and F stars brighter
than V' = 13; (3) all X-ray—detected stars falling in the cluster
locus of Figure 8; and (4) all Ha-emission PMS stars selected
by SCB (including PMS candidates), 39 of which fall in our
ACIS FOV, regardless of their X-ray detection. These stars

will be collectively indicated as ‘“‘cluster stars.

X-ray—

undetected stars falling in the H-R diagram cluster locus are of
uncertain status and will be indicated as “possible members.”

4.5. Masses and Ages

Figure 11 provides a comparison of the H-R diagram po-
sitions of stars in our ACIS FOV with the predictions of the-
oretical PMS evolutionary tracks® (Siess et al. 2000, hereafter
SDF), reddened using the average NGC 6530 values found
by SCB. Here we have omitted all optically bright stars, al-
ready on the main sequence, and very red (V—I > 3) fore-
ground field stars. Using the SDF models, we have derived
from the diagram shown in Figure 11 masses and ages for our
cluster stars not yet on the main sequence. The plotted ZAMS
in Figure 11 is reddened with the average cluster extinction,

3 These models have proven to be consistent with dynamical stellar masses
(Simon et al. 2000) and have already been used in the interpretation of Chandra
X-ray data on the Orion Nebula cluster by Flaccomio et al. (2003a, 2003b).
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while a differently reddened ZAMS is appropriate for field
stars.

In the figure we have also indicated with triangles optical
irregularly variable stars in our ACIS FOV (29 stars) from the
General Catalogue of Variable Stars (Kholopov et al. 1998).
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These stars are typically found in star formation regions
among low-mass PMS stars (e.g., T Tauri stars). They share
the same locus in the H-R diagram as the X-ray—detected
cluster population and are thus stars in the same mass range
and evolutionary stages. Ten of these variable stars are also
strong Hoe emitters, and all but four are detected in X-rays.
Only two of these latter four are plausible cluster members
from their position in the H-R diagram, one also selected from
Ha. Hence including variable stars adds little to the NGC
6530 population already selected.

In Figure 8 we have shown the average reddening found by
SCB in NGC 6530, as well as its minimum and maximum
value. These values were derived from the (U—B, B—V)
color-color diagram of OB stars. In Paper II we present indi-
cations on the basis of our ACIS X-ray spectra that the av-
erage absorption of lower mass stars may be higher, on
average by a factor of 2 (provided that the thermal structure of
these stars’ coronae is satisfactorily reproduced by our models
and that a constant gas-to-dust ratio is present toward all
cluster stars). An examination of the (U—B, B—V") diagram for
all cluster stars (i.e., confirmed members) shows that lower
mass stars have a larger scatter than massive stars, indicating
a larger range of differential extinction, with higher average
values. From Figure 11 we see that differential reddening may
displace stars in the H-R diagram along a direction almost
parallel to isochrones in the part of the diagram where most
cluster stars are found. Therefore, age estimates are little af-
fected by extinction uncertainties (within twice the range
found by SCB), while mass estimates are much more affected
(for example, a star with M = 1 M, may be mistaken for a
more reddened star with M = 1.5 M). Masses for possibly
embedded objects are instead much more uncertain.

Figure 12a shows the age distributions of NGC 6530 mem-
bers found in different nonoverlapping subregions, namely a
central region plus four outer regions. Despite a large scatter,
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Fic. 12.—Age and mass distributions for X-ray—detected stars in the cluster locus belonging to different spatial regions, identified in Fig. 10. (a) Age distribution.
There is a clear age difference between the selected samples in different regions, especially between the northwest and southeast regions. (b) Mass distribution. A
difference is visible, but this may be due to the combined effect of an age difference and the optical photometry ¥ limit.
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there is a systematic difference between these regions: stars
in the northwestern outer region appear to be definitely older
than stars in the cluster center. To a lesser extent this is true
also of stars in the northeast. On the contrary, stars in the
southeast are on average younger than cluster center, with a
smaller spread, while stars in the southwest seem to have a
mixture of ages, some similar to cluster center and some much
younger. This southwest subregion apparently contains a het-
erogeneous stellar population with an age spread larger than
elsewhere in the cluster. It is also closest to the Hourglass
region, which contains the very young star Herschel 36.

