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ABSTRACT

Context. Young massive stars and stellar clusters continuously form in the Galactic disk, generating new HII regions within their
natal giant molecular clouds and subsequently enriching the interstellar medium via their winds and supernovae.

Aims. Massive stars are among the brightest infrared stars in such regions; their identification permits the characterisation of the star
formation history of the associated cloud as well as constraining the location of stellar aggregates and hence their occurrence as a
function of global environment.

Methods. We present a stellar spectroscopic survey in the direction of the giant molecular cloud G23.3—0.3. This complex is located
at a distance of ~4-5 kpc, and consists of several HII regions and supernova remnants.

Results. We discovered 11 Of}, stars, one candidate luminous blue variable, several OB stars, and candidate red supergiants. Stars with
K-band extinction from ~1.3—1.9 mag appear to be associated with the GMC G23.3-0.3; O and B-types satisfying this criterion have
spectrophotometric distances consistent with that of the giant molecular cloud. Combining near-IR spectroscopic and photometric
data allowed us to characterize the multiple sites of star formation within it. The O-type stars have masses from ~25-45 M, and ages
of 5-8 Myr. Two new red supergiants were detected with interstellar extinction typical of the cloud; along with the two RSGs within
the cluster GLIMPSEDY, they trace an older burst with an age of 20-30 Myr. Massive stars were also detected in the core of three
supernova remnants — W41, G22.7-0.2, and G22.7583-0.4917.

Conclusions. A large population of massive stars appears associated with the GMC G23.3-0.3, with the properties inferred for them

indicative of an extended history of stars formation.

Key words. supergiants — ISM: supernova remnants — open clusters and associations: general — ISM: clouds

1. Introduction

An understanding of the evolution, and fate of massive
stars (X8 My) is of broad astronomical interest, and it is fun-
damental for studies of galaxies at all redshifts. Historically, the
majority (70-90%) of massive stars were thought to be born in
dense clusters, although recent observations also support forma-
tion in low-density environments (Lada & Lada 2003; de Wit
et al. 2005; Wright et al. 2014). In turn, such star clusters appear
to form in large molecular complexes (Clark & Porter 2004;
Clark et al. 2009; Davies et al. 2012), and a direct proportionality

* Based on observations collected at the European Southern
Observatory  (ESO  Programmes  084.D-0769,  085.D-019,
087.D-09609).

** MM is currently employed by the MPIfR. This works was partially
carried out at RIT (2009), at ESA (2010), and at the MPIfR.
*** Table 4 and Appendix C are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

is often assumed between the cluster masses and the masses of
the collapsing clouds (e.g. Krumholz & Bonnell 2007; Alves
et al. 2007). However, observational constraints on the distribu-
tion (clusters versus stars in isolation) and evolution of massive
stars are difficult to obtain, because of their rarity, and heavy dust
obscuration of the richest star-forming regions of the Galaxy.
The recent completion of multiple radio and infrared surveys
of the Galactic plane' has opened a golden epoch for studying

! The Multi-Array Galactic Plane Imaging Survey (MAGPIS; White
et al. 2005; Helfand et al. 2006), the Two Micron All Sky Survey
(2MASS; Cutri et al. 2003), the Deep Near Infrared Survey of the
Southern Sky (DENIS; Epchtein et al. 1994), the UKIRT Infrared
Deep Sky Survey (UKIDSS; Lucas et al. 2008), the VISTA Variables
in the Via Lactea survey (VVV; Soto et al. 2013), the Midcourse
Space Experiment (MSX; Egan et al. 2003; Price et al. 2001), the
Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE;
Churchwell et al. 2009) and WISE the Wide-field Infrared Survey
Explore (WISE; Cutri & et al. 2012).
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Table 1. Surveyed regions (see Table 4 of Messineo et al. 2010) and supernova remnants.

Overdensity RA[J2000] Dec[J2000] Rad () SNR Reference
REG1/[BDS2003]118 18 34 15.1 -08 2042 1.2 G23.5667—0.0333 (SNR5) 1
GLIMPSEO9Large 18 34 09.6 -09 1353 3.0¢ border of G22.7-0.2 (SNR2) new
near G22.7583-0.4917 (SNR3)

GLIMPSED9 (cluster) 183409.6  —-09 1353 0.3 2,3
REG2 1834 41.1 -08 34 22 4.0 border of W41 2
REG4/GLIMPSE10 183431.6  -084647 5.0 core of W41 2,3
REG5 183420.0 —0859 48 5.0 G22.9917-0.3583 (SNR4) 2
REG7/[BDS2003]117 18 34 27.7 -09 1552 2.0 core of G22.7583-0.4917 (SNR3) 2,1
RSGCX1 183308.9 -0909 14 4.5 core of G22.7-0.2 (SNR2) new

Notes. A larger region enclosing the GLIMPSEY cluster was surveyed. ® The quoted radius encloses only the bulk of the nebulosity seen

at 3.6 um.

References. (1) Bica et al. (2003); (2) Messineo et al. (2010); (3) Mercer et al. (2005).

the formation, evolution, and environment of massive stars. Over
the past decade, multi-wavelength analyses of the Galactic plane
have revealed several hundred new HII regions, and candidate
supernova remnants (SNRs, e.g. Green 2009; Brogan et al.
2006; Helfand et al. 2006). Moreover, an impressive large num-
ber of new candidate stellar clusters and ionizing stars have
been reported; more than 1800 candidate clusters were detected
with 2MASS data (e.g. Bica et al. 2003), more than 90 can-
didates were found with GLIMPSE data (Mercer et al. 2005),
and ~100 candidates with the VVV survey (Borissova et al.
2011).

The Galactic giant molecular cloud (GMC) GMC G23.3-0.3
(object “[23, 78] in Dame et al. 1986) is found at a dis-
tance of 4-5 kpc (Albert et al. 2006). A remarkable num-
ber of candidate stellar clusters appear associated with this re-
gion (e.g. Messineo et al. 2010), and four SNRs (G22.9917—
0.3583, G022.7-00.2, W41, and G22.7583-0.4917, Green
2009; Helfand et al. 2006; Leahy & Tian 2008) are projected
against it (as shown by Messineo et al. 2010). The presence
of SNRs suggests that massive star formation has been active
in multiple sites of this GMC, as do the stellar cluster num-
ber 9 in Mercer et al. (2005; hereafter GLIMPSE9, Messineo
et al. 2010), cluster number 10 in (Mercer et al.; hereafter
GLIMPSE10), [BDS2003]117, and [BDS2003]118 (Bica et al.
2003). Additional regions with massive stars were identified by
Messineo et al. (2010).

Given this, G23.3—-0.3 appears to be an ideal laboratory for
the investigation of massive stars and multi-seeded star forma-
tion. The rich star clusters associated with the complex allow us
to study the mode and progression of star formation in this region
and to sample rare evolutionary phases of massive stars, such
as Wolf-Rayets (WRs), red supergiants (RSGs), and luminous
blue variables (LBVs). The presence of SNRs indicates that star
formation has been progressing for some time, with the current
stellar population providing information on the initial masses of
the supernova progenitors, and on the fate of massive stars.

In this paper, we present the result of a spectroscopic sur-
vey of selected bright stars in the direction of GMC G23.3-0.3.
In Sect. 2, the spectroscopic observations and data reduction
are presented, along with available photometric data. In Sect. 3,
we describe the spectral types, the reddening properties, and
the selection of massive stars likely associated with the GMC.
Luminosities of the massive stars are derived. Eventually, in
Sect. 4, we summarize the results, and briefly discuss the spatial
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distribution of the detected massive stars, their ages, and their
connection with the SNRs.

2. Observations and data reduction
2.1. SINFONI data

The observations were made with the Spectrograph for INtegral
Field Observations in the Near Infrared (SINFONI; Eisenhauer
et al. 2003) on the Yepun Very Large Telescope, under the
ESO programs 084.D-0769 and 085.D-0192 (P.I. Messineo).
We observed ~100 stars with 0.6 < H — K; < 1.4 mag
and 11 < K; < 6 mag from selected fields (see Table 1); their
color—color distribution is shown in Sect. 3.2. A total num-
ber of 89 data-cubes were obtained, and a total number
of 104 stellar spectra were extracted from these cubes.

We used SINFONI in non-AO mode, with a pixel scale
of 07250 pix~!, the K-grating (1.95-2.45 um), and a resolving
power R =~ 4400.

Exposures were taken in a target-sky-sky-target sequence,
using a fixed sky position. Integration times (DIT X NDIT)
ranged from 1 s to 53 s in period 84, and from 1 s to 93 s
in period 85. Two exposures were taken for each position.
Telluric standard stars of B-type were observed at an airmass
within 0.2 dex from the airmass of the science observations, and
immediately before or after the science observation.

Data reduction was performed as described in Messineo
et al. (2007). The construction of a wavelength-calibrated data-
cube, along with the removal of the instrumental signatures, was
performed with version 3.9.0 of the ESO SINFONI pipeline
(Schreiber et al. 2004; Modigliani et al. 2007). Each science
frame was sky-subtracted, and flat-fielded. Dead/hot pixels were
removed by interpolation; geometric distortions were corrected.
A wavelength-calibration map was obtained using daytime arc-
lamp lines. Possible shifts in wavelengths (up to 0.4 pixels) were
checked, and corrected with observed OH sky lines (Oliva &
Origlia 1992; Rousselot et al. 2000) by cross-correlating the
OH line positions with a template spectrum with OH lines at
zero velocity.

Stellar traces were extracted from the cubes, and corrected
for atmospheric and instrumental responses by dividing the spec-
tra of the targets by the spectra of B-type stars. The Br, and
He1 lines were removed from the spectra of the standards with
a linear interpolation, and the resulting spectra were multiplied
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Table 2. List of detected early-type stars.

