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ABSTRACT

The full stellar population of NGC 6334, one of the most specacular regions of
massive star formation in the nearby Galaxy, have not been wisampled in past studies.
We analyze here a mosaic of twe&Chandra X-ray Observatoryimages of the region using
sensitive data analysis methods, giving a list of 1607 fainX-ray sources with arcsecond
positions and approximate line-of-sight absorption. Abou 95% of these are expected to
be cluster members, most lower mass pre-main sequence staixtrapolating to low X-
ray levels, the total stellar population is estimated to be 2 30; 000 pre-main sequence
stars. The X-ray sources show a complicated spatial patterrwith 10 distinct star
clusters. The heavily-obscured clusters are mostly assatied with previously known
far-infrared sources and radio HIl regions. The lightly-obscured clusters are mostly
newly identi ed in the X-ray images. Dozens of likely OB stars are found, both in
clusters and dispersed throughout the region, suggestinghat star formation in the
complex has proceeded over millions of years. A number of esdordinarily heavily
absorbed X-ray sources are associated with the active regig of star formation.

Subject headings:ISM: clouds - ISM: individual (NGC 6334) - stars: early type - stars:
formation - stars: pre-main sequence - X-Rays: stars

1. INTRODUCTION

The NGC 6634 (= Sharpless 8 = RCW 127) complex of molecular clads and HIl regions
is an unusually rich region of massive star formation in the rearby Galaxy (see review by Persi
& Tapia 2008). At a distance of 1.7 kpc (Neckel 1978) and Galactic coordinates (351.2+0.7),
it exhibits many phenomena associated with embedded OB star. luminous far-infrared sources
denoting embedded clusters (McBreen et al. 1983); radio caimuum H |l regions (Rodriguez et al.
1982); and complexes of molecular masers (Moran & Rodrigue¥980). Early studies argued that
the star formation started in the center of the region, wherethe stellar cluster appears dynamically
relaxed, and proceeded outward where the embedded protosts are seen. Recent high-resolution
millimeter-band maps of the dust distribution reveal hundreds of molecular clumps distributed



{2{

along a narrow ridge along the Galactic Plane (Muroz et al. 207; Matthews et al. 2008). The
total molecular mass is estimated to be 2 10* M with typical column density 5 10%? cm ?
along the ridge. The total bolometric luminosity is 2 10° L (Loughran et al. 1986) indicating
that rich embedded stellar clusters with massive OB stars ag present. Optical and infrared maps
are dominated by bright and spatially complex nebular emis#on from HIl regions and heated dust.

While deeply embedded massive stars in the region have beenelisstudied, less is known
about the low mass pre-main sequence population associatesiith the massive stars. JHK source
lists are incomplete due to heavy obscuration and H Il regionnebulosity. A wide eld survey of
11. K . 135 sources nds hundreds of embedded low mass stars around thegh mass regions
(Straw et al. 1989) and portions of the cloud have been survesd to fainter levels in JHK (Tapia et
al. 1996; Persi et al. 2000). At both bright and faint magnitudes, near-infrared samples are severely
contaminated by unrelated Galactic eld stars.

High-resolution X-ray images of star forming molecular clauds from the Chandra X-ray Obser-
vatory can give rich samples of pre-main sequence stars which arermaplementary to those found
in infrared surveys (see review by Feigelson et al. 2007). T X-ray band reveals all types of young
stars. OB stars emit X-rays from their stellar winds on sevearl scales: small instabilities in the
wind acceleration region close to the stellar surface; magrtically channeled wind shocks; colliding
wind shocks of close binaries; and shocked winds on parseaks su using large H 1l regions (e.g.
Cohen et al. 2003; Townsley et al. 2003; Schulz et al. 2003; @ee et al. 2005; Skinner et al. 2005;
Sana et al. 2006). Surveys of the Orion Nebula Cluster and Taws clouds show that all lower mass
stars emit X-rays during magnetic reconnection events neathe stellar surface similar to, but far
more powerful and frequent than, ares on the Sun (Getman et & 2005; Gudel et al. 2007). Studies
with the high-resolution Chandra X-ray Observatory are particularly e ective in producing stellar
samples with several bene ts: low contamination by unrelaied older stars; penetration deep into
the obscuring cloud; sampling of rich populations of lower nass stars; (sub)arcsecond positions;
and selection that is mostly unbiased with respect to the prsence or absence of protoplanetary
disks. Chandra studies of rich stellar clusters in obscured star forming rgions around 15 2 kpc
distance include the Trid Nebula (Rho et al. 2004), RCW 38 (Wolk et al. 2006), Cyg OB2 (Al-
bacete Colombo et al. 2007), M 17 (Broos et al. 2007), NGC 635rear NGC 6334 (Wang et al.
2007), and the Rosette Nebula and Molecular Cloud (Wang et al2008, 2009).

Two Chandraimages of NGC 6334 are presented by Ezoe et al. (2006). Theitugly emphasizes
the hard X-ray emission from individual stars and possibly fom di use plasma su using the Hll
regions. They extract a sample of 792 X-ray sources, but do ngrovide a source list to facilitate
further study. Prior to the Chandra observation, low resolution X-ray images gave only a glimps
of structure (Sekimoto et al. 2000). Ultra-hard X-ray emisgon attributed to background active
galaxy has also been seen (Bykov et al. 2006).

We report here a reanalysis of the twoChandra exposures of NGC 6334 examined by Ezoe et al.
(2006) using advanced data analysis techniques. Section 2dcribes the data analysis methodology,
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x3 gives the astronomical results, andx4 presents conclusions. We nd 1607 faint X-ray sources of
which only 5% are likely problem sources or non-cluster contaminantsWe give accurate positions
and estimated absorption measurements for each star. Fromhis dataset, we obtain an improved
view of the clustering in the region: 10 X-ray clusters are i@nti ed, including several previously
unreported lightly obscured star clusters. A considerablenumber of massive OB stars, some newly
found, and deeply embedded protostars are detected. Theseaw include extremely young Class 0
massive protostars.

2. X-RAY DATA ANALYSIS
2.1. Chandra Observations

The X-ray observations discussed here were previously prested by Ezoe et al. (2006). NGC
6334 was observed in two overlapping exposures of the ImaginArray of the Advanced CCD
Imaging Spectrometer (ACIS-I), each 40 ks in duration and ceering a 17° 17° eld of view.
The Chandra X-ray Observatory satellite and ACIS instrument are described by Weisskopf etal.
(2002) and Garmire et al. (2003). TheChandra mirrors give an excellent subarcsecond point spread
function (PSF) on-axis, but the PSF degrades substantiallywith o -axis distance. The eld centers
are (; )=(17"20m01:0%; 355607% and (17"20"54:05; 35 4704% with a satellite roll angle of
269 . The exposure times are 40.2 ks and 40.1 ks, respectively. €hobservation was made in the
standard Timed Exposure, Very Faint mode, with 3.2 s integrdion time and 5 pixel x 5 pixel event
islands. Pre-Chandra X-ray observations with the low-resolution ASCA satellite are presented by
Sekimoto et al. (2000). They and Ezoe et al. (2006) examine th spatially-integrated X-ray spectra
of di erent components of NGC 6334 which we do not address hes.