On the basis of the “displacement” between the NGC 6530
stellar cluster and the more embedded, probably protostellar
object Herschel 36 and the Hourglass Nebula, it has been
proposed that star formation in this region occurred in a se-
quence starting near the NGC 6530 center and proceeding
toward west. In this scenario, one would expect to find youn-
ger stars in the western part of our FOV, lying very close to
the Hourglass. Our data suggest instead a different scenario,
where star formation has progressed from north to south, not
from east to west. Stars in the northwest were the initial
generation of stars, now fully emerged out of the molecular
cloud (stars in this region are found in Paper II to have the
smallest X-ray absorption). Then the bulk of the cluster
formed (in the central region), and later stars formed more to
the south and southwest (including the Hourglass region).
This can be seen more clearly from Figure 13, which plots the
spatial distributions of cluster stars in three different age
ranges: age less than 5x10° yr (filled circles), age between
5%x10° and 2x10° yr (plus signs), and age greater than
2x10° yr (open circles). It is obvious that very young stars
are dominant in the south/southwest, comprise a smaller frac-
tion in the center, and are totally absent in the northwest.

It is also interesting to note that the very young stars found
in the south share the same spatial distribution as the X-ray
flaring sources (see § 4.7). Moreover, the X-ray—bright stars in
the southeast follow rather closely the shape of an Ha bright
rim, which is evident at the bottom left of Figure 1 and
appears to be the edge of a denser portion of the molecular
cloud, excited by the radiation of the nearby O stars (primarily
9 Sgr) and probably also compressed by the winds of the
massive star(s). In the same region, Tothill et al. (2002) have
found a series of molecular cloud cores, probably undergoing
collapse. The association of a very young PMS group and a
perturbed, compressed cloud is not likely to be accidental; it is
probably instead an example of genuine induced star forma-
tion, caused by the action of nearby massive stars.

The median age of cluster stars in the central region is
8 x10° yr, slightly younger than the 1.5 Myr derived by SCB
for the massive NGC 6530 stars and compatible with the
possible ages that they find for low-mass PMS stars. Since
there may be uncertainties in the evolutionary models, espe-
cially when comparing high- and low-mass stars, we regard
high- and low-mass stars in the same NGC 6530 subregion as
essentially coeval. This age similarity between massive and
low-mass stars is unlike that found in another very young
cluster, NGC 6231, where Sung et al. (1998) find that the low-
mass stars are much older than massive stars. The age spread
that we observe for the whole NGC 6530 cluster is similar to
that (4 Myr) found by SCB, while the age spread that we find
in each subregion is smaller.

Because X-rays with energies above 1 keV can emerge from
deep within a molecular cloud, our sample probably contains
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6.3 Myr. Open circles: log age > 6.3 Myr. Note the prevalence of very young
stars in the southern part.

stars much more reddened than found by SCB. However, a
difference in reddening between stars in the northwest and
those in the south is unlikely to be the only reason why these
stars appear to have different ages. Since age is relatively in-
sensitive to reddening in this part of the H-R diagram, a large
reddening for the southern stars should be invoked to make all
stars have the same age. If this were the case, stars in the south
would be fainter and harder to detect, both in the optical and
X-rays. But in this region there is no deficit of optical stellar
counterparts; instead there is an excess of (bright) X-ray
sources with respect to northern regions. Moreover, a differ-
ence only in reddening would not explain the spatial coinci-
dence of these apparently younger stars with flaring X-ray
sources. Nor are the flaring sources more absorbed than other
X-ray sources: as noted in §§ 4.7 and 4.8, flaring sources and
strongly absorbed X-ray sources have very different spatial
distributions, with the latter uniformly spread over the FOV,
not concentrated toward the south.