ID Coordinates Spectral detection J-K,), (H-Kj), | Comment
RA(J2000) Dec(J2000) Instr. Spectrum Te
[hh mm ss]  [deg mm ss] K]

1 1833 18.14 —-0924 09.9 Sofl OBe 24300 + 8800 -0.12 -0.06

2 183352.19 —-09 10 38.2 Sofl 09-9.5¢ 29300 + 1800 -0.16 -0.07 BD-094766

3 1834 00.86 —091541.5 | SINFONI  O6-7fx+ 35700 + 1000 -0.21 -0.10

4 1834 05.74 -091600.6 | SINFONI O7-8.5fx+ 31800 = 1500 -0.21 -0.10

5 1834 06.25 -091517.9 | SINFONI  O6-7fx+ 35700 + 1000 -0.21 -0.10

6 1834 08.75 —091359.9 | SINFONI BO-3 23800 + 6700 -0.16 -0.08

7 1834 09.25 —-090306.0 | SINFONI B4-A2 12700 + 3600 -0.02 0.00

8 1834 10.50 —09 14 04.4 | SINFONI BO-3 23800 + 6700 -0.16 -0.08

9 1834 10.59 -091343.9 | SINFONI O7-8.5fx+ 33100 = 1500 -0.21 -0.10

10 1834 10.70 —09 13 58.7 | SINFONI OF - -0.06 -0.01

11 1834 11.30 —-09 13 56.4 | SINFONI OF - -0.06 -0.01

12 1834 11.81 —085544.9 | SINFONI B4-A2 12700 + 3600 -0.02 0.00

13 1834 12.14 =09 00 23.6 | SINFONI B4-A2 12700 + 3600 -0.02 0.00

14 1834 12.17 -091229.9 | SINFONI  O6-7fx+ 34500 + 1200 -0.21 -0.10

15 18341347 -091431.9 | SINFONI  O6-7fx+ 34500 + 1200 -0.21 -0.10

16 1834 14.47 —08 44229 | SINFONI 09-9.5¢ 29300 + 1800 -0.16 -0.07

17 1834 15.88 —-084545.2 | SINFONI  09-9.5fx+ 31400 = 1100 -0.19 -0.09

18 1834 17.26 —-084650.0 | SINFONI  O6-7fx+ 34500 + 1200 -0.21 -0.10

19 1834 18.14 —0857 18.4 | SINFONI B4-A2 12700 + 3600 -0.02 0.00

20 1834 18.85 —084532.9 | SINFONI B4-A2 12700 + 3600 -0.02 0.00

21 1834 19.19 —-084617.6 | SINFONI B7.5-A2 12900 + 3900 -0.02 0.00

22 1834 21.70 -08 28 20.9 Sofl cLBV 13200 + 2300 0.01 -0.01

23 18342379 -0849 18.1 | SINFONI  O6-7fx+ 35700 + 1000 -0.21 -0.10

24 18 3426.38 —09 0049.1 | SINFONI OF - -0.06 -0.01

25 1834 27.67 —-091551.1 | SINFONI O4fg+ 38200 + 2500 -0.21 -0.10

26 18 3428.48 —085931.1 | SINFONI B4-A2 12700 + 3600 -0.02 0.00

27 1834 30.15 0844 40.6 | SINFONI OF - -0.06 -0.01

28 18 3430.84 —08 58 40.1 | SINFONI B4-A2 12700 + 3600 -0.02 0.00

29 183430.95 -085837.8 | SINFONI OF - -0.06 -0.01

30 183433.83 —-083257.9 | SINFONI OF - -0.06 -0.01

31 18343392 -083259.6 | SINFONI BO-3 23800 + 6700 -0.16 -0.08

32 1834 35.17 —090039.9 | SINFONI B4-A2 12700 + 3600 -0.02 0.00

33 183435.74 —-0901 27.6 | SINFONI OF - -0.06 -0.01

34 18 3436.94 —08 47 54.7 | SINFONI OF - -0.06 -0.01

35 1834 38.36  —085049.7 | SINFONI OF - -0.06 -0.01

36 1834 42.63 -084501.9 | SINFONI  O6-7fx+ 34500 + 1200 -0.21 -0.10

37 1834 42.86 —-084502.9 | SINFONI OF - -0.06 -0.01

38 1834 50.71 —08 46 16.0 | SINFONI BO-3 23800 + 6700 -0.16 -0.08

[MFD2010] 3 1834 08.68 —-091411.1 BO-3 21500 + 6000 -0.08 -0.04 [MFD2010] 3¢

[MFD2010] 4 1834 08.54 -091411.8 BO-3 21500 + 6000 -0.08 -0.04 [MFD2010] 4¢

[MVM2011] 39 183347.64 —-092307.7 WC8 65000 + 5000 0.43 0.38 [MVM2011] 39”

Notes. Identification numbers are followed by celestial coordinates, instrument, spectral types, estimated effective temperatures, T.g, intrinsic
near-infrared colors, and comments. Two B supergiants detected by Messineo et al. (2010), and a WR discovered by Mauerhan et al. (2011) are
appended to the table. We used the collection of infrared colors and temperatures per spectral types as listed in the Appendix of Messineo et al.
(2011). For every star (for example a O6-7 star), we assumed the mean temperature of the range considered, and as error half range. ¥ Messineo

et al. (2010). ® Mauerhan et al. (2011).

by a black body curve, F,, with the effective temperature of the
star. Some spectra with low signal-to-noise displayed residuals
of OH sky lines; in these seven stars, we removed the residu-
als of the OH sky lines at 2.0008 um, 2.0276 um, 2.0413 um,
2.0563 pum, 2.0729 um, 2.1506 um, 2.1802 um, 2.1955 um,
2.2126 um, and 2.2312 um with a linear interpolation. The ab-
solute coordinates of the SINFONI fields generally agree with
the 2MASS coordinates within 1" or 2”. The astrometry of each
field was aligned with a 2MASS image or UKIDSS image.

We examined stellar traces with a signal-to-noise ratio
above 20—40.

Table 2 lists the early-type stars, and Tables 3 and C.1 list the
late-type stars. Finding charts are provided in Appendix C.

2.2. Sofl data

An additional 47 objects were detected with the Son of
Isaac (Sofl) spectrograph on the ESO New Technology

A20, page 3 of 28
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Fig. 1. Top: MSX band A (8 um; left) and band E (20 um; right) images of G23.3-0.3. The square indicates the area displayed in the composite
image at the bottom. Bottom: false-color composite image of the G23.3-0.3 complex, which was created with GLIMPSE data: 3.6 um (blue),
4.5 pum (green), and 8.0 um (red). Contours of the 20 cm emission detected by MAGPIS (White et al. 2005; Helfand et al. 2006) at 0.002, 0.003,
0.004 Jy beam™! levels are super-imposed. Galactic longitude is along the x-axis, and Galactic latitude is along the y-axis.

Telescope (NTT) on La Silla during the ESO program 087.D-
09609 (P.I. Messineo), on the nights of June 10, 11, and 12,
2011.

Observations with SofI on the NTT were performed with the
medium resolution grism, a slit-width of 1", and the Kj filter. A
coverage from 2.0 ym to 2.3 ym at a resolving power of ~1900
was obtained. Medium resolution spectra in H-band were taken
only for one target, a candidate LBV; a slit with a width of 1”
was used, which provided a coverage from 1.5 ym to 1.8 um
at a resolving power of ~1250. The objects were nodded along
the slit to obtain pairs of frames, which were subtracted and flat-
fielded. In a few observations, the stellar traces did not move (no
nodding, no jitter), and we subtracted each frame with darks.
The two-dimensional frames were rectified with a bilinear in-
terpolation of stellar traces and arc lines. Stellar traces were
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extracted from individual frames, aligned in wavelength, and co-
added. Correction for atmospheric and instrumental responses
were performed with spectra of B-type standards (taken in the
same manner as for the targets, and with linearly interpolated
Br, and HeT lines). We multiplied the results by a black body
curve, F,.

2.3. Infrared photometry

We searched for counterparts of the observed stars in the 2MASS
Catalog of Point Sources (Cutri et al. 2003), in the third re-
lease of DENIS data at CDS (catalog B/denis) (Epchtein et al.
1994), in the GLIMPSE catalog (Churchwell et al. 2009), and
in the WISE catalog (Cutri & et al. 2012); we used the closest
match within a search radius of 2””. We searched in the UKIDSS
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Table 3. Spectra of late-type stars that are potential RSGs (L > 4 x 10* L, for a distance of 4.6 kpc).

ID RA@J2000)  Dec(J2000) Spectral type Comment
Instr. EW(CO) SpIRGB] T.#[RGB]* Sp[RSG] T.[RSG]* H,O*

[hh mm ss]  [deg mm ss] [AA] [K] [K] [%]
39 183236.02 -90803.5 Sofl 29 M5 3450 + 203 K5 3869 + 137 8
40 183308.89 -90832.6 Sofl 33 - 3223 + 226 MO 3790 + 124 11 IRAS 18303-0910
41 18331390 -90623.2 Sofl 23 Ml 3745 + 130 K3 3985 + 121 0
42 1833 15.02 -90832.2 Sofl 23 Ml 3745 + 130 K3 3985 + 121 10
43 18333524 -84757.7 Sofl 32 - 3223 + 226 MO 3790 + 124 18 BG*
44 183337.80 -92138.1 Sofl 21 MO 3790 + 124 K2 4049 + 131 8
45 18334098 -90325.2 Sofl 26 M3 3605 + 120 K3 3985 + 121 -16
46 18341036 -91352.9 | SINFONI 64 - 3223 + 226 M3 3605 + 120  -76 [MFD2010]8”
47 183423.17 -84838.6 | SINFONI 61 - 3223 £ 226 M2 3660 + 140 -6
48 18343386 —-84421.2 | SINFONI 47 M6 3336 + 226 K5 3869 £ 137  -16
[MFD2010]5 1834 09.86 —91423.8 | SINFONI - - 3223 £ 226 ML.5 3710 + 152 - [MFD2010] 5%
BD-08 4635 183451.88 —-83640.8 | SINFONI - - 3223 + 226 M2 3660 + 140 - BD-08 4635¢
BD-08 4639  183531.06 —84123.4 | SINFONI - - 3223 + 226 K2 4049 + 131 - BD-08 4639¢
BD-08 4645 183621.66 —85240.0 | SINFONI - - 3223 + 226 M2 3660 + 140 - BD-08 4645¢