2.2. X-ray Source ldenti cation

Our data reduction procedure follows those of Townsley et al (2006) and Broos et al. (2007)
with a few re nements. Level 1 event lists are rst processedto recover an improved Level 2
event list as described by Townsley et al. (2003, Appendix B) This includes lItering of bad events,
removal of the 0:25°positional randomization, and the correction of charge transfer ine ciency.
Cosmic-ray afterglows are removed by searching for multi@ events arriving on the same detector
pixel within a few CCD readout frames with decreasing ener@s. Sub-pixel positioning of events
with non-zero CCD “grades' are re ned using the algorithm of(Mori et al. 2001). Matching bright
X-ray sources in the central region of the detectors to staran the 2MASS Point Source Catalog,
a 0.3%°correction was applied to astrometrically align the elds to the Hipparcos reference frame.
Figure 1 shows the resulting merged ACIS elds at reduced reslution, and Figure 2 shows two
expanded views.
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It is challenging to reliably identify faint sources in overlapping, crowded elds with a spatially
varying PSF, and to establish their statistical signi cance. We adopt a procedure where a superset
of possible sources is rst constructed by a variety of meansfollowing by iterative pruning of
low-signi cance sources. An initial list was obtained by running the wavdetectwavelet detection
algorithm (Freeman et al. 2002) with a low threshold of 10 ®. Other potential sources are added
from visual inspection of the images and from a peak- nding #gorithm applied to a maximum-
likelihood reconstruction of the images (Lucy 1974) usingdcal PSFs, as described by Townsley et
al. (2006). The Lucy-Richardson reconstruction is appliedto the crowded central arcminute of the
NGC 6334 elds with 0.1%pixels. These steps are particularly important to identify closely-spaced
sources which are merged by the wavelet algorithm. These poedures produced a superset of 2511
candidate sources. A few sources missed by the algorithm fad by visual examination were added.

Photons are then extracted in polygonal regions closely mated to the local PSFs for each
candidate source using the IDL-based progranACIS Extract®. The number of extracted events in
the total Chandra 0:5 8 keV band is compared to the local source-free backgroundvel. The
statistic Pg measures the probability that the extracted events would befound from random Poisson
uctuations in the local background (see the Appendix of Weisskopf et al. 2007). This use oPg
as a source existence criterion has the advantage of beingdapendent of the poorly understood
sensitivity limits of the wavdetectand maximume-likelihood restoration processes in the presee of
crowding and spatially varying PSFs.

For our analysis here of the NGC 6634 elds, we choose a signiance threshold of source
existence Pg < 0:001 (logPg < 3:.0) for source existence. A list of candidate sources with
Pg < 0:01 was constructed to obtain measurements of local sourceele background levels for the
Poisson probability calculation. For each source,Pg values are calculated in three X-ray bands
(0:5 2keV,2 8keVand(O5 8 keV)and, inthe region overlapping the two ACIS elds, in both
elds, and the lowest value is kept. After four iterations of this procedure in ACIS Extract, where
candidate source signi cances are recalculated based onwised background levels, we emerge with
1607 sources withPg < 0:001. These sources are listed in Table 1. Note that we obtainwiice
as many sources as the 792 sources obtained by Ezoe et al. (BDQising traditional data analysis
methods.

Table 1 has a format similar to the source tables in Getman et & (2005) and Townsley et al.
(2006). Column (1) gives the ACIS running sequence number, rad column (2) provides the IAU
designation. Columns (3) (6) show R.A. and decl. in degrees, positional error in arcssnds, and
0 -axis angle in arcminutes. Columns (7) (11) give net counts in the full band, the associated 1

LACIS Extract (AE) and its associated Tools for ACIS Review and Analysis (TARA ), developed by P. Broos and
colleagues by the ACIS Team at Penn State, are publicly avail able at http://www.astro.psu.edu/xray/docs/TARA.
AE is a versatile script written in IDL that performs source e xtraction, facilitates tting X-ray spectra, creates ligh t
curves, and computes a wide variety of statistical properti es of the sources. This analysis was performed using AE
version 3.79.
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equivalent uncertainty based on Poisson statistics, backgund counts in the extraction region, net
counts in the hard band, and the fraction of the PSF used for sarce extraction. PSF fraction values
below 0:9 indicate source crowding. Column (12) presents thePg probability of photometric

signi cance when they lieinthe 5. logPg . 3 range.

Column (13) of Table 1 gives the sources median energi neq in the full spectral band after
background subtraction. The median energy is a reliable suogate for interstellar gas absorption.
For Emeqd & 1.7 keV, an empirical relationship with the gaseous column desity log Ny = 21:22 +
0:44E meq €M 2 is found for pre-main sequence stars in the Orion Nebula Clusr (Feigelson et
al. 2005, see their Figure 8). This relationship is also foud in a large population of M 17 stars
(Getman et al., in preparation) and we assume it applies for NGC 6334 stars here. For normal
interstellar gas-to-dust ratios, the column density can beconverted to a visual absorption with
the traditional relation Ay = Ny=2 10?! mag (Gorenstein 1975) or the revised relation derived
from X-ray absorption measurements,Ay = Ny=1:6 10?! mag (Vuong et al. 2003). We use
these calibrations between the instrumentally dependentEeq and physical absorption measures
repeatedly in the science sections below.

2.3. Stellar Counterparts

Unfortunately, no wide- eld, sensitive, and high-resolution near-infrared image has been pub-
lished covering the ACIS elds of view in NGC 6334. We thus useghe 2MASS Point Source Catalog
to nd stellar counterparts to the X-ray sources. Column (14) in Table 1 gives the K¢ magnitude
of 2MASS stars lying within 1%0f the X-ray source positions. About half of the Chandra sources
have a 2MASS star within 1% but the majority of these have inaccurate photometry due to nebular
contamination, star crowding, or sensitivity limits.

Figure 3 showsJHK color-color and color-magnitude diagrams for the 2MASS stes with
photometric errors better than 0:1 mag in all three bands. The results are similar to diagrams
obtained from other Chandra-selected populations in clusters with distances around 5 2 kpc
such as M17 and the Rosette Nebula (Broos et al. 2007; Wang etl.a2008, 2009). The majority
of X-ray selected stars do not exhibit K s;-band excesses attributed to the heated inner edges of
protoplanetary disks; most would be classi ed as Class |l pe-main sequence stars based on near-
infrared photometry. The 2MASS photometric diagrams in Figure 3 show a wide range & Ay <
25 mag. Noting that the X-ray hardness measureE neq exceeds 3.0 keV (lodNy & 225 cm 2 or
Ay & 20 mag) for many of the X-ray sources without 2MASS counterpats, stellar counterparts
for many X-ray sources will be too heavily absorbed to be premnt in the 2MASS catalog. Our
experience with M17 and Rosette where deeper and higher-relsition near-infrared imaging was
available also indicates that the 2MASS catalog includes oly a fraction of the true stellar population
represented by theChandra sources biased towards those with higher bolometric luminsities, lower
obscuration, and locations away from bright nebular emissin. Due to these limitations of the
2MASS counterparts, we do not pursue scienti ¢ interpretation of these near-infrared sources (e.g.,
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disk fractions, Initial Mass Function).