We have also studied the distribution of stellar masses in the
same subregions, as shown in Figure 12b. An apparent cor-
respondence between the age and mass distributions, i.e., with
older (younger) regions containing also more (less) massive
stars and vice versa, is very likely due to a selection effect of
the combination of the evolutionary path of low-mass stars in
the H-R diagram with the /" magnitude limit of the SCB cat-
alog. If the stars in a region are younger, they are still high
on their Hayashi tracks, and therefore stars of lower masses are
above our magnitude limit. On the other hand, in an older region
only more massive stars are above the same limit. Therefore,
with the current magnitude limit it is difficult to discriminate
between an age and a mass effect (but at least one of the two
is really present). Moreover, mass determinations from evolu-
tionary tracks are more sensitive to reddening uncertainties than
age determinations. The magnitude limit of the SCB catalog
ensures that we have a complete sample of stars with masses
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Fic. 14—Diagram (¥, R—Ha) for the whole NGC 6530 ACIS field.
Crosses: X-ray—detected stars. Dots: X-ray nondetections. Open circles: Stars
exhibiting X-ray flares. Triangles: Optically variable stars. Stars with Ha
excess appear on the right part of this diagram, and not all are X-ray detected.
Solid and dotted vertical segments indicate median R—Ha: values for X-ray—
detected and undetected stars, respectively, in different  magnitude intervals.

above 1.5 My, while the coverage of lower mass stars is
increasingly less complete, with the lowest selected cluster
members having a mass of 0.5 M (Fig. 11).

A mass segregation effect with the (apparent) observed
pattern, however, namely a south-to-north mass gradient
whereas the bulk of the cluster lies in the middle, seems highly
unlikely, and we therefore strongly favor the age-evolution
interpretation rather than a mass-difference one. To settle this
question definitively, a deeper photometric catalog is needed,
and one will be available in the near future (Prisinzano et al.
2004).

4.6. Stars with Ho Emission

We have compared the cluster population selected in X-rays
with that selected using Ha by SCB in Figure 14, a (V, R—
Ha) diagram, where R—Ha is the Ha emission index
reported by SCB. Stars with strong Ha emission are found in
the right part of this diagram. Triangles indicate optical vari-
ables, some of which are also stars with strong Ha, while open
circles represent stars exhibiting X-ray flares, two of which are
also strong Hav stars.

First, we note that 10 stars with strong Ha are not detec-
ted in X-rays, a sizable fraction of the total number of strong
Ho stars. These stars are confirmed cluster members both
because of their Ha emission and because of their position
in the H-R diagram. On the other hand, most X-ray—detected
stars (confirmed members as well) have an Ha emission
not distinctly different from X-ray—undetected stars (mostly
nonmembers). Therefore, X-ray and Ha observations provide
two complementary means of selecting low-mass PMS stars
in a star-forming region such as NGC 6530, with stars escap-
ing one method being easily found by the other. It should be
pointed out, however, that within the magnitude limit of the

Fic. 15.—Color-magnitude (¥, U—B) diagram for NGC 6530. For V' > 13,
only stars in the cluster locus are plotted. Crosses: X-ray—detected stars. Dots:
X-ray nondetections. Circles: Ha-excess stars. Triangles: Optical variable
stars. Stars with /' > 16 and U—B < 0.25 have strong violet excesses.

SCB catalog, X-ray imaging appears to be much more efficient
in selecting these PMS stars.

In the figure, solid and dotted segments indicate median
R—Ha values for X-ray—detected and undetected stars, re-
spectively, in different /" magnitude intervals. Although no
clear-cut separation is present, X-ray—detected stars have sys-
tematically larger R—Ha indices than undetected stars. The
median R—Ha values (not shown) for X-ray—undetected
cluster-locus stars are close to the rest of the undetected stars
in all magnitude ranges, suggesting again that most of these
stars are not cluster members, as already found in § 4.4. The
behavior found for X-ray—detected stars indicates that most
cluster stars, although not showing a very strong Ha emis-
sion, have some Ha emission in excess of the main-sequence
star level. This might be due to enhanced chromospheric ac-
tivity, which parallels enhanced X-ray activity in stars of very
young ages, or to residual circumstellar phenomena, where the
star interacts with a surrounding accretion disk, as is thought
to happen in strong-Ha stars. This latter option is possibly
favored, since at the very young age found for NGC 6530 stars
most stars in other star-forming regions (e.g., Orion) are found
to have still an accretion disk and to interact with it to some
extent. While a more precise classification of these stars must
wait for high-resolution optical spectra of these stars, some
clues may come from the analysis of the just released IR data
from the 2MASS survey. This is however beyond the scope of
this paper. A detailed analysis of the respective X-ray emis-
sion levels of weak- and strong-Ha stars, and of the con-
nection between PMS accretion and X-rays, will be presented
in Paper II.