Notes. Identification numbers are followed by celestial coordinates, instrument, EW(CO)s, spectral types, Ter, H,O indexes, and comments. Two
spectral types are reported; the first was obtained using the relation for red giants (Sp[RGB]), the latter using that for red supergiants (Sp[RSG]). We
appended to the table RSG [MFD2010]5 (Messineo et al. 2010), RSG BD-08 4645, BD—08 4635, and BD-08 4639 (Skiff 2013). ) Temperature
errors account for accuracy in spectral types of +2. ) The H,O index depends on the correction for A, ; a variation of 10% in Ak, typically affects
the H,O by 20%. ” BG = object in the background of the cloud. ” Messineo et al. (2010). > Skiff (2013).

catalog (Lucas et al. 2008) with a search radius of 1”, and re-
tained only counterparts in the linear regime (K 2 10.2 mag).
The 11/293 (GLIMPSE) catalog from CDS is a combina-
tion of the original GLIMPSE-I (v2.0), GLIMPSE-II (v2.0),
and GLIMPSE-3D catalogs. We also searched for counter-
parts in the Version 2.3 of the MSX Point Source Catalog
(Egan et al. 2003; Price et al. 2001) with a search radius
of 5”. MSX upper limits were removed. WISE counterparts
were retained only if their signal-to-noise ratio was larger
than 2.0. Near-infrared and GLIMPSE counterparts were visu-
ally checked with 2MASS/UKIDSS and GLIMPSE charts. For
most of sources, WISE band-3 and band-4 provided upper limit
magnitudes, due to confusion.

In addition, we searched for possible B, V, R-band
matches in The Naval Observatory Merged Astrometric Dataset
(NOMAD) by Zacharias et al. (2004). The photometric data are
listed in Table 4. For a few targets (missing in both 2MASS and
UKIDSS), K; counterparts were estimated from the SINFONI
cubes (with a typical uncertainty of ~0.3 mag). For stars
[MFD2010]3, [MFD2010]4, and [MFD2010]5, H and K-band
measurements were obtained with the Near Infrared Camera
and Multi-Object Spectrometer (NICMOS, Skinner et al. 1998;
Messineo et al. 2010).

2.4. Previously known massive stars in the direction
of the complex

In the SIMBAD astronomical archive, we found matches
for 11 out of 151 observed stars. The alias names are provided
in Tables 2, 3, and C.1.

Messineo et al. (2010) reported the detections of a few
massive stars in the direction of the GLIMPSE9 cluster;
[MFD2010]3 and [MFD2010]4 are two BO0-5 supergiants;
[MFD2010]5 and [MFD2010]8 are two RSG stars. Our
detection number #46 coincides with star [MFD2010]8.

We searched the lists of known WRs presented by
van der Hucht (2001), Mauerhan et al. (2011), and Shara et al.
(2012). The WR number 39 (WCS) in Mauerhan et al. (2011;

thereafter, we call it [MVM2011]39) is projected onto
SNR G22.07-0.3.

We searched in the Galactic spectroscopic database by Skiff
(2013) for known RSGs. BD-08 4645 (EIC 685) is reported
as a M2 I by Whitney (1983) and Sylvester et al. (1998).
BD-08 4635 and BD—-08 4639 are two bright sources with
IR colors similar to that of RSG BD—-08 4645. Skift (2013) lists
them as M2 and K2 types, respectively.

These massive stars and candidate massive stars were added
to the list of newly detected stars, and their photometric
properties were re-investigated.

3. Results
3.1. Spectral classification
3.1.1. Early-type stars

A total number of 38 early-type stars were detected (see Figs. 2
and 3). We classified them by comparison with infrared spec-
troscopic atlases (e.g. Hanson et al. 1996, 2005; Morris et al.
1996; Figer et al. 1997), by using HI, Hel, Helr, NI, and
C1v lines. C1V lines are typical of O4-7 types, more rarely ap-
pear in O8 type; the N 11T complex at 2.115 um disappears in stars
later than O8.5-09 type; the He1I line at 2.189 um is present in
O-type stars down to O9-type; the HeT line at 2.112 ym is ob-
served from O4-type down to B8 (for supergiants), or B3 (for
dwarfs), and the strengths of the He I absorption line at 2.112 ym
increases from early-O to late-O. The HeT line at 2.058 um is
usually seen down to ~B3 (Davies et al. 2012).

We used the prefix fx+ to denote a spectral classifica-
tion in K-band similar to that given in the optical window
by Maiz Apelldniz et al. (2007) and Farifia et al. (2009). We,
thereby, defined an Ofx+ stars as a star with a K-band spec-
trum that shows the N 11I/C Il complex at 2.115 ym in emission,
and SiIv at 2.428 um in emission. There are only a few previ-
ous reports on the Si1Vv line at 2.428 um; the line was identified
in some WRs and O supergiants of the Arches cluster (Martins
et al. 2008), and transitional objects (e.g. cLBVs) in the vicinity
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Fig. 2. Normalized spectra (arbitrarily shifted for clarity) of detected early-type stars. The positions of lines from HI, Hel, and He IT are marked
and labeled at the top, along with those of other detected lines from SiIv, N1II, and C1v. The spectra were multiplied by the black body of the
standard star. Dotted lines show black bodies with the temperatures inferred from the observed stellar spectral types; these black bodies were

reddened with individual A, values (for details see Sect. 3.2).

of the Galactic center (Martins et al. 2007). The detected O-type
stars are all Ofg+.

Ofg+ type stars (panel 1 of Fig. 2) : the spectrum of star #25
shows strong C1V lines at 2.0705 um and at 2.0796 um in emis-
sion, and the broad N 111/C Il complex at 2.115 ym in emission,
the Br, line at 2.1661 um in absorption with a wind signature
in emission, the HeII line at 2.1891 um in absorption, and the
Si1v line at 2.428 um in emission. These lines are typically de-
tected in O stars with types from 4 to 6. In Hanson et al. (1996)
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and Hanson et al. (2005), the strength of the carbon lines ap-
pears to increase with earlier types; therefore, star #25 is likely
a O4-5fx+ supergiant, similar to HD15570 (see spectrum in
Hanson et al. 2005).

The spectra of stars #3, #5, #14, #15, #18, #23, and #36 dis-
play signatures of O6—7fx+ stars; they are characterized by the
HeTline at 2.058 um, a weak C 1V line at 2.0796 um in emission,
a prominent HeT line at 2.112 pum in absorption, the N III com-
plex at 2.115 um in emission, the Br, (mostly in absorption),
the Hell line at 2.189 um in absorption, and the SiIV line
at 2.248 um. The spectra of stars #3 and #23 have the additional
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detection of a C1V line at 2.0705 um. The spectrum of star #14
has the Br, line in emission (O6-7fg+); the Br, lines of stars #3
and #5 display a wind signature.

The spectra of stars #4 and #9 have the He I lines at 2.058 ym
and 2.112 pum in absorption, the NII at 2.115 ym in emis-
sion, the Br, line, the HeII line at 2.189 um in absorption, and
the SiIv line at 2.428 um. Star #4 has a Br, line in absorp-
tion with a signature of wind in emission. The non-detection of
C1vV lines, the presence of N IIT and He II lines, and SiIV suggest
a later Ofg+ (O7-08.5).

The spectrum of star #17 displays a HelI line at 2.112 ym
in absorption, a weak N III complex at 2.115 ym in emission, the
Br, line in absorption, and the SiIV line at 2.248 ym in emission.
Since there is not He 1l at 2.189 um, but N III emission is still
detected, this star appears a (09-09.5)fx+.

Late-O and B type stars (panel 2 of Fig. 2): the spectrum of
star #1 presents the Br, line in emission.

The spectrum of star #2 has the Br, line in absorption,
and a hint for the HeT line at 2.058 um in emission, and for
the HeIl line at 2.189 um in absorption. The lack of NI
at 2.115 um, and the hint for He T and He 11, suggest a 09-09.5e.

The spectrum of star #16 shows the He I line at 2.058 ym in
emission, the HeI line at 2.112 ym in absorption, the N TII line
at 2.115 pym in emission, and the Br, line in absorption. The
absence of Hell and presence of NTIT suggest a 09-9.5 type.
The 2.058 um emission indicates a supergiant luminosity class
(Hanson et al. 1996).

The Hel line at 2.112 ym and the Br, line in absorp-
tion are detected in the spectra of stars #6, #8, #31, and #38.
The detection of HeT lines and the absence of NIII emission

2.20

Fig. 3. Spectra of the cLBV #22. The positions
of HI and HeT lines are marked and labeled
at the top, along with those of other detected
lines (Nal, MgII, FeIr).

N
o F
a

at 2.115 pum and of the He 11 line at 2.189 um suggest a BO-81 or
a BO-3V. There is a hint for HeT at 2.058 um in the spectra of
stars #6 and #8 (B0-3); there is a hint for SiIV at 2.248 um in the
spectrum of star #31.

B-A type stars (panel 3 of Fig. 2): we assigned a B4-A2 type
(dwarfs), or B7.5-A2 type (supergiants) to stars with only a de-
tected Br, line in absorption: #7, #12, #13, #19, #20, #21, #26,
#28, and #32.

O-B-A-F type stars (panel 4 of Fig. 2): stars with noisy spec-
tra and marginal detections of Br, lines are labeled O-B-A-F
(stars #10, #11, #24, #27,#29, #30, #33, #34, #35, and #37).

The noisy structures around 2.00 yum are due to a poor
atmospheric correction.