The nal column of Table 1 gives possible associations betwen X-ray sources and objects from
published objects in NGC 6334. These were obtained from the ISIBAD bibliographic database
using a 3%positional agreement. The most common possible counterpts are from the shallow
JHK survey of Straw & Hyland (1989) with labels FIR-I to FIR-V cor responding to the major
far-infrared clusters. We emphasize that some of these assiations may not be correct due to
positional inaccuracies or o sets between the X-ray and loig-wavelength bands.

2.4. Completeness and Contaminants

Our source detection method is complete down to a statistichprobability limit which can be
converted to an ACIS count limit and, with considerable uncetainty, an X-ray ux limit. The
faintest on-axis sources in Table 1 have 3 4 counts. Based on comparison with other pre-main
sequence studies of pre-main sequence populations (e.ghetsensitivity equation (7) in Feigelson et
al. 2002), this corresponds to an absorption-corrected lurimosity in the 0:5 8 keV ofLyc 4 10%°
erg s 1 for absorption around logNy 21 22 cm 2. This limit is quite approximate, as it depends
on the intrinsic spectrum and cloud absorption; the limit will be a factor of 2 lower for lightly-
absorbed sources, several times higher for sources with Idy 23 cm 2, and roughly 100 times
higher for sources with logNy 24 cm 2. Signi cant instrumental spatial variations in sensitivi ty
are also present due to o -axis telescope vignetting and degded point spread function in each
eld and to the overlap region between the two exposures. WHe it is thus di cult to establish a
single X-ray completeness limit for the NGC 6334 observatins for these reasons, we are con dent
the most of the observed region is surveyed to a sensitivity btter than 1 10°C erg s * except for
sources su ering extremely high absorption.

Based on the well-established correlation between X-ray lminosity and mass (Telleschi et al.
2007), this sensitivity limit is su cient to capture most of the cluster members with masses above
1M (except for a minority of A and B stars, Stelzer et al. 2006), and some stars between@ 1M
A survey complete downto 1 M detects about 5% of the stellar population (including young
brown dwarfs) assuming a standard Initial Mass Function (Chabrier 2003). We can thus multiply
the number of X-ray source by a factor of 10 20 to estimate the total population of each cluster.
This is only an approximation, as the X-ray sensitivity vari es with absorption across the eld and
in the radial direction.

Our method of locating Chandra sources is considerably more sensitive than that used by E&o
et al. (2006), but it entails several sources of error. Carefl examination of the image suggests
that several sources located in the wings of strong sources ay be artifacts of the processing.
We cannot immediately exclude these as spurious because sligs of other young stellar clusters
establish that close multiple X-ray sources can appear aroud massive stars (see HD 46150 in the
Rosette's NGC 2244, Wang et al. 2008). Some of the faintest soces are also likely not real,
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particularly in the densest cluster regions. Recalling tha 10 20 very X-ray faint stars should
be present for each detected source, many low mass clustersembers are expected to produce
1 3 counts which are viewed as background byACIS Extract. In addition, truly di use plasma
emission from shocked O star winds may present, as discuss&éy Ezoe et al. (2006). The result
of the elevated background is to reduce the statistical signcance of real sources and to cause the
values of logPg to uctuate with each iteration of ACIS Extract as di erent candidate sources are
rejected and their photons enter the background. This e ectgenerally leads to a more conservative
list of faint sources than an environment without emission fom di use plasma or unresolved stellar
populations. Nonetheless, very weak sources in the most onaled regions have an increased chance
to be spurious. Altogether we believe that no more than a few prcent of the sources in Table 1 are
spurious. Improved methods for pruning the source list in cowded regions are under development
(Broos et al., in preparation).

A small fraction of the reliable X-ray sources are not membes of the NGC 6334 population.
Detailed modeling of contaminant populations in the foreground or background of Galactic Plane
molecular clouds at distances around 1 2 kpc have been made by Getman et al. (2006) and Wang
et al. (2007). Scaling these results to the exposures, suryearea and distance of NGC 6334, we
estimate that 25 50 sources are extragalactic sources (mostly quasars), 1530 are foreground
eld stars, and < 10 are background eld stars. Thus, 2 5% of the 1607 sources in Table 1 are
probably contaminants. However, these sources must be rarainly distributed across the eld and
their contribution to the stellar clusters discussed here wll be negligible.

2.5. De ning X-ray clusters

Cursory examination of the ACIS images in Figures 1-2 showshat the spatial distribution
of X-ray sources is very inhomogeneous with distinct strongconcentrations that represent young
stellar clusters. This was previously found by Ezoe et al. (R06); see their Figures 2-3. Adopting
the procedure used by Wang et al. (2009), we locate clustersnoa map of the X-ray source density
obtained by smoothing the locations of the 1607 sources witta Gaussian kernel of width = 45%
(0.4 pc). Here we ignore the few sources that are likely non-embers of the cluster, and consider the
X-ray source surface density to represent the stellar surfee density of the NGC 6334 population.
Note that these are not maps of smoothed X-ray emission; rathr, the X-ray stars are viewed
individual stars tracing the spatial structure of the full y oung stellar population. Wang et al. (2009)
show that the existence of structures smaller than several @minutes is not strongly a ected by
inhomogeneities in the X-ray sensitivity across the mosaiaue to reduced sensitivity far o -axis of
each pointing and increase sensitivity in the overlap regia between adjacent images. Nonetheless,
these variations in sensitivity reduce the accuracy of our stimates of cluster richness.

The resulting smoothed stellar surface density map is showm Figure 4 for the total 0:5 8 keV
Chandra band, and in Figure 5 for a “soft' and and “hard'. Herewe choose to divide the sample
into soft sources with Eqeq < 2:5 keV and hard sources withEneq > 2:5 keV; the boundary
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approximately corresponds to column density logNy ~ 22:3 cm 2 and visual absorption Ay 10
mag. Hereafter, we refer to these subsamples as the “lightlybscured' and “heavily obscured' X-ray
stars and clusters.

We have chosen to de ne clusters as localized peaks in X-rayosrce surface density which are
at least 10-fold above the background level. This correspas to the yellow contour in Figure 4
where dark blue represents the background level. Eight or me clusters can be discerned in this
total band map. However, examination of the smoothed soft ad hard band stellar surface density
maps shows dramatic di erences; most clusters are promindronly in one band (Figure 5). From
examination of the three smoothed maps, we emerge with a lisof ten clusters listed in Table 2
and labeled in Figure 5. The table columns give our designatins XA through XJ, central location
(accurate to  20%, indicator of X-ray hardness, approximate extent based onthe yellow contour in
Figure 4, and the number of X-ray sources found inside this catour for each X-ray cluster. Recall
that 1° corresponds to about 0.5 pc at a distance of 1.7 kpc.

The procedure used here to de ne X-ray selected clusters badl on peaks in a smoothed dis-
tribution is not unique. Other statistical techniques can be used: smoothing using di erent kernel
widths; nearest-neighborhood methods (Rorman-Zirniga & al. 2008), single-linkage agglomerative
clustering (also called the “friends-of-friends' algorihm), maximume-likelihood mixture models as-
suming Gaussian cluster shapes, and so forth. Each of theseatihods has advantages and disad-
vantages, and none gives a unigue “correct' result. Wang etla(2009) compares our procedure to a
10-th nearest neighbor algorithm in aChandra mosaic of the Rosette Molecular Cloud, and shows
that the results are very similar. For any clustering method, the results may not be physically
meaningful. For example, it is possible that the four clustes XA-XD represent a single physical
structure that appears divided by inhomogeneous obscuratn. The confusing e ects of variable
extinction in NGC 6334 was raised by Lindsay (1955) and othes. Our trials in constructing the
cluster list with di erent smoothing and associations between hard and soft structures gave 8 12
clusters. We conclude that the division of the X-ray sourcesnto ten distinct clusters is a reasonable,
but far from unique, result.