Since another indicator of circumstellar accretion in PMS
stars is UV excess, we have also studied where our cluster-
locus stars fall in a (¥, U—B) diagram, shown in Figure 15
(field stars are not plotted). In this plot, we have also indicated
Ha-emission stars with circles. At least a dozen stars in the
cluster locus have strong violet excesses, suggesting active
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PMS accretion. Most of them have V' >16 and V—I colors of
K stars. Nearly all of the UV excess stars are already selected
as members either through Ha (most of them) or X-rays (a
smaller number), and therefore a UV selection would not add
much to our knowledge of the cluster. Eight UV-excess stars
are also optical variables.

4.7. X-Ray Variables

Some of our X-ray sources show flare-like X-ray vari-
ability (see § 4.6). While this will be studied in detail in a
further paper (F. Damiani et al. 2004, in preparation, hereafter
Paper III), we discuss here some implications for the study
of the cluster population. Various types of X-ray variability
are found in NGC 6530, but here we focus only on sources
showing “classical” X-ray flares.

Figure 16 shows the spatial distribution of flaring X-ray
sources (filled circles). The spatial nonuniformity is obvious
and with good source statistics. This distribution, heavily
concentrated toward the south-southwest, is very similar to the
distributions both of the youngest cluster stars (Fig. 13) and of
the brightest X-ray sources (Fig. 7b), while it is unlike the
distribution of the bulk of X-ray—detected sources (Fig. 7a).
We therefore conclude that in NGC 6530 frequent and intense
X-ray flares are preferentially associated with the youngest of
PMS stars and decline rapidly afterward, even at ages of only
2 Myr (typically found in the northwest region, where only
few flaring stars are found).

By comparison, stars with strong Ha emission in NGC
6530 are characterized by a much broader spatial distribution,
across practically the entire cluster (Fig. 16, circles). In other
star formation regions, Ha emission is found in PMS stars
with a large range of ages and thus not only in the earliest
phases of evolution. In the H-R diagram, it is often found that
strong-Hae stars share their locus with weak-Ha: stars, so the
timescales for decrease of circumstellar activity vary from star
to star, over a wide range. This indicates that strong X-ray
flaring is a more typical feature of the very youngest PMS
stars than strong Ha emission is.

4.8. Hard X-Ray Sources

We now study the subset of detected X-ray sources with
hard X-ray spectra, defined as having at least three-quarters
of the total counts with energy above 1.5 keV. At these
X-ray energies, absorption is much smaller compared to lower
energies, providing an opportunity to peer deeper into the
cloud or even to detect background objects unrelated to the
cluster.

In our ACIS FOV we find 101 such hard sources, of which
only seven have an optical counterpart in the SCB catalog, a
much smaller fraction than the overall fraction of optically
identified X-ray sources (24.9%). The counterparts of most
hard sources are therefore either very faint and/or heavily
obscured objects. The number of hard sources is compatible
with the hypothesis that all of them are background objects
(see § 4.1). However, the ACIS count-rate distribution of such
sources has a median of 4.3 x 10~* counts s~!, intermediate
between the median count rate of the whole NGC 6530 field
(5.9%x10™* counts s~!) and that of the reference Galactic
plane field of § 4.1 (2.9x10™* counts s~!). In the Galactic
plane field, absorption of distant objects is not as large as in
our NGC 6530 field. If it were the same, the hard sources
would be detected with higher count rates, becoming thus
even less compatible with the Galactic plane values. There-
fore, this hard-source subsample is unlikely to be composed
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Fic. 16.—Filled circles: Spatial distribution of X-ray sources showing
flares, which is different from the spatial distribution of the bulk of X-ray—
detected sources (Fig. 7a) but very similar to that of the very young cluster
stars shown in Fig. 13. Open circles: Ho-excess stars, which have a more
uniform distribution across the cluster. Small triangles: Hard X-ray sources.
Their space distribution is more uniform compared with the cluster locus
distribution of Fig. 10a.

predominantly of background objects, but rather should be
largely composed of embedded cluster members.