3.1.2. A candidate luminous blue variable

In Fig. 3 and Table 5, the spectral features of star #22 are shown.
The H-band spectrum of star #22 is characterized by HT lines in
emission and by a number of iron lines (Fe 1T), which are mostly
forbidden ([Fe1]). The K-band spectrum shows emission lines
from He1, HI, MgII, Nal, and Fe 1L

These lines are typical of massive objects (for exam-
ple B[e]s, LBVs) in transition from the blue supergiant phase
to the more evolved WR stage, with cold envelopes or disks
(e.g. Morris et al. 1996). The possible evolutionary link be-
tween the disk-bearing B[e]s and the multi-wind LBVs is
unclear, and this is a current topic of ongoing discussions
(e.g. Crowther et al. 1995; Clark et al. 2013). LBVs display a
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Table 5. List of lines detected in the new spectra of the cLBV (#22).

Line Vacuum 2 Obs. A* EW*
[m] [m] [A]
Hr118-4 1.53460%¢  1.53483 1.1+£0.2
+[Fen] a*Fy;,—a*Ds), 1.53389%¢  blended
H117-4 1.54432¢  1.54473 1.0+0.2
Hil16-4 1.55607¢¢  1.55624 23 +0.5
Hr115-4 1.57049¢¢  1.57089 1.7+0.3
Fen Z2 I] 1/2—3 d5 4 S2 111/2 15776b 1.57663 1.6 £0.3
Hi1 144 1.58849¢  1.58885 2.0+0.5
Hi 13-4 1.61137¢¢  1.61177 1.5+1.0
H112-4 1.64117¢  1.64151 1.9+04
[Fe11] a*Fg),—a*Dy), 1.64400%¢  1.64457 0.6+0.1
[Fe1] a*Fs;,—a*Dy ), 1.66422%4  1.66510 0.5 +0.1
Hill-4 1.68111¢¢  1.68136 3.7+0.8
Fell z* Fojo— ¢* Fopn 1.68778%4  1.68814 1.5+04
[Fe11] a*Fs;,—a*Ds), 1.71159%4 171151 04+03
H110-4 1.73669%¢  1.73700 3.1 +0.3
Hel 2.05869%¢  2.05950 7.8+0.5
Fe z* Fg/z_ c* Fyp 2.091° 2.09009 09+0.3
Mg 21374854 2.13808 0.6 +0.5¢
Mg 11 2.14380%¢  2.14453 03 +0.3/
H17-4 2.16612¢¢  2.16691 15.8+0.4
Na1 2.206"4 2.2082 4.6 +0.6
Nal 2.20897%¢  blended

Notes. @ Morris et al. (1996); Reunanen et al. (2007). @ Morris et al.
(1996); Clark et al. (1999). © Storey & Hummer (1995). ¢V From the
NIST line list.  Errors are calculated with the formula number 7 of
Vollmann & Eversberg (2006). Only lines with a significance of 1 sigma
are listed. ¥ Absolute wavelength accuracy of each single frame is
within 1.6 A (based on OH lines). © The line peak is at 3. 7 The
line peak is at 20

large variety of stellar spectra; their definition is actually based
on their variability and sporadic strong outbursts (e.g. Thackeray
1974; Humphreys 1978).

The H-band spectrum of star #22 presents HI lines in emis-
sion (as in the spectrum of S Dor) and several Fe lines, which
recall the rich spectrum of LBV WRA 751 (Morris et al. 1996;
Smith 2002). The K-band spectra of the stars Pistol, Wral7-96,
G26.47 + 0.02, G24.73 + 0.69, and HR Car exhibit the same
emission lines as those of star #22 (Figer et al. 1995; Morris
et al. 1996; Clark et al. 2003; Egan et al. 2002). These impres-
sive similarities with other LBV spectra suggest that star #22 is
a candidate LBV (cLBV?).

The cLBV has been detected as a point-source up
to 20 um (W4 band of the WISE survey). With a GLIMPSE
[3.6]-[5.8] = 0.72 mag and a [3.6]-[8.0] = 0.96 mag, star #22
well fits in the GLIMPSE color distribution found for known
Galactic LBV stars (Messineo et al. 2012). The SED of
cLBV #22 resembles that of cLBV MN112 (Gvaramadze et al.
2010), with an excess at several mid-infrared wavelengths (see
Fig. 4); however, in contrast to MN112, an extended circumstel-
lar nebulae is not detected. We did not find significant photo-
metric variations in the J- and K,-band of DENIS and 2MASS
(Table 6). Nevertheless, high probability of being a variable
point source is reported in band W3 (11.6 um) by the WISE
catalog.

2 The prefix “c” (candidate) indicates that a photometric monitoring is
not available yet.
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Table 6. Near-infrared measurements of cLBV #22.

DENIS1 DENIS2 2MASS
Date  22-05-1999  29-08-2000  29-04-1999
1 13.88 +0.06 13.92 +0.04
J 9.70 £ 0.05 9.67 £0.07 9.78 £ 0.02
H - - 8.42 £ 0.04
K 7.65 = 0.06 7.51+£0.07 7.63 £0.02

Notes. Two epochs of DENIS simultaneous /JK, measurements were
available. We re-calibrated the DENIS measurements by using point
sources within 1’; a significant offset was found for epoch one.

3.1.3. Late-type stars

The equivalent width of the CO band-head, EW(CO), at 2.29 um
linearly correlates with the stellar temperature (7.g). CO ab-
sorption also strengthens with increasing luminosity. Therefore,
the EW(CO) and T.¢ values of giants and RSGs follow two
distinct relations (Blum et al. 2003; Figer et al. 2006; Davies
et al. 2007); the sequence of RSGs extends to larger values
of EW(CO).

The EWs are based on the Kleinmann & Hall (1986) spec-
tra. We smoothed the reference spectra of Kleinmann & Hall
(1986) to the resolution of the observed ones; we de-reddened
each target spectrum with the extinction law by Messineo et al.
(2005) and the E(J — Kj) color excess (see Sect. 3.2). The con-
tinuum was taken from 2.285 um to 2.290 um. The EW(CO)s in
unit of Angstroms were obtained by integrating the line strength
of the CO feature, 1-Flux(CO)/Flux(continuum), in wavelengths
(from 2.290 um to 2.320 um, e.g. Figer et al. 2006). EW(CO)s
from medium-resolution spectra taken with Sofl were measured
in a narrower region, from 2.285 um to 2.307 um. Typical un-
certainties of the estimated spectral-types are within a factor of
two, as estimated by slightly shifting the continuum region and
the reddening.

Stars with EW(CO)s larger than that of a M7 giant were clas-
sified as candidate RSGs or variable AGB stars. A detailed dis-
cussion on the identification of AGB stars, which contaminate
both red giant and RSG sequences, is provided in Appendix B.
After having excluded one AGB star (#56), we found that four
other stars show EWs larger that that of an M7III star: #40, #43,
#46, and #47.

Spectral types for the 113 detected late-type stars are listed
in Tables 3 and C.1. Each list is sorted by coordinates. Some
spectra of bright late-type stars are displayed in Fig. 5.

3.2. Determination of Ak,

In the near-infrared, the attenuation of a star’s light by interstellar
dust absorption is wavelength-dependent, and may be expressed
by a power law A, oc 177,

For every star, we estimated the effective extinction in
K-band, Ag,, by measuring the near-infrared color-excess, and
by using @ = —1.9 (Messineo et al. 2005). We adopted the in-
trinsic infrared colors per spectral type tabulated by Messineo
et al. (2011); they were taken from Martins & Plez (2006,
O-stars in the Bessell system), Wegner (1994, B-A stars in the
Johnson system), Johnson (1966; B-A dwarfs in the Johnson sys-
tem), Koornneef (1983; B-A supergiants and late-types in the
Koornneef system), Lejeune & Schaerer (2001; colors of dwarfs
from O3 to AS in the Bessell system). The used compilation
uses data in the Johnson, Bessell, and Koornneef filter systems.
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component at 150 k.
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Fig. 5. Normalized spectra (arbitrarily shifted for clarity) of detected
candidate RSGs. The spectra were multiplied by the black body of the
standard star, and de-reddened. The spectra with shorter coverage were
taken with Sofl.

Color transformations were not applied, but no significant de-
viations were found. There is no significant difference be-
tween the SAAO and the Johnson system (Carter 1990; Blum
et al. 2000). Carpenter (2001) found differences between the
SAAOQ system (or Koornneff system) and the 2mass system well
within 0.1 mag. Table 2 lists the adopted intrinsic (J — K)o
and (H — K), colors of early-types.
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Fig. 6. Top panel: J — K, versus H — K, diagram of the observed stars.
Spectral-types are marked as shown in the figure legend; the two dashed
curves indicate the reddening curves of naked M1 and O9 stars. Bottom
panel: K-8 versus H — K, diagram; a reddening curve for an M1 star
is shown with a dashed line. Star #22 (cLBV) shows infrared excess
at 8 um. The two foreground stars #1 (OBe) and #26 (B4-A4) have
notable infrared excess. Star #7 was not plotted (8 um confused).

We assumed as interstellar extinction individual Ak, values.
For the detected early-type stars, we preferred the total interstel-
lar extinction Ak, from the shortest color E(J — H); for late-type
stars, we used individual Ak, from J — K (or H-K;) (Koornneef
1983).

A J — K, versus H — K, diagram of the observed sources
is shown in Fig. 6. The cLBV displays an infrared excess long-
ward of 2 um; the O-type stars nicely follow the reddening vec-
tors. The bulk of detected late-type stars (with exclusion of a few
AGBs) lacks strong dust excess (Fig. 6), as also inferred from
the Q1 parameter (see Appendix A).

Figure 7 shows the distribution of Ak, for early- and late-
type stars. Two distinct populations of early-type stars are found;
there is a group of bluer objects with Ax, < 0.8 mag, and a group
with Ak, from 0.9 mag to 2.0 mag. The distribution of Ak, of
late-type stars peaks around 0.9 mag, and appears unrelated to
that of early-types.