2.6. Comparison to Long-Wavelength Studies of NGC 6334

Figure 6 superposes the smoothed X-ray source distribution on wide- eld maps at radio
and far-infrared wavelengths. The top panels show contourdrom the Very Large Array 18 cm
continuum map of Sarma et al. (2000) with labels for the NGC 634 A-F HIl regions identi ed
by Rodriguez et al. (1982). Higher resolution radio maps of @me components are presented by
Carral et al. (2002). The bottom panels show a map at 71 m by Loughran et al. (1986) obtained
with a balloon-borne telescope with their designations of &r-infrared sources I-V. Somewhat higher
resolution far-infrared maps from HIRES analysis of thelRAS satellite data appear in Kraemer et
al. (1999).
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Examination of these map overlays shows that there is a poorarespondence between lightly
obscured X-ray clusters and radio/infrared structures, but a good correspondence when heavily
obscured X-ray clusters are considered. Thus, XE appears asciated with far-infrared IV and
radio A, XH is associated with Il and D, and Xl is associated wth far-infrared | and radio E
and F. The lightly obscured clusters XA-XD, XF, XG, and XJ hav e little association with long
wavelength structures, although some of the stars we includ with XC-XD appear embedded and
may be associated with far-infrared V and the southwestern adio shell.

Figure 7 shows the X-ray clusters superposed on the mid-inired emission observed by the
Spitzer GLIMPSE survey (Benjamin et al. 2003). Some assoct&oon can be seen with the heavily
obscured clusters: XE lies in a confused region of bright andlark infrared nebulosities; XH is
straddled by large bubbles emerging from the ridge line; andXl coincides with an isolated bright
region within a larger dark cloud. There is also a hint that the massive stars in lightly obscured
X-ray clusters (particularly XA, XC, XD and XG) have produce d bowl-like cavities in the cloud
material traced by the Spitzer map. But the relationship between the X-ray maps (which mostly
represent lower mass stars) and the mid-infrared maps (whit mostly represent heated dust and
PAH molecules) is indirect. We do not signi cantly use the GLIMPSE map in the science analysis
of this study, as we focus on the stars rather than the intersellar material.

We proceed with a more detailed examination of individual sars and star groups in various
components of NGC 6334, proceeding west to east.

3. STARS AND STELLAR CLUSTERS IN THE CHANDRA POPULATION
3.1. Embedded Stars in NGC 6334 V

A group of faint embedded X-ray sources around ( )=(17"19"58%; 35 58) lying behind
the lightly absorbed cluster XD can be seen in the hard band inage. Its surface density was not
high enough to be classi ed as an X-ray cluster. The group intudes sources #218, 219, 226, 228,
234, 236, 248, 249, 252, 266, 270, 282 and 294. Several of tleirses exhibit extraordinarily
high X-ray absorptions with 4 < E neq < 7 keV, corresponding to 230 . logNy . 243 cm 2
and 50. Ay . 1000 mag based on the calibration discussed iR2.2. In nearby star formation
regions, only a handful of young stellar objects with densedcalized envelopes have comparable
X-ray absorptions including the Class 0/l sources CrA IRS 7 and IC1396N BIMA 2 (Hamaguchi
et al. 2005; Getman et al. 2007).

These X-ray sources lie on the southeast side of the NGC 6334 Yar-infrared region and
surround the embedded B-type protostars producing masers rad the infrared emission nebulae
IRN V-1 and IRN V-2 Hashimoto et al. (2008). These massive prtostars are too heavily obscured
to be seen in the near-infrared, consistent with the extremebsorption detected in the nearby X-ray
sources which probably represent the most X-ray luminous lv mass members of the associated
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cluster. This grouping bears some resemblance to the clustef 20 X-ray emitting low mass stars
associated with the cluster of B-type protostars in the Kleinman-Low Nebula behind the Orion
Nebula with log Ny ' 23:0 cm 2 (Grosso et al. 2005).

A sparse but compact (diameter< 0:1 pc) group of faint, moderately absorbed X-ray sources
appears to be associated with the bright H emission line star SS 303 (K=8.57) and the infrared
source NGC 6334 V IRS 1. These include # 302, 305, 306, 310, 3X* SS 303) and 320 (=
NGC 6334 V IRS1). Jackson & Kraemer (1999) suggest that SS 30®nizes the the southeastern
radio shell, G351.20+0.70. Another possible ionizing sowe is the bright star #210 = FIR-V 51
(K=7.76), although it lies o -center within the radio shell .

3.2. Lightly Obscured Clusters XA-XD

The XA, XB, XC and XD clusters together constitute the largest and richest complex seen
in the NGC 6334 region in the X-ray band. It is unclear whether they are structurally distinct
structures or part of a single larger cluster subject to inhanogeneous absorption. The latter in-
terpretation is supported by the smoother appearance of thesource distribution in the hard band
than in the soft band (Figure 5). These X-ray sources are liglly absorbed with E 2.5 keV, and
relatively few are present in the hard X-ray maps. This obscuwation corresponds to logNy . 223
cm 2 and Ay . 10 mag.

These X-ray structures have few published counterparts in ther wavelengths, perhaps because
they are older clusters and no longer embedded in dense cloutbres. The mid-infrared source
IRAS 17175-3554 corresponds closely with XC, although we spect is lies behind the cluster in
the cloud interior. Cluster XD can be seen in the near-infraed H, and L band images obtained
by Burton et al. (2000, see their Figure 5) where it was assoated (perhaps incorrectly) with the
embedded far-infrared source NGC 6334-V. Many of the X-ray surces with 2MASS counterparts
with 11 < K < 14 are likely low mass cluster members, and some are FIR-V sta from Straw &
Hyland (1989). A number of stars bright in both the X-ray and Kg bands are likely high mass
cluster members. These include # 210 (= FIR-V 51, seex3.1), 354 (=FIR-V 10), 405 (= FIR-V
102), 415 (= FIR-V 107), 505, 564, and 586. Source #405 = FIR-V 102 (Ks = 8:81) lies in a
compact group (diameter 0:2 pc) of 20 X-ray sources around (1720038, 35 5820 that
can be clearly seen in the X-ray image shown in Figure 2 (bottm panel). This group at the center
of the XD cluster has the highest surface density in the NGC 634 complex.

3.3. Heavily Obscured Cluster XE (HIl region NGC 6334 A; FIR N GC 6334 1V)

XE is the most prominent cluster seen in hard X-rays in the sothwest quadrant of the
NGC 6334 complex. It is only very weakly detected in soft x-rgs. XE is spatially associated
with the radio HIl region NGC 6334 A and the far-infrared stellar cluster NGC 6334 IV. This



{11

positional agreement con rms that the hard X-ray band can readily detect and resolve heavily
embedded clusters as seen, for example, in Cepheus B (Getmai al. 2006), W3 Main (Feigelson
& Townsley 2008), and the Rosette Molecular cloud (Wang et al 2009).