To verify this, we have plotted in Figure 16 the spatial dis-
tribution of such hard X-ray sources (small triangles). They are
spread across the FOV much more uniformly than either op-
tical stars in the cluster locus (Fig. 10a) or the bulk of X-ray
sources (Fig. 7a), with at most a moderate clustering toward
the center (partly caused by the lower on-axis detection thresh-
old). This hard-source population appears to be different from
(most of) the cluster population; since a subset of these hard
sources probably belongs to the cluster, this “cloud embedded”
population appears to be less concentrated than the exposed part
of the cluster and may constitute another step in the star for-
mation sequence in this region.

Four hard X-ray sources have enough counts for a spec-
tral analysis (see Paper II), and in all cases the best-fit ab-
sorption is found to be log Ny = 22.7—22.8 (cm~2), more than
10 times the absorption of most cluster X-ray sources.

Our X-ray data alone are insufficient to study this em-
bedded population in greater detail. Deep IR images, which
will also permit the study of objects in the interior of the
cloud or beyond it, would probably contribute significantly
to this. A comparison of this hard-source population with the
recently released 2MASS IR data will be given in Paper II.

Only two objects (in the southeast, neither optically iden-
tified) are common to both the hard-source and the X-ray
flaring samples, indicating that these hard X-ray sources are
no more eruptive than cluster stars.

5. DISCUSSION

With a single deep, high-resolution Chandra X-ray obser-
vation of NGC 6530, we have gained a large amount of in-
formation on the stellar population of the cluster. Perhaps the
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single most important result is that NGC 6530 contains a pop-
ulation of at least 800 low-mass PMS stars; a deeper X-ray
study would probably find more. Most of these low-mass stars
have escaped all previous studies: only a few tens were pre-
viously known as either Ha emitters or variable stars. Our
X-ray observation is so deep that about three-quarters of the
detected X-ray sources have counterparts fainter than the
V' =17 limit of the deepest available catalog of NGC 6530
optical stars by SCB. Even within this magnitude limit, our
X-ray data have permitted the selection of about 180 PMS
cluster members, compared with the 46 PMS members from
the Ha study of SCB. Chandra X-ray observations have there-
fore proven to be by far the most efficient way to select low-
mass PMS stars in a massive and distant (1800 pc) cluster such
as NGC 6530. There is some complementarity between X-ray
and Ha selection, since the strongest Ha emitters are not
detected in X-rays, but the largest PMS samples cannot be se-
lected in an Ha survey such as that of SCB.

As a consequence, the NGC 6530 initial mass function
(IMF) in the low-mass range, previously derived mostly from
Ha studies (SCB), must be taken with caution. There are far
more low-mass stars than found by SCB, and while they es-
timated that the Ha selection completeness was about 50%,
our new data show it is only half that value (at most) down to
V' = 17. Moreover, this value likely depends on the particular
star-forming region and on the optical survey limit, since a
value close to 50% was found in NGC 2264 by Flaccomio
et al. (2000). Therefore, an extrapolation of results from Ha
studies is unreliable, while a much more complete study is
possible using X-ray selection of members. For NGC 6530
X-ray—selected PMS stars, we have a rather limited and age-
dependent mass completeness (see § 4.5) because of the op-
tical catalog used, and therefore we have not attempted to
derive the cluster IMF in this work. This will be done in a
forthcoming paper on the basis of deeper optical photometry
(Prisinzano et al. 2004).

In addition to deeper optical photometry, many data are
still missing for a more complete knowledge of the stellar
census of NGC 6530: deep Ha surveys, which have the po-
tential of discovering X-ray—undetected cluster stars, and
lithium abundance and radial velocity surveys, capable of
selecting members independently of their X-ray or Ha emis-
sion. To date, only the brighter cluster members have a spec-
troscopically determined spectral type. Also, a deeper study
of the existing 2MASS data on NGC 6530 will probably
yield important insights on the cluster population and its
evolution.