At infrared wavelength, Galactic interstellar extinction has
been best modeled using a power-law with an index «
from —1.61 (for example, Rieke & Lebofsky 1985; Indebetouw
et al. 2005) to about —2.1 (Nishiyama et al. 2006) and Stead &
Hoare (2009). For a reddening, E(H — K;), of 0.7 and 1.3 mag,
a = —1.9 yields Ax, = 1 and 2 mag, while ¢ = —1.61 would
yield Ax, = 1.19 and 2.37 mag, and @ = -2.2 would yield
Ak, =0.86 and 1.61 mag. Therefore, Rieke’s law would brighten
the de-reddened K and My, of —0.19 and —0.37 mag; an in-
dex of —2.2 would dim the de-reddened K and My, of +0.14
and +0.39 mag. An index of —1.9 provides consistent values of
interstellar extinction from multicolor reddenings (e.g. E(J — H),
E(H - K)), and E(J - K)).
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late-type stars (dotted line), and candidate RSGs from Table 10 (dashed
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3.3. Spectro-photometric distances

The distance modulus DM is by definition equal to
DM = K — Ak, — Mg,

where Ak, is the extinction and M is the absolute magnitude
in K-band; Ak, and Mg are function of spectral types and lumi-
nosity classes. Early-type stars with known spectral-types yield
spectro-photometric distances, when assumptions on luminos-
ity classes can be made, and erratic behaviors are not present
(e.g. LBVs). Compilations of absolute K magnitudes and intrin-
sic colors for O and B types are available from Johnson (1966),
Koornneef (1983), Humphreys & McElroy (1984), Wegner
(1994), Lejeune & Schaerer (2001), Crowther et al. (2006), and
Martins & Plez (2006). In the near-infrared, spectral classifica-
tion can be achieved to within a few classes (Hanson et al. 1996),
and a range of Mk must be assumed; for a O4-6 star, for exam-
ple, we assumed the average My of those of O4 and O6 stars.
For each star, Mx and DM were estimated for the dwarf, gi-
ant, and supergiant classes, as summarized in Tables 7 and 8.
We assumed that stars at similar interstellar extinction were
likely to be at similar distances; we calculated the DMs of a
few detected spectroscopic supergiants; we assigned luminosi-
ties classes to fainter stars by comparing their A, and K to those
of supergiants of the same spectral type.

O-type stars have 1.3 < Ak, < 1.9 mag. Stars #14, #16,
and #25 are O-type supergiants, as suggested by their emission
lines (Hanson et al. 1996, 2005) — a strong He T line at 2.058 um
appear in emission in the spectrum of star #16; a broad line emis-
sion at 2.115 um (typical of f-type and WR stars) and strong
CIv emission lines are seen in star #25; star #14 has strong
Hel lines in absorption, but Br, in emission. There are four
O-type stars with K magnitudes brighter than those of stars #14,
#16, and #25; for those we assumed a supergiant class.

Absolute magnitudes of O-types are, however, quite un-
certain. The Arches cluster is rich in O4-6 stars, and is lo-
cated at the distance of the Galactic center (Martins et al.
2008). We recalculated an average value of My = —4.94 =
0.47 mag for all O4-0I stars in the Arches listed by Martins
et al. (2008; hyper-giants F10 and F15 were included), and
of —5.16 + 0.13 mag for those O4—61 with HeI line at 2.112 um
in absorption; we used 8.4 kpc, the photometry from Figer
et al. (2002) and the extinction law by Messineo et al. (2005).
The O7-91 stars in W33 yield Mx = —5.39 + 0.33 mag. All,
but one, Ofx+ stars in GMC G23.3-0.3 have the Hel line
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at 2.112 um in absorption, and mostly weak carbon lines (O6-7).
This empirical comparison implies DM from 13.3 + 0.4 mag
to 13.5 + 0.4 mag for the newly detected Olfx+ stars. Beside
the OIfg+ stars, we detected only another OI star (09-9.5, #16),
which yields a distance of 4.3*]-J kpc (DM = 13.18 + 0.66 mag)
by assuming Mg = —5.68 mag.

The two B-type supergiants (Ag, = 1.5 mag) yield a spec-
trophotometric distance of 4.9 kpc (DM = 13.47 mag), when
assuming a 09.5-B5 type (Mg = —6.49 mag), or of 4.5 kpc
(DM = 13.25 mag), when assuming the more frequently ob-
served 09.5-B3 type (Mg = —6.27 mag). The results from each
group and luminosity class are summarized in Table 8.

The derived distance moduli indicate that the OI and BI are
consistent with a unique distance. By averaging the distance
modulus obtained for BI stars and that for OI stars with Mg from
Martins & Plez (2006), we obtained DM = 13.48 + 0.32 mag;
by using the empirical calibration on the Arches, we obtained
DM = 13.35 + 0.14 mag. For the remaining O-types, since dis-
tances increase with decreasing K,, a mix of luminosity classes
(giants and dwarfs) is inferred by assuming similar distances.

Previous studies of HII regions or SNRs (e.g. W41) of this
molecular complex report gasous kinematic distances from 4
to 5 kpc (e.g. Albert et al. 2006; Leahy & Tian 2008). Gas mea-
surements in the direction of the GMC are found to peak at a
velocity from 70.5 to 82.5 kms™' (Messineo et al. 2010, and
reference therein); using these velocities and the Galactic curve
(Ry = 8.4 kpc and @) = 254 kms~!) from Reid et al. (2009), we
obtained a kinematic distance from 4.35 kpc to 4.78 kpc (DM
from 13.19 mag to 13.39 mag); by using the historical curve of
Brand & Blitz (1993) (Ry = 8.5 kpc and ®p = 220 kms™),
we obtained a kinematic distance from 4.6 kpc to 5.1 kpc (DM
from 13.31 mag to 13.53 mag). Brunthaler et al. (2009) provides
a parallactic distance of 4.59*03% kpc (DM = 13.31 + 0.17 mag)
for G23.01-0.41.

The inferred spectrophotometric distances of O- and B-type
supergiants are within the errors consistent with those of the
GMC G23.3-0.3; these stars are most likely associated with
the GMC. Fainter O stars are likely to be giant stars of the same
GMC, as supported by their Ak, values.

The spectrophotometric distances agree well within errors
with the kinematic distance of the cloud and parallactic distance.
In the following, the photometric properties of stars associated
with the GMC are analyzed by assuming the parallactic distance
by Brunthaler et al. (2009).

For the foreground B4—A2 stars, we derived a distance mod-
ulus of DM = 10.87 + 0.64 mag by assuming a dwarf class.

3.4. Luminosities

Bolometric magnitudes, M., were derived using K magni-
tudes, Ak, (see Sect. 3.2), bolometric corrections, BCy,, effective
temperatures, and distance moduli:

Mpo = K — A](S + BC[(S + DM.

For early-type stars, assumed effective temperatures and BCk,
are listed in Tables 2 and 9 (see also Appendix A in Messineo
et al. 2011, and references therein); for late type stars, BCg, and
T.x were available from the work of Levesque et al. (2005).
Luminosity properties are discussed only for stars with Ag, >
0.8 mag, for which a DM of 13.31 + 0.17 mag is assumed.

The luminosities of early-types with emission lines (#14,
#16, #22, and #25) range from 1.0 X 10° Ly to 4.6 X 10° L,
and are consistent with those of blue supergiants. Eleven out
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Table 7. Spectrophotometric distances of individual early-type stars.

D K., Ax, Spectral Class Mg — Mg  Mg(V)’ DM I DM I DM Ve Region
[mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag]

16 750 1.68 09-95¢ I -5.39+0.83-4.47 +0.65-3.30 = 0.76 12.89 = 0.83 11.97 = 0.65 10.80 +0.76 REG4
15 793 1.59 06-7fx+ 1 -5.28+0.66-4.84 = 0.57-3.99 + 0.65 13.21 + 0.66 12.77 + 0.57 11.92 + 0.65 GLIMPSE9
36 8.13 193 06-7fx+ 1 -5.28+0.66-4.84 +0.57-3.99 + 0.65 13.41 + 0.66 12.97 + 0.57 12.12+0.65 REG4

4 826 1.62 07-85fx+ 1 -539=0.83-4.66 + 0.61-3.63 +0.71 13.65 + 1.17 12.92 + 1.02 11.89 + 1.03 GLIMPSE9
14 832 1.86 06-7fx+ 1 -5.28+0.66-4.84 +0.57-3.99 + 0.65 13.60 + 0.66 13.16 + 0.57 12.31 + 0.65 GLIMPSE9
18 841 155 06-7fx+ 1 -5.28+0.66-4.84 +0.57-3.99 + 0.65 13.69 + 0.66 13.25 + 0.57 12.40 + 0.65 REG4
25 8.57 134 O4fx+ 1 -5.16+0.63-5.05  0.63-4.41 +0.78 13.73 £ 0.63 13.62 + 0.63 12.98 +0.78 REG7

5 8.65 1.73 06-7fx+ I —5.28 = 0.66—4.84 + 0.57-3.99 + 0.65 13.93 + 0.66 13.49 + 0.57 12.64 + 0.65 GLIMPSE9
9 8.65 1.75 07-8.5fx+ I -5.39 = 0.83-4.66 + 0.61 -3.63 + 0.71 14.04 + 0.84 13.31 + 0.62 12.28 + 0.72 GLIMPSE9
3 8.85 1.90 06-7fx+ I —5.28 = 0.66-4.84 + 0.57-3.99 + 0.65 14.13 + 0.66 13.69 + 0.57 12.84 + 0.65 GLIMPSE9
23 9.04 139 06-7fx+ II -5.28 +0.66-4.84 = 0.57-3.99 = 0.65 14.32 = 0.66 13.88 = 0.57 13.03 +0.65 REG4
17 921 1.37 09-9.5fx+ I —-5.39 + 0.83-4.47 + 0.65-3.30 + 0.76 14.60 = 0.83 13.68 = 0.65 12.51 +0.76 REG4
[MFD2010]3 6.48 148 B0-3 1 -627+0.92-347 +1.43-2.38+12712.75+0.97 995+ 1.46 8.86+ 1.30 GLIMPSE9
[MFD2010] 4 7.48 1.66 B03 1 —627+0.92-3.47 +1.43-2.38 + 1.27 13.75+0.92 10.95 + 1.43 9.86 + 1.27 GLIMPSE9
6 9.02 1.51 BO3 I —6.49+1.14-3.47 = 1.43-2.38 + 1.27 15.51 + 1.15 12.49 + 1.43 11.40 = 1.27 GLIMPSE9
31 9.05 126 BO-3 Il —6.49+ 1.14-3.47 + 1.43 238+ 1.27 1554 = 1.14 12.52+1.43 1143 +127 REG2
38 937 1.13 BO-3 Il —6.49+ 1.14-3.47 + 1.43 -2.38+ 1.27 15.86 « .14 12.84 + 1.43 11.75+ 127 REG4
21 9.64 1.11 B7.5-A2 I -7.04 % 0.65 . ~0.41 + 1.25 16.68 + 0.65 - 10.05 + 1.25 REG4

8 1034 1.67 B0-3  III —6.49 + 1.14-3.47 + 1.43 2.38+ 1.27 16.83 + 1.14 13.81 + 1.43 12.72 + 1.27 GLIMPSE9
2 610 051 09-95e 1 -539+083-447+0.65-3.30+076 1149 £ 0.83 1057 +065 9.40:+0.76 -

19 9.94 042 B4-A2 V -7.04+0.65 ~0.41 + 1.25 16.98 + 0.65 - 10.35 +1.25  REG5
12 10.07 032 B4-A2 V —7.04 +0.65 - ~0.41 +1.25 17.11 = 0.65 - 10.48 + 1.25  REG5
13 10.08 029 B4-A2 V -7.04 +0.65 - ~0.41 +1.25 17.12 + 0.65 - 1049 + 1.25 REGS
32 10.19 037 B4-A2 V —7.04 +0.65 - ~0.41 +1.25 17.23 + 0.65 - 10.60 + 1.25  REG5
26 1042 031 B4-A2 V —7.04 +0.65 - ~0.41 + 1.25 17.46 + 0.65 - 10.83 + 1.25 REG5
28 1048 030 B4-A2 V —7.04 +0.65 - 041 +1.25 17.52 + 0.65 - 10.89 + 1.25  REG5

7 10.54 042 B4-A2 V -7.04 +0.65 - ~0.41 +1.25 17.58 + 0.65 - 10.95 + 1.25 REG5
20 1195 047 B4-A2 V -7.04 +0.65 . —0.41 + 1.25 18.99 + 0.65 - 12.36 + 1.25  REG4

Notes. Identification numbers from Table 2 are followed by de-reddened Kj, (K;,), Ak, spectral types,

estimated luminosity classes, absolute

magnitudes in the K,-band for class I, I1I, V, distances, and regions. The table lists O-type stars with Ag, > 0.8 mag, then B-stars with Ax, > 0.8 mag,
and finally star with Ag, < 0.8 mag. Each block is ordered by de-reddened K.  Distance modulus for the estimated luminosity classes are marked
in bold (see text). ® Quoted errors on My are calculated by assuming an error of 0.5 mag on a single type (e.g. Bibby et al. 2008; Humphreys &
McElroy 1984). Note that the quoted M values are used to derive spectrophotometric DMs. Later, in Table 9, we will assume a common distance

and recalculate My and M.

of 21 stars with Ag, > 0.8 mag are blue supergiants (including
[MFD2010]3 and [MFD2010]4 and [MVM2011] 39), ten others
are most likely giants; for the Magellanic clouds, Humphreys
& McElroy (1984) estimated 7 blue giants for every 10 blue
supergiants in both associations and fields.

We selected as candidate RSGs those observed late-type
stars with Ag, > 0.8 mag and with luminosities larger
than >10* L, for a distance of 4.6 kpc (stars from #39 to #48
in Table 10); star (#46) is a known RSG (Messineo et al. 2010);
contaminating AGB stars were identified by their strong water
absorption, as described in Appendix B. The two RSGs in the
cluster GLIMPSE9 ([MFD2010]5 and #46/[MFD2010]8) have
an average Ax, = 1.6 mag, an average My, = 5.48 mag (4.6 kpc)
and M1.5-3 types (Messineo et al. 2010). The new RSGs, #40
and #47, have types MOI and M2I, Ax = 2.0 and 1.3 mag, and
My —7.49 mag and = —5.58, respectively; they are consistent
with the distance of GLIMPSE9 and the GMC. The RSG #43
is a luminous and distant object with Ax, = 3.5 mag, negligi-
ble water absorption, and a large EW(CO). For completeness,
Table 10 comprises also stars #39, #41, #42, #44, #45, and #48,
which, however, have a slightly lower Ak, (1.1 mag) and earlier
spectral types (K2—K35). Studies of stellar velocities may provide
evidence for a cluster of stars.

3.5. Spatial distribution of massive stars
In Fig. 8, the positions of early-type stars and candidate

RSG stars are plotted on a grey scale image of the GMC complex
at 3.6 um by GLIMPSE. In the following sections, the properties

Table 8.  Average spectro-photometric distance of stars with
Ak, > 0.8 mag.
Spec. Lumclass Nstar (Ag) Mg (DM) Ref.
[mag] [mag] [mag]
04-6 1 1 134 -5.16 13.73+£0.63 1,2
06-7 1 4 173 -5.28 1348021 1,2,3
07-85 1 1 1.62 -539 13.65+1.17 3
09-95 1 1 1.68 -539 12.89+0.83 3
06-7 1II 3 1.67 —4.84 13.69 +0.20 4
07-8.5 III 1 175 -4.66 13.31 +0.62 4
09-9.5 1II 1 137 -4.47 13.68 £0.65 4
B0-3 1 2 157 -6.27 13.25+0.71 5

Notes. Classes were assigned by assuming similar distances; only su-
pergiants yielded independent estimates. For each group (see Table 7)
and luminosity class, we report the number of stars (Nstars), aver-
age Ak, , average distance modulus, and standard deviation.
References. (1) Figer et al. (2002); (2) Martins et al. (2008);
(3) Messineo et al. (2011); (4) Martins & Plez (2006); (5) Bibby et al.
(2008).

of the detected massive stars across several regions of the cloud
(see Table 1) are described.

3.6. GLIMPSE9Large

The surveyed region GLIMPSE9Large has a diameter 7 times
larger than the NICMOS field studied by Messineo et al. (2010),
as shown in Figs. 8, and 9. Only one Ofg+ star lies in the
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Table 9. List of estimated stellar parameters for the sample of early-type stars with Ax, > 0.8 mag.