XE is a rich and concentrated cluster of obscured X-ray soures associated with far-infrared
source FIR IV and the bipolar radio source A. X-ray E neq ranges from around 2 to an extraordinary
Emed 5 6 keV, corresponding to logNy 223t023.8cm2or Ay 10 to 300 mag. These
unusually heavily obscured sources in XE include #607, 669<% FIR-IV 43), 692 (= FIR-IV 60),
712 and 715. They likely lie within the dense, 1 pc-diameter molecular clump emitting brightly
in high-excitation CS rotational emission lines (Kraemer & al. 1999). As with the group around
IRN V-1(x3.1), we emphasize that young stars are rarely seen witlemeq & 5 keV in other star
forming regions (see, for example, the Chandra Orion Ultragep Project Emeq distribution in
Feigelson et al. 2005).

Several of these heavily absorbed sources lie near the mitieter sources identi ed by Sandell
(1999). Sources #737 and 739 lie near MM 1a, #712 lies near MM A and MM 2, and #712 lies near
MM 2. Source #703 with Emeq = 3:0 keV (corresponding to logNy 225 cm 2 and Ay~ 20)
coincides with the infrared star IRS 20 associated with infared nebula IRN IV 2 (Hashimoto et
al. 2008). The region around MM-3 is studied by Persi et al. (809); only one of their embedded
infrared-excess stars appears as an X-ray source (#757 = IR®). There is no concentration of
sources around the 20°%hell-like radio HIl region NGC 6334 A discussed by Carral etal. (2002).

The hard band X-ray cluster XE has a very high stellar surfacedensity and and inferred total
stellar population of > 500 1000 stars when undetected stars are consideresdd.4). The GLIMPSE
image of the region shows a complex of irregular dense darkauds superposed on bright emission
nebulosity. The elongated obscuring material resemble Imared Dark Clouds (IRDCs) noted in
other star forming regions (e.g. Carey et al. 1998; Rathbore et al. 2006). Some of the heavy
absorption seen in X-ray stars may be due to these dense obsing irregular clouds.

3.4. Extragalactic Blazar RCM B

The very bright X-ray source #787 coincides with the compact radio continuum source NGC
6334 B (= RCM B = IGR J17204-3554) which has been widely discused as a radio-loud active
galactic nucleus lying behing the NGC 6334 star forming regin (Rodriguez et al. 1988; Trotter
et al. 1998; Bassani et al. 2005; Bykov et al. 2006). This soge is an order of magnitude too
bright for even the most extreme aring pre-main sequence srs, and has no stellar counterpart
corresponding to a cluster OB star. Its ACIS median energyEmeq = 4:7 keV (Table 1) indicates
heavy absorption corresponding tologNy = 23:3 cm 2 (Ay 100 mag) consistent with the source
lying behind the NGC 6334 cloud and other Galactic Plane mateial.
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3.5. Lightly Obscured Cluster XF

NGC 6334 XF is a small and sparse cluster 0.5 pc across seen best in soft X-rays. It lies
2 pc (projected) north of the star forming ridge that de nes the NGC 6334 complex. Cluster
membership appears to be dominated by source #821K s =5:71), #846 (K = 7:36), and #881
(= CD -35 11482 = IRAS 17170-3539K s = 7:76, B0.5e). Source #881, with>500 ACIS counts, is
the brightest X-ray source in the NGC 6634 complex after the (U star #972 = FIR-Ill 13 in cluster
XH (x3.7). The unusually bolometrically bright stellar counterpart of # 821 may be a supergiant
like HD 319701 and HD 319702 X3.11). If correct, this suggests that the XF cluster is olderthan
most of the other clusters with its most massive member evoled o of the main sequence.

X-ray absorptions of XF members are typically in the rangeEneg ' 1:5 3 keV corresponding
tologNy 219 225cm 2and Ay 5 20 mag. The Spitzer GLIMPSE image of this region
(Figure 7) shows very dark absorption bands characteristicof IRDCs. The GLIMPSE image shows
bright nebular emission throughout the vicinity (previously labeled NGC 6334 I(NW), see Figure 6
bottom left panel), perhaps with an IRDC superposed.

3.6. Lightly Obscured Cluster XG

This cluster in similar to XF, lying o of the molecular ridge and appearing only in the soft
X-ray image. The cluster is somewhat richer than XF with 25 X-ray sources, implying a total
population around 250 500 members. It is the only x-ray cluster that is located to the south
of the star forming ridge of NGC 6334. Source #911 is an unusuéy bright X-ray emitter in the
cluster. Its stellar counterpart is a heavily reddened starwith R K = 6:6 mag from DENIS
catalog photometry. Cluster members have a range of absorjins centered aroundEneq 2 keV,
corresponding to logNy 220 cm 2 and Ay 5.

3.7. Heavily Obscured Cluster XH (HII region NGC 6334 D; FIR N GC 6334 1I)

XH has the highest stellar surface density in the hard X-ray image. It is moderately heavily
absorbed with typical Emeg 2 3 keV correspondingto logNy 220 225cm 2o0rAy 5 20
mag. A few of its sources appear in the soft X-ray band on the asthwest side; this might be a
separate sparse cluster. The X-ray concentration accuratg coincides with the far-infrared source
NGC 6334 Il and, displaced 1°east of the X-ray peak, with the large radio HIl region NGC 633 D
(Figure 6). This HII region appears as a bubble-like structue in the GLIMPSE map (Figure 7)
and other tracers of heated interstellar material.

The brightest star in XH seen in both the near-infrared and X-ray bands is source #972
coincident with the Kg = 7:39 star known variously as TICID 7374-463 from the Tycho Inpu
Catalog, FIR-IIl 13 from the near-infrared photometric survey of Straw & Hyland (1989), and
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IRN 111-1 from the near-infrared polarimetric survey of (Ha shimoto et al. 2008). With 1653 ACIS
counts, it is the brightest X-ray source in NGC 6334, appeanng several arcminutes o -axis of both
ACIS elds. It was marginally detected as the Einstein Observatory source 2E 1717.1-3548. As it
lies 2 southwest of the dense core of XH and is only moderately absbed with Emneq = 1:8 keV,
this star may be better interpreted as a isolated O star rathe than as a member of XH. It may be
the principal ionizing source of the northern portion of the NGC 6334 C HIl region.

Other bright stellar counterparts to X-ray sources in XH include #1291 (= FIR-11-23) and 1312
with Ks 9, and #953 (= FIR-IlI 10), 1051, 1107, and 1275 (= FIR Ill 24) w ith Kg 10 11.

3.8. Heavily Obscured Cluster Xl (HIl regions NGC 6334 E and F ;
FIR NGC 6334 1)

NGC 6334 Xl is a small, sparse cluster seen in the hard X-ray bad along the molecular ridge of
NGC 6334. It corresponds closely to the far-infrared sourcé (= IRAS 17175-3544) and is centered
between the two radio continuum HIl regions NGC 6334 E and NGC6334 F (Figure 6). The Hll
region NGC 6334 E, centered an arcminute north of the X-ray dlister, has a nearly circular radio
continuum shell with  30°°diameter and a compact radio source at the middle associatedith a
very heavily absorbed near-infrared star TPR 161 (Carral etal. 2002). This massive star does not
appear in the Chandra image and there is no apparent concentration of lower mass ats within the
radio HIl region.