Another important result of the present study is the apparent
presence of an age gradient across NGC 6530, with an older
and more exposed region in the northwest contrasting with a
younger, more embedded region in the south and southwest.
This supports the idea of sequential formation, already pro-
posed for the NGC 6530 region by Lada et al. (1976), al-
though with a different pattern. In such a sequence, the bulk of
NGC 6530 stars (including most bright stars) is found at in-
termediate ages in the central cluster region, suggesting that
star formation proceeds slowly at the beginning and then
reaches a maximum rate and declines afterward, spreading to
outer cloud regions, possibly triggered by the momentum
injected in the cloud medium by the massive stars just formed
in the cluster. A more detailed study requires deeper pho-
tometry to allow the placement on the H-R diagram of a larger
number of X-ray—selected cluster members.
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This picture resembles qualitatively that proposed recently
by Palla & Stahler (2002) for star formation in the Taurus
region, despite differences between these clusters (in density
and number of stars) and the different quality of the available
data.

It is also interesting to study the (projected) speed at which
the disturbance that has caused the sequence of star formation
events in NGC 6530 has progressed through the cloud me-
dium. There is probably a formation sequence from cluster
center toward southeast and southwest, where the youngest
stars are found, but since very young stars are found in the
central region as well, it is difficult to assign an age difference
between these subgroups. A clearer view is instead obtained by
comparing the distinctly different southeast and northwest
regions. These two groups of stars, with typical ages of ~0.5
and ~1.5 Myr, respectively, lie about 15’ apart from one an-
other. At the cluster distance (1800 pc), this distance is
equivalent to 7.85 pc. Therefore, the disturbance speed is
7.85 pc Myr~!, or 7.5 km s~!. This is much higher than the
sound speed in a cold molecular cloud but is comparable to the
sound speed in a hotter H 1 region (e.g., Spitzer 1978) such as
M8, where NGC 6530 is found immersed. A lower speed for
the disturbance in the primordial NGC 6530 when neither
massive stars nor the H i region had yet formed may explain
why star formation proceeded more slowly at the beginning.
All things considered, it is hardly surprising to find nonsi-
multaneous star formation over as large a region as NGC 6530.
At the least, one would expect a center-to-border age gradient,
as is found in the Orion Nebula (unless an unknown large-scale
synchronization mechanism were operating).

It is also interesting to note the similarity of this disturbance
speed just derived with the results presented by Lada et al.
(1976), namely that the M8 H 1 region is moving toward the
observer relative to the background molecular (CO) cloud at a
relative speed of 7 km s~!, nearly the same as our value
(which however refers to the transverse direction). Moreover,
the Lada et al. CO “bright spot 3” is nearly coincident with
the NGC 6530 cluster, and across it they observe a radial
velocity gradient of '2CO along north-south: the southern
emission is blueshifted with respect to cluster center by ~5 km
s~1, and they note that it is difficult to interpret this as co-
herent cloud motion. This, together with our previous find-
ings, suggests that the “disturbance” triggering star formation
in NGC 6530 is not like a shock/sound wave in a static me-
dium but is more probably an expansion of one part of the
molecular cloud with respect to another, more dense, cold and
massive part.

6. SUMMARY

We have made a deep X-ray study of the very young cluster
NGC 6530 using the Chandra ACIS. Our main results include
the following:

1. We have detected 884 X-ray point sources strongly
clustered around the NGC 6530 center and argue that more
than 800 of them are cluster members, a significant increase in
the known NGC 6530 population at low and intermediate
masses.

2. The optical counterparts of these X-ray sources are found
in a band in the H-R diagram lying above the main sequence
at the cluster distance and coincident with the predicted locus
of 0.5-1.5 Myr PMS stars, mostly of low mass down to 0.5—
1.5 M.



796 DAMIANI ET AL.

3. Although three-quarters of the total X-ray detections are
yet to be identified optically, we argue that they are probably
lower mass cluster members. This is supported also by the
2MASS identification, available for 731 X-ray sources.

4. Finding an age difference between cluster stars in the
northwest and those in the south of the observed region,
we propose that sequential formation has occurred in NGC
6530.

5. We find that X-ray and Ha selection criteria are com-
plementary, but the completeness of X-ray selection is much
larger than that of Ha selection in NGC 6530.

6. We find a number of flaring X-ray sources whose spatial
distribution suggests extremely young ages and supports an age
difference across the cluster.

7. We find a population of hard X-ray sources, which may be
either background objects and/or a more embedded cluster
population.
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