D Sp. Type Ko Ax(JH) Ax(JK) Ax(HK,) 01 BCx, DM Moo

[mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag]
3 06-7fx+  8.85+0.04 1.90 +0.03 1.86+0.02 1.79 +0.05 0.19+0.08 —4.28 =0.09 13.31 +0.17 —8.74 + 0.20
4 07-8.5fx+ 8.26+0.82 1.62+0.20 1.64 =020 1.69 +0.20 —0.03+0.80 —3.97 = 0.12 13.31 +0.17 —9.02 + 0.85
5 06-Tfx+  8.65+0.04 1.73+0.03 1.68+0.02 1.60 +0.05 0.20 +0.08 —4.28 = 0.09 13.31 £0.17 —8.94 + 0.20
6 B0-3 9.02+0.11 1.51+0.10 1.49+0.07 1.46+0.04 0.11 +0.14 -2.83 +0.87 13.31 £0.17 —7.11 + 0.89
8 B0-3 1034+ 0.00 1.67 +0.00 1.65=0.00 1.62+0.00 0.11+0.00 —2.83 = 0.87 13.31 £0.17 —5.80 + 0.89
9 07-8.5fx+ 8.65+0.11 1.75+0.06 1.74 £ 0.05 1.71 +0.16 0.11 £0.23 —4.05+0.14 13.31 +0.17 —-8.71 + 0.25
14 06-T7fx+  832+0.04 1.86+0.04 1.82+0.02 1.75+0.05 0.18+0.10 —4.17 = 0.08 13.31 £0.17 —9.16 + 0.19
15 06-Tfx+  7.93+0.04 1.59 +0.03 1.56 +0.02 1.50 +0.05 0.17 +0.09 —4.17 = 0.08 13.31 +0.17 —9.55 + 0.19
16 09-9.5¢  7.50+0.04 1.68 +0.03 1.64+0.02 1.55+0.05 0.18+0.08 —3.62+0.32 13.31 £0.17 —9.43 +0.36
17 09-9.5fx+ 9.21+0.04 1.37+0.03 1.35+0.02 1.32+0.06 0.11+0.10 =3.80 £ 0.21 13.31 +0.17 —~7.90 + 0.27
18 06-Tfx+  8.41+0.03 1.55+0.03 1.46+0.02 1.29 +0.04 0.36+0.07 —4.17 = 0.08 13.31 £0.17 —9.07 + 0.19
21 B7.5-A2  9.64+0.04 1.11 £0.03 1.07+0.02 1.00+0.05 0.11+0.08 —0.92+0.92 13.31 +0.17 —4.59 + 0.94
22 cLBV 6.50 £ 0.05 1.13+0.04 1.15+0.02 1.19 £ 0.08 —0.04 +0.14 —1.09 +0.62 13.31 £ 0.17 —7.90 + 0.64
23 06-Tfx+  9.04+0.04 1.39+0.03 1.36+0.02 1.30 +0.05 0.17+0.09 —4.28 +0.09 13.31 +0.17 —8.55 + 0.20
25 Odfy+ 8.57+0.04 1.34+0.03 1.32+0.02 1.30£0.05 0.10+0.09 -4.40 +0.15 13.31 £0.17 —9.14 + 0.23
31 B0-3 9.05+0.06 1.26 = 0.05 1.26 +0.03 1.24 +0.08 0.08 +0.15 —2.83 +0.87 13.31 £0.17 —7.09 + 0.89
36 06-Tfx+  8.13+0.04 1.93+0.03 1.90+0.02 1.84 +0.05 0.16+0.09 —4.17 = 0.08 13.31 £0.17 —9.35% 0.19
38 B0-3 9.37+0.04 1.13+0.03 1.11+0.02 1.07 £0.05 0.13+0.08 -2.83 +0.87 13.31 £0.17 —6.77 + 0.89
[MFD2010] 3 B0-3 6.48 + 030 1.48 +0.03 1.49+0.16 1.51 +0.45 —0.02 +0.54 -2.50 +0.80 13.31 £0.17 —9.33 + 0.87
[MFD2010] 4 B0-3 7.48 + 0.05 - ~ 1.66 +0.04 ~ —250+0.80 1331 +0.17 -8.33+0.82
WR 39 WC8 8.01 £0.03 1.35+0.03 1.28+0.02 1.17 £0.05 —0.44 +0.08 —3.60 + 0.50 13.31 £0.17 —8.90 + 0.53
1 OBe 886+ 0.04 0.31 +0.03 0.33=0.02 0.36 +0.05 —0.02+0.08 —2.87 = 1.21 12.39 + 1.00 —6.40 + 1.57
2 09-9.5¢  6.10+0.04 0.51 +0.03 0.48 = 0.02 0.44 +0.05 0.12+0.09 —3.62 = 0.32 12.39 + 1.00 —-9.90 + 1.05
7 B4-A2 1054 +0.04 0.42+0.03 0.41+0.02 039+0.05 0.02+0.09 —0.99 +0.96 12.39 + 1.00 —2.84 = 1.39
12 B4-A2  10.07+0.05 0.32 +0.04 0.30+0.02 028 +0.07 0.02+0.12 -0.99 = 0.96 12.39 + 1.00 —3.31 + 1.39
13 B4-A2  10.08 = 0.04 0.29 +0.03 0.26 +0.02 0.20 £0.05 0.08 = 0.08 —0.99 + 0.96 12.39 + 1.00 —3.29 = 1.39
19 B4-A2 9.94 + 0.04 0.42 +0.03 0.39+0.02 0.34+0.05 0.07+0.08 —0.99 +0.96 12.39 + 1.00 —3.44 + 1.39
20 B4-A2  11.95+0.00 0.47 +0.00 0.35+0.00 0.15+0.00 0.35+0.00 —0.99 +0.96 12.39 + 1.00 —1.42 = 1.39
26 B4-A2 1042+ 0.04 0.31 +0.03 0.30 = 0.02 027 +0.05 0.02+0.08 —0.99 = 0.96 12.39 + 1.00 —2.95 + 1.39
28 B4-A2 1048 £0.04 0.30+0.03 0.33 +0.02 0.39 +0.06 —0.12 +0.10 —0.99 + 0.96 12.39 + 1.00 —2.90 = 1.39
32 B4-A2  10.19+0.05 0.37 +0.03 0.36+0.02 0.34 +0.07 0.02+0.10 —0.99 = 0.96 12.39 + 1.00 —3.18 + 1.39

Notes. Identification numbers, which are taken from Table 2, are followed by spectral types, de-reddened K magnitudes, three estimates of total
extinction (A, (JH), Ak, (JK), Ak, (HKs)), 01, BCk,, DM, and bolometric magnitudes, My,. Errors in Ag, (JH), Ak, (JK), and A, (HK;) values
were obtained by propagating the photometric errors of the two considered bands; missing Ak, errors were filled with 0.2 mag (star #4). Errors
in My, were derived by propagation of the errors in K magnitudes, Ak, BCk,, and DM. Errors in Q1 were derived by propagating the errors in
JHK; missing errors in K (star #4) were filled with 0.80 mag.

Table 10. Photometric properties of detected candidate RSGs (luminosity L > 10% Ly, masses >9 My).

ID* (J=K)o (H-K), Ax(JK)' Ax(HK.) 01 K" BCg, DM My [mag]®  Com. Region
[mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag]

39 0.96 0.20 0.84 +0.02 0.87 £0.06 0.33 +£0.09 4.00 +0.03 2.64 13.31 £0.17 —6.67 +0.53

40 0.99 0.21 1.95+0.02 2.04 £0.07 0.22 +0.12 3.12+0.03 2.70 13.31 £0.17 —7.49 +0.53 RSG’ rsgcx1

41 0.72 0.15 1.27 £0.02 1.17 £0.07 047 £0.12 525 +0.03 2.55 1331 +£0.17 -5.51 £0.53 rsgex1

42 0.72 0.15 1.03 +£0.02 0.95+0.06 044 £0.11 5.11 +£0.03 2.55 13.31 +£0.17 —5.65+0.53 rsgex1

43 0.99 0.21 — 3.54 +0.06 - 436+0.06 2.70 1331 +£0.17 -6.25+0.53 RSG

44 0.62 0.13 1.20 +£0.02 1.13 £0.07 0.36 £ 0.12 4.64 +0.03 2.50 13.31 +£0.17 —6.17 £ 0.53

45 0.72 0.15 1.33+0.02 1.33 £0.07 0.29 +£0.13 4.88 +0.03 2.55 13.31 +£0.17 -5.88 +0.53

46 1.16 0.28 1.49+0.02 1.53 £0.08 0.27 +0.14 4.80 +0.03 2.84 13.31 +0.17 -5.67 £0.53 RSG  glimpse9

47 1.06 0.25 1.26 £0.02 1.31 £0.06 0.24 £0.11 493 +0.03 2.80 13.31 +£0.17 -5.58 £0.53 RSG reg4

48 0.96 0.20 1.08 £0.02 1.10 £0.06 0.35 +£0.09 4.98 +0.03 2.64 13.31 +£0.17 —5.69 +0.53 regd

[MFD2010] 5 1.03 023 1.79+0.02 1.71 £0.06 0.50 +£0.10 5.26 +0.04 2.76 13.31 +0.17 -5.29 £ 0.53 RSG  glimpse9

BD-08 4635 1.06 0.25 036 +£0.19 0.22 £0.51 0.63 +£0.81 2.69 +0.32 2.80 12.39 +£0.50 —-6.90 +0.78 reg2

BD-08 4639 0.62 0.13 036 £0.17 0.24 £0.42 0.46 +0.68 2.41 +£0.27 2.50 12.39 +0.50 -7.48 +£0.76

BD-08 4645 1.06 0.25 031 £0.15 0.28 £0.39 040 £0.65 1.99 +0.24 2.80 12.39 +0.50 —7.60 +0.75 RSG

Notes. Identification numbers, are followed by intrinsic (J — K)o, (H — K), colors, Ag (JK) and Ag (HK;), Q1, de-reddened K, Kj,, and absolute
bolometric magnitudes.  Identification numbers are taken from Table 3. ) Errors in Ag,, Ky, Q1, My, are calculated by propagation of the
photometric errors. ) My, is obtained with the BCk, of Levesque et al. (2005). 7 The RSG comment denotes known RSGs (MFD2010 5 and
BD-08 4645, e.g. Sylvester et al. 1998; Messineo et al. 2010), and stars #40, #43, #46, and #47, which have EW(CO)s larger than that of a M711I,
typical of MO-2I.
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NICMOS field. A surprisingly large number of massive Ofg+
stars (#3, #4, #5, #9, #14, and #15) are found to surround the
GLIMPSE9 cluster. UKIDSS/2MASS K versus J — K dia-
grams of this region are shown in Fig. 9. Most of the bright
stars in the populous diagram of the lower right panel are late-
type stars; indeed, a sequence made of clump stars is recogniz-
able, which runs from J — K; ~ | mag and K; 11 mag to
J — K; = 5 mag and K = 14.5 mag; there is a tail of obscured
giants stars (J — K; > 4 mag), and a blue main sequence ap-
pears at J — K; = 1 mag and K; = 12-16 mag. Detected mas-
sive Ofg+ stars have colors similar to those of the GLIMPSE9
cluster, J — K ~ 3 mag, and K from 9.52 to 10.75 mag.

The central concentration, i.e. the stellar cluster GLIMPSE9,
hosts two RSGs and two BO0-3 supergiants (Messineo et al.
2010). The RSG members ([MFD2010]5 and #46/[MFD2010]8)
have Ak, from 1.49 to 1.79 mag, and My, from —-5.67
to —5.29 mag (for 4.6 kpc), respectively.

The Ofg+ stars are not concentrated, but sparse on a 6’ ra-
dius area (8.0 pc at 4.6 kpc). Their Ak, range from 1.59 mag
to 1.90 mag. The infrared magnitudes of the Ofx+ stars are con-
sistent with a distance of 4.6 kpc, and with their association with
GMC G23.3-0.3; their My range from —9.55 to —8.70 mag;
stars #4, #14, and #15 (Ofk+) are supergiants.

3.7. REG4

An overdensity of bright stars on a nebular background, which
extends for about 6’, was visually detected in REG4 (Figs. 1, 8)
by Messineo et al. (2010). Four Ofg+ stars, 2 B-type stars,
1 RSG, and 1 cRSG were detected in region REG4. The
minimum circle enclosing the four Ofg+ has a diameter of 7’.
The CMD of region REG4 shows (see Fig. 10) a blue se-
quence (J — K ~ 0.8 mag, K; > 12 mag), where we detected a

the regions selected on the GLIMPSE 3.6 um
by Messineo et al. (2010) with increased neb-
ular emission (HII regions) and apparent over-
densities of bright stars.

few stars (#20, #35, and #27); a red clump sequence crosses the
diagram from J — K; ~ 1.5 mag, K; = 11 mag to J — K ~ 3.5,
K, ~ 13 mag (e.g. Messineo et al. 2005). Detected massive
stars have J — K color from 2 to 4 mag. Their photometric
properties are similar to those seen in region GLIMPSEO9Large.
The Ofg+ types (#36, #18, #23, and #17) have Ak, from 1.4
to 1.9 mag, and My, from —7.9 to —9.4 mag. Star #16 is a blue
supergiant (K; = 9.19 mag). Stars #47 (RSG) and #48 (cRSG)
are located 3 mag above the blue supergiants; they have ex-
tinction Ag, 1.26 and 1.08 mag, M2 and K5 types, and
Mo = —5.58 and —5.69 mag, respectively.