Although the XI cluster appears centrally concentrated in the smoothed maps of Figures 4-5,
examination of the individual source positions in Figure 2 siggests the cluster may be bifurcated
with subclusters centered at (172052, 35 45%0 ) and (17"20"53%, 35 46%20%. The southern
X-ray subcluster in cluster Xl lies directly on the unusually strong far-infrared source NGC 6334 |
with a 60 m ux density  11;000 Jy and a bolometric luminosity 2 10° L (Sandell 2000).
This is the far-infrared source NGC 6334 | and IRAS source 17315-3544. A cluster of near-infrared
stars extends over 2 (Tapia et al. 1996).

At millimeter wavelengths, the core of NGC 6334 | is resolvedinto several sources, some
associated with a cometary ultracompact HIl region in radio continuum and masers (Hunter et al.
2006). This is clearly a concentrated subregion of current rassive star formation. X-ray sources #
1428, 1429, 1430, 1431, and 1435 lie within a 3°°region associated with NGC 6334 I-SMA3, IRS-
1E, IRS-1 1 and the bright head of the radio continuum structure. See Hunter et al. (2006), Beuther
et al. (2007), Beuther et al. (2008), and Seifahrt et al. (20@) for detailed multiwavelength maps of
this crowded subregion. Two X-ray sources in this crowded rgion have counterparts within 1%at
long wavelengths. Source #1428 WithE neq = 2:8 keV (corresponding to logNy 225 cm 2 or
Ay 20 mag) coincides with the star IRS-1-1 (Keck Il OSCIR desigration, De Buizer et al. 2002)
or IRS1-W (Very Large Telescope NACO designation, Seifahrtet al. 2008) with estimated spectral
type B2. Source #1429 with Eneq ' 3:0 keV coincides with IRS1-SW seen with the NACO camera
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(Seifahrt et al. 2008). Several other X-ray sources are presit close to this dense core, and the
locally high density of photons assigned to detector backgyund strongly suggests that additional
fainter sources would be resolved in a longer X-ray exposure

The cometary ultracompact radio HIl region NGC 6334F (= G351.42+0.64; Carral et al. 2002)
lies 10Pwest of the peak concentration of NGC 6334 | and is associatedith the far-infrared
source IRAS 17175-3544. The moderately strong and absorbettray source #1406 lies within the

6%°%radio nebula and possibly associated with the near-infraré star TPR 43. It could be an X-ray
detection of the exciting star of NGC 6334 F. About 10 unassiged X-ray photons lie within a few
arcseconds of #1406, representing either the shocked stall wind or emission from unresolved faint
low-mass stars.

On the northern edge of the X-ray cluster Xl lies the important protostellar region called
NGC 6334 I(N). This is a strong extended (sub)millimeter cortinuum emitter associated with
M 2000 M of dense molecular gas, molecular out ow and maser emissiorbut no radio or
infrared counterparts (Sandell 2000, and references them&). It has been resolved into a compact
cluster of millimeter massive protostars (Hunter et al. 20). See Beuther et al. (2008) for detailed
multiwavelength maps of this subregion. Three faint X-ray sources are detected in the 30
NGC 6334 I(N) subregion: #1447, 1454 and 1463. Sources #1454nd 1463 exhibit extraordinarily
high X-ray absorption with Eeq  5:5 keV, corresponding to logNy 235 cm 2 and Ay~ 200
mag. These are very likely members of the embedded cluster. o8rce #1454 lies within 1°®f the
millimeter source SMA 7 and a faint Spitzer IRAC star, while #1463 may be associated with the
near-infrared star TPR 216 and/or methanol masers. Source #447 appears coincident with SMA 6
but, due to its lower X-ray absorption (Emeg 1 keV), may instead be a foreground star.

3.9. Lightly Absorbed Cluster XJ

NGC 6334 XJ is a sparse and small cluster ( 1pc across) seen only in soft x-rays. Its dominant
star is the counterpart of #1528, 2UCAC 16657515 withV =14:2 and K5 =9:3.

3.10. Absent Clusters

The long-established far-infrared source NGC 6334 Il at tle center of NGC 6334 is thought
to be more evolved than sources at the southwest and northeasextremeties. It has no masers
or out ows but is associated with the large, di use bipolar H Il region NGC 6334 C. The infrared
source lies between the lightly-obscured X-ray cluster XG ad the heavily obscured cluster XH, but
there is no concentration of X-ray sources clearly associatl with it or the NGC 6334 C HIl region.
We suggest that no stellar cluster is present here.
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3.11. Unclustered massive stars

A number of X-ray sources with 8. K . 11 counterparts lie outside the main cluster con-
centrations. Several bolometrically luminous stars appemas X-ray sources west of the XA-XD
clusters. The faint X-ray source #2 coincides with HD 319701(K=6.76), an isolated and lightly
obscured B1lb supergiant (Neckel 1978) lying 1P southwest of the XA-XD complex. The faint
source #63 similarly lies southwest of the main clusters andappears to be associated with a heavily
absorbed massive star. Several other sources bright both ithe X-ray and K ¢ bands are distributed
in this region are likely previously unnoticed massive stas (e.g., # 77, 79, 108 and 130).

The bolometrically brightest of these stars are counterpats of #564 with a Kg 8.1 coun-
terpart lying 20 northeast of XB, #949 with a Ks 8.6 counterparts lying 29 north of XG,
and #972 near cluster XH discussed inx3.7. Other apparently massive stars distributed across the
eld include # 628, 719, 726, 728, 748, 757, 817, 890, 953 and31. These may be massive or
intermediate-mass stars that have drifted or been ejectedrbm one of the rich clusters.

Source #1371 coincides with the X-ray and bolometrically bright star HD 319702 (Ks  7:39)
on the eastern side of the NGC 6334 complex, several arcmine$ south of cluster XI. It has been
spectroscopically classi ed as a Bllb supergiant (Neckel 978) and a O8 IlI((f)) giant (Walborn
1982). Although HD 319701 and HD 319702 were identi ed as thexciting stars of the NGC 6334
HII region in early work (e.g., Sharpless 1959), it now appess likely that they are older stars
that have drifted from the main concentrations of heated mokcular gas. Other optically bright
O stars commonly associated with NGC 6334 (HD 156738, 31969&nd 319703) lie outside the
Chandra elds of view. HD 319703 is a bright X-ray source detected wih the Einstein Observatory
(Chlebowski et al. 1989).

4. DISCUSSION AND CONCLUSIONS

This Chandra-based study of the stellar population in the NGC 6334 star feming region must
be viewed as preliminary in several respects. First, the costruction of the sensitive catalog of
X-ray sources has de ciencies. Some of the faintest sourcemay be spurious, source properties
such as X-ray luminosities are not estimated, and inhomogegities in the survey coverage are not
guantitatively treated. Second, the exposures are short sdhat only 5 10% of the full Initial
Mass Function is detected. Third, the interpretation of X-ray photons which are not assigned
to resolved sources is not addressed here: do they arise frofainter X-ray stars which must be
present in the clusters §2.4), or from di use plasma from shocked O star winds (Ezoe etl. 2006)?
Both the incompleteness of the X-ray catalog to faint cluste& members, and the interpretation of
these unassigned photons, require substantially longe€Chandra exposures than available for this
study. Fourth, the association of X-ray sources with near-nfrared sources is inadequate. The
2MASS catalog has insu cient resolution to resolve crowdedcluster regions and to obtain reliable
photometry in the presence of spatially complex nebular engsion. Scienti ¢ inferences from infrared
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color-magnitude and color-color diagrams, such as InitialMass Functions and protoplanetary disk
fractions, can not be reliably obtained.

Despite these de ciencies, our survey represents the deegtepenetration into the Initial Mass
Function of the young population over the full NGC 6334 regim, and is e ective in identifying both
dozens of luminous OB stars (many of which were not previouslidenti ed) and hundreds of lower
mass members of concentrated stellar clusters. These advages accrue in large part to the low
contamination of the X-ray selected population by extraneaus sources. The principal results are:

1. A catalog of 1607 faint X-ray sources is presented, most Wi subarcsecond positions. Al-
though only half have 2MASS counterparts, we infer from paststudies that 95% of these
sources are likely cluster members. The remaining sourceseaextragalactic and stars unre-
lated to NGC 6334. The X-ray survey su ers far less contamindion from Galactic eld stars
or di use nebular emission than infrared surveys, and shoul be nearly unbiased with respect
to protoplanetary disk emission. In addition, we obtain estmates of line-of-sight absorption
to each source individually from the median energy of its de¢cted photons.

2. The X-ray exposures are roughly complete td., 1 10°° erg s 1. Based on X-ray studies
of the stellar populations in the nearby Taurus and Orion clouds, this sensitivity captures the
top 5 10% of the pre-main sequence X-ray luminosity function and rost of the cluster
members with masses above 1 M. The total inferred population of NGC 6334 is around
20 30,000 stars.

3. The spatial distribution of X-ray sources is very inhomogneous and di ers greatly when
lightly obscured sources are compared to heavily obscuredarces. From smoothed maps of
the source distribution, ten X-ray selected clusters are i@nti ed, labeled XA to XJ. Seven of
the clusters are mostly seen in the soft X-ray band and, with @it exception, were previously
unnoticed in visible, infrared or radio studies. The three hard-band X-ray clusters, plus a
small group behind clusters XC-XD, are closely associated ith well-studied luminous far-
infrared clusters. HIl regions are loosely associated withthese clusters, but are not generally
concentrated in the center of the clusters.

4. The X-ray population includes some of the previously idetied OB stars, and detected a
considerable number of additional stars with Ks band magnitudes indicative of new OB
members. Some of the massive stars are dispersed across theay elds, several parsecs
from the concentrations of current star formation. At least two appear to be (super)giants.
This suggests that these massive stars have either driftedrobeen ejected from their natal
sites, and that star formation has been ongoing in NGC 6334 foseveral million years or
longer.

5. The X-ray population also includes some extraordinarilyobscured sources with X-ray absorp-
tion up to log Ny ' 240 cm 2 or Ay 500 mag. It is likely that such high absorptions
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cannot be produced by interstellar cloud material, but more likely by localized infalling en-
velopes around protostars (Getman et al. 2006). Several ofhiese sources emit mostly in the
submillimeter band, an indicator of Class 0O classi cation. These include well-studied systems
in NGC 6334 |, NGC 6334 I(N), NGC 6334 IV, and NGC 6334 V. If someof these X-ray
sources are truly massive Class 0 protostars known from subittimeter studies; they may be
the youngest stars ever detected in the X-ray band. The only omparably embedded systems
reported in the X-ray band are the lower-mass Class 0-1 soues IRS 7 in Coronal Australis
cloud with logNy ' 235 cm 2 and IRAS 21391+5802 with logNy ' 24:0 cm 2 in the
triggered cloudlet IC 1396N (Hamaguchi et al. 2005; Getman tal. 2007). We note, how-
ever, that it is di cult with the available data to distingui  sh emission from the submillimeter
source itself from closely associated lower mass pre-maireguence stars. For example, the
Becklin-Neugebauer Object in the OMC-1 core behind the Orim Nebula is a very faint X-ray
source lying only 199 400 AU) from a much more X-ray luminous lower mass companion
(Grosso et al. 2005).

It is clear that there is great promise in further study of the stellar population of NGC 6334
based the results obtained here. First, the existing 40 ksChandra exposures are photon-starved,
with most detections having <10 counts and the vast majority of lower mass stars undetecig.
A &10-fold increase in exposure would alleviate this problem rad provide an empirical basis for
interpreting the unresolved X-ray emission as stellar or diuse. Second, wide- eld, near- and mid-
infrared images with sub-arcsecond resolution are urgengl needed for comparison with the X-ray
source catalog. The challenge here is less reaching high séivity, as the counterparts to the X-ray
sources will mostly haveKs . 16, as resolving stars from the bright, spatially complex néular
emission. Third, near-infrared spectroscopy of X-ray seleted stars would provide spectral types and
direct estimates of stellar masses. The highest priority fo spectra are the 8< K < 11 counterparts
which are likely new OB members of the cluster.
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Fig. 1.] Mosaic of two ACIS-I images of the Chandra of NGC 6334 with 1607 source extraction
regions shown in yellow.
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Fig. 2.| Two expanded views of crowded portions of the Chandra elds. Top: Far-infrared regons
NGC 6334 IV and V and the new clusters XA-XD. Bottom: Far-infr ared NGC 6334 | and |l regions
and the new cluster XJ. See Figure 5 for the cluster identi caions.
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Fig. 3.| Near-infrared properties of candidate 2MASS count erparts of the Chandra X-ray sources.
Left: Color-color diagram for counterparts having high-quality photometry. Red triangles show
stars with colors consistent with reddened photospheres (fass Ill stars), and green circles show
stars with Kgs-band excesses associated with protoplanetary disks (Clasll stars). Dotted lines
show reddening vectors marked everyAy = 5 mag. The locus of main sequence stars is from
Bessell & Brett (1988), classical T Tauri stars from Meyer et al. (1997), and HAeBe stars from
Lada & Adams (1992). Right: J vs. J-H color-magnitude diagram of these stars. 1 Myr and 2 Myr
isochrones for pre-main sequence stars from Siess et al. @) are shown in addition to the ZAMS.
Note that only a small fraction of the 1607 Chandra sources are shown in these diagrams due to
limitations of the 2MASS catalog.
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Fig. 4.] The spatial distribution of the 1607 X-ray sources s hown as a stellar surface density map
after smoothing with a = 45%Gaussian kernel.
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Fig. 5.] The smoothed spatial distribution of soft X-ray sou rces (rst panel) and hard X-ray
sources (second panel). The sample is divided & g = 2:5 keV which approximately corresponds
to column density logNy 223 cm 2 and visual absorption Ay 10 mag. The ten X-ray clusters

are outlined and labeled.
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Fig. 6.] The X-ray source map superposed on long-wavelengths maps. Top: an 18 cm radio
continuum map by Sarma et al. (2000). Bottom: a 71 m far-infrared map by Loughran et al.
(1986). The left and right panels show the soft and hard X-ray stellar surface density maps,
respectively.
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Fig. 7.| Spitzer GLIMPSE map with the X-ray elds and cluster superposed. Here the 3.6m,
5.6 m, and 8 m intensities are represented as blue, green and red, respizely. 7