3.8. REG2 and the new candidate LBV

Region REG2 contains an HII region (Figs. 1, 8), as inferred
from the mid-infrared emission and coincident radio contin-
uum emission. Star #31 was detected on the western edge of
this HII region. The CMD of REG2 presents structures simi-
lar to those in REG4 (see Sect. 3.7). The color and magnitude
of star #31 overlap those of the massive early-types in REG4,
with Ag, = 1.27 mag and K, = 10.32 mag.

The cLBV #22 does not appear to be part of this HII re-
gion, it lies about 5!5 away from star #31, and is not part of
any visible cluster of stars. Star #22 has Ag, = 1.13 mag and
K; = 7.63 mag (see Tables 2 and 9). We assumed a spectral
range from B3I to B8I, which corresponds to an average ef-
fective temperature of 13200 + 2300 K. We used an aver-
age BCk, of —1.09 mag, and a distance of 4.6 kpc; we de-
rived Myo = —7.90 mag, My = Mg +V — K = —6.93 mag,
and L = 1.1 x 10° Le; intrinsic V — K color is from Koornneef
(1983) and Martins & Plez (2006). The star would be the faintest
known cLBV (e.g. Clark et al. 2009; Messineo et al. 2012), but
within error consistent with the minimum predicted luminosity
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(Messineo et al. 2010). Left lower panel: UKIDSS-2MASS K versus J — K diagram of the GLIMPSE9 cluster (2MASS data are used above
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observed stars are marked as summarized in the legend. Of}, stars are marked with asterisks, late-O and early-B types with filled circles, RSGs and
cRSGs with triangles. Labels 903, 904, 905 indicate massive stars [MFD2010]3, [MFD2010]4, and [MFD2010]5 from Messineo et al. (2010).

of L = 1.6 x 10° (Groh et al. 2013). By assuming a higher
temperature (24 500 K, similar to that of the peculiar WRA751
Garcia-Lario et al. 1998), we would derive an average BCk,
of —2.97 mag, My, = —9.84 £ 0.64 mag, L = 6.8 X 10° Lo,

3.9. REG7, REG5, and RSGCX1

Region REG7 coincides with nebular emission (Figs. 1, 8), with-
out a clear stellar concentration. It also coincides with the can-
didate cluster [BDS2003]117 (Bica et al. 2003). We observed
star #25, which lies at the center of the nebula, and identified it
as an O4Ifg+ star with Ak, = 1.34 mag, and My, = —9.14 mag
(for 4.6 kpc).

A20, page 14 of 28

In region REGS5, we detected early-type stars (#7, #12, #13,
#19, #26, #28, and #32) from a blue sequence, with an aver-
age Ag, = 0.35 £ 0.06 mag, as shown in Fig. 10. Their K, range
from 10.36 to 10.96 mag. They are foreground to the stellar pop-
ulation of the GMC (for example, the GLIMPSE9 cluster has
an Ag, of 1.6 £ 0.2 mag).

Star #40 (MOI) has a broad EW(CO), and Q1 = 0.22 mag,
which is a typical value for RSGs (Clark et al. 2009; Messineo
et al. 2012). It is located, along with stars #41 and #42, in
direction of the center of SNR 22.7-0.2, in region RSGCX1
(see Figs. 8 and 10). The three stars (#40,#41, and #42) have
Ak, of 1.95, 1.27, and 1.03 mag, which imply distances larger
than 4 kpc (Clark et al. 2009; Drimmel et al. 2003). By assuming
that they are at the distance of 4.6 kpc, we derived My, = —7.49,
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—-5.51, and —5.65 mag, respectively, and their likely association
with the SNR. The presence of 3 cRSGs implies also the pres-
ence of a candidate massive cluster of stars (>10000 M, Clark
et al. 2009).

3.10. High-energy sources in the GMC and progenitor
masses

Four SNRs are projected over the wide giant molecular cloud
G23.3-0.3 (Messineo et al. 2010). In Fig. 11, the SNRs
are superimposed on a '2CO map of the giant molecular
complex, with data-cubes from Dame et al. (2001). Several
peaks of CO emission are seen, for example at velocity (in
the local standard of rest system) of Visg ~ 55 km s~h
77-82 kms~!, and 100 kms~!; there is a similar velocity struc-
ture in the CO emission detected towards GLIMPSE09/SNR2,
REG7/SNR3, REG5/SNR4, and REG4/W41. The prominent
emission has a maximum peak at Vigg = 77-82 km g1 (mid-
dle panel of Fig. 11); this is the cloud GMC G23.3-0.3, which
is described by Albert et al. (2006) with a mass of about 2 X
10° My, and an extent of two degrees of longitude from / ~ 22°
to [~ 2425, with a peak at / =~ 23°03 and b =~ —-0°3; a
strong velocity component at Visg ~100 kms™' (upper panel
of Fig. 11) appears only in the two higher latitude regions
(SNR1/W41 border, as measured by Brunthaler et al. (2009), and
SNR2/SNR22.7-0.2).

Two SNRs with apparent diameters of ~30" are listed
in the catalogue of Green (2009), G022.7-00.2 (SNR2) and
G023.3-00.3 (W41); two other highly probable shell SNRs with
an angular diameter of 4/7 and 4’5, G22.7583 — 0.4917 (SNR3)
and G22.9917-0.3583 (SNR4), were identified by Helfand et al.
(2006) with MAGPIS data; their negative spectral indexes are
also confirmed by Messineo et al. (2010). There is an extraor-
dinary symmetry in the CO gas distribution of the giant cloud
and locations (and even sizes) of the SNRs, which suggests
their physical association with the cloud. Leahy & Tian (2008)
concluded that W41 is associated with the GMC G23.3-0.3.
G22.7583-0.4917 (SNR3) and G22.9917-0.3583 (SNR4) can
similarly be associated with the GMC (Messineo et al. 2010); the
SNR G23.5667-0.0333/SNRS and G22.7-0.2 are at a slightly
higher latitude, where the 77 km s~! and the ~100 kms~! clouds
overlap; however, at the position of G22.7-0.2 the 77 km s~
cloud has the strongest CO intensity (Messineo et al. 2010). The
SNR G23.5667-0.0333/SNRS5 (Helfand et al. 2006; Messineo
et al. 2010) is located at [ = 23°57 and b = —0°03, outside the
bulk of infrared emission of the main complex.

A large number of X-ray and TeV emitters have been re-
ported in the direction of the two largest SNRs (W41/SNR1 and
G22.7-0.2/SNR2). A schematic of the giant molecular cloud
with the location of the SNRs, high-energy emitters, and the
newly discovered massive stars is shown in Fig. 12 (see also
Table 11).

The TeV source HESS J1834 — 087 is located at the center
of the shell-type remnant W41 (SNR1) (e.g. Aharonian et al.
2005; Tian et al. 2007; Leahy & Tian 2008). For the major-
ity of extended TeV detections, young pulsars have been pro-
posed as counterparts (young pulsar wind nebulae). Misanovic
et al. (2011) identified the faint X-ray point-source XMM
J183435.3-084443 (CXOU J183417.2—084901) (number 7 in
Table 1 Mukherjee et al. 2009) as a pulsar wind nebula (PWN).
Swift observations unveiled another possible TeV emitter, the
magnetar Swift J1834.9-0846 (Gogus et al. 2011; Kargaltsev
et al. 2012). So far, distances of 4-5 kpc have been assumed

for both candidate TeV emitters by associating them with W41
(Leahy & Tian 2008).

HESS J1834-087, XMM 1J183435.3-084443, and Swift
J1834.9-0846 fall in the center of the W41 shell, and in
our region REG4 (see Fig. 8). In region REG4, we detected
several rare O-type supergiants (from 28 to 45 My at a
spectro-photometric distance of 4.6 kpc) and two cRSGs. Swift
J1834.9-0846 is one of the few Galactic magnetars associated
with massive stars (e.g. Figer et al. 2005; Bibby et al. 2008;
Muno et al. 2006; Davies et al. 2009a; Mori et al. 2013).

SNR G22.7-0.2 has a size similar to that of W41 (40 pc
at 4.6 kpc, Green 2009). The presence of a candidate cluster
of RSGs (RSGCXI1) with three cRSG stars toward the cen-
ter of this SNR suggests that the progenitor of the supernova
was from this population. HESS J1832-093 overlaps with SNR
G22.7-0.2 (SNR2) (Laffon et al. 2011).

G22.7583-04917 (SNR3) has a diameter of about 5, or
6.7 pc at the distance of 4.6 kpc. The 90 cm shell-type emis-
sion is centered on the massive O4fx+, star #25. This suggests
that the SN progenitor had a mass similar to that of star #25
(28-36 M, at 4.6 kpc).

G22.9917-0.3583 (SNR4) has a size of about 4’5, or 6.0 pc
at the distance of 4.6 kpc, and falls in region REGS5 of Table 1.
We detected only “foreground stars”, which are unrelated to the
GMC.

4. Discussion and summary
4.1. Massive stars

Analysis of the spectroscopic data presented in this paper has
revealed of a rich population of evolved massive stars associated
with GMC G23.3-0.3, yielding 38 new early-type stars, 3 new
RSGs, and 6 new cRSGs.

Complementary photometric data indicate a bi-modality in
the distribution of Ak, of early-type stars. A component with
Ak, from 0.9 to 2.0 mag contains a large variety of massive stars
from O-types to late B-types, and a large fraction of those are
associated with the GMC. The nine O- and