Table 1. Chandra Catalog of X-ray Sources in NGC 6334

}oe}

Source Position X-ray Properties Star
Seq. CXou J (J2000.0) C t t Bt Ch PSF log Pg E med Ks Pos. ID
(deg) (deg) ) O (cts)  (cts)  (cts)  (cts) (kev)  (mag)
1) @ (©) (4) (5 (6 @) ®) (9) (10 @1y (12) (13) (14) (15)
1424 172053.21  354305.7 260.221741 -35.718252 0.2 4.2 4.9 2.8 0.1 5.0 0.39 <-5.0 3.7 SM 6
1425 172053.30  354943.2 260.222091 -35.828676 0.3 24 2.8 23 0.2 1.9 0.89 - 3.0 2.0
1426 172053.34 354136.7 260.222287 -35.693554 0.8 5.7 4.7 3.0 1.3 3.0 0.90 - 3.1 3.5
1427 172053.37 354329.4 260.222395 -35.724858 0.4 3.8 5.6 3.0 0.4 5.8 0.90 <-5.0 4.2
1428 172053.41 354701.7 260.222549 -35.783810 0.1 0.3 13.8 4.3 0.2 11.8 0.7 1 <-5.0 2.8 10.39 IRS-I = IRN I-1 = I(N)-SMA 3
1429 172053.44 354704.2 260.222677 -35.784503 0.2 0.3 4.6 2.8 0.4 3.6 0.83 - 4.1 3.0
1430 172053.48 354702.3 260.222866 -35.783987 0.1 0.3 3.8 2.5 0.2 2.8 0.62 - 4.2 3.1 10.6:
1431 172053.55 354704.6 260.223137 -35.784620 0.1 0.2 9.0 3.7 1.0 9.0 0.51 <-5.0 4.1
1432 172053.56 355029.2 260.223199 -35.841458 2.3 5.4 1.0 4.4 13.0 0.0 0.90 <-5.0 1.2 12.79
1433 172053.57 354600.7 260.223221 -35.766872 0.2 1.3 2.8 2.3 0.2 2.8 0.90 - 3.3 5.4
1434 172053.58 354636.0 260.223279 -35.776668 0.2 0.7 4.8 2.8 0.2 2.9 0.90 <-5.0 2.1 12.79 FIR-I 18 = TPR 117
1435 172053.60 354704.3 260.223339 -35.784538 0.1 0.3 5.6 3.0 0.4 5.6 0.41 - 4.9 4.3
1436 172053.64 354548.5 260.223502 -35.763493 0.1 15 8.0 3.4 0.0 8.0 0.41 <-5.0 4.1
1437 172053.65 354650.0 260.223553 -35.780566 0.2 0.5 3.8 2.5 0.2 3.8 0.90 - 4.7 4.2 TPR 83
1438 172053.76 354642.4 260.224023 -35.778449 0.2 0.6 3.8 2.5 0.2 3.9 0.89 <-5.0 3.1 TPR 105
1439 172053.79 354537.0 260.224127 -35.760301 0.2 1.7 3.8 2.5 0.2 0.8 0.90 - 4.7 15 TPR 197
1440 172053.84  354620.0 260.224356 -35.772224 0.1 1.0 3.0 23 0.0 2.0 0.39 <-5.0 2.8 TPR 148
1441 172053.97  354639.4 260.224885 -35.777635 0.2 0.7 4.8 2.8 0.2 4.9 0.89 <-5.0 3.3 12.6: FIR-1 16 = TPR 111
1442 172054.04  354548.5 260.225205 -35.763475 0.2 15 5.8 3.0 0.2 5.8 0.90 <-5.0 4.5 TPR 185
1443 172054.14  354605.7 260.225603 -35.768258 0.2 1.2 6.8 3.2 0.2 6.9 0.90 <-5.0 4.2 TPR 160
Note. | Table 1 is available in its entirety in the electronic edition of the Journal. Only a portion of the table around NGC 6334 I(N) is shown here.
Col. (1): X-ray catalog sequence number, sorted by RA.
Col. (2): IAU designation.
Cols. (3) and (4): Right ascension and declination for epoch ( J2000.0). q
Col. (5): Estimated standard deviation of the random compon ent of the position error, 2+ 5 The single-axis position errors, x and y, are estimated from the single-axis
standard deviations of the PSF inside the extraction region and the number of counts extracted.
Col. (6): O -axis angle.
Cols. (7) and (8): Net counts extracted in the total energy ba nd (0.5{8 keV); average of the upper and lower 1 errors on col. (7).
Col. (9): Background counts expected in the source extracti on region (total band).
Col. (10): Net counts extracted in the hard energy band (2{8 k evV).
Col. (11): Fraction of the PSF (at 1.5 keV) enclosed within th e extraction region. A reduced PSF fraction (signi cantly b elow 90%) may indicate that the source is in a crowded
region.
Col. (12): Log of the probability that the source arises from uctuations in the local background based on Poisson statis tics.
Col. (13): Background-corrected median photon energy (tot al band).
Col. (14): K magnitude of 2MASS Point Source Catalog stars within 1 00 of the X-ray position. \:" indicates photometric confusion by a nearby star or nebular emission, or
photometric accuracy worse than 0:2 mag. \ > " indicates source was detected in the J or H bands but not the K's band.
Col. (15): Possible counterparts within 3 90 of the X-ray source in the SIMBAD database of published objec ts. FIR-V sources are from Straw & Hyland (1989), TPR stars are from

Tapia et al. (1996), and other designations are discussed in the text.
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Table 2. X-ray Star Clusters in NGC 6334

X-ray Clusters IRAS FIR Radio
ID Soft Hard Extent Nx
(1) (2 (3) 4 (o (6) (1) (8) 9) (10)
XA 17:19:54 -35:55:30 Y N 2 20 9
XB 17:19:558 -35:54:.00 Y w 3P 3P 31
XC 17:20:.02 -35:56:00 Y w 2 2° 36 nri17165-3554
XD 17:20:04 -35:58:15 Y w1 1° 43 \Y;
XE 17:20:18 -35:55:00 W Y 2 2 48 v A
XF  17:20:24 -35:44:15 Y w 1?10 7
XG 17:20:33 -35:54:00 Y N 2 20 25
XH 17:20:38 -35:149:00 Y w P 4 94  17172-3548 I D
Xl 17:20:53 -35:146:00 N Y © 2° 15 171753544 I, I(N) E, F
XJ 17:21:05 -35:44:00 Y N L 1° 5

Note. |
Col. (1): X-ray Cluster designation
Col. (2) and (3): Right ascension and declination for epoch (J2000.0)
Col. (4)and (5): Indicator of cluster richness in soft (col. 4) and hard (col. 5) band: Y = Yes,
N = No, W = Weak
Col. (6): The spatial extent of the x-ray cluster, rounded to the nearest arcminute.
Col. (7): X-ray source count in the X-ray cluster.
Cols. (8): IRAS point source catalog counterpart. nr = near.
Cols. (9): Far-infrared counterpart (Loughran et al. 1986)
Cols. (10): Radio HIl region counterpart (Rodriguez et al. 1 982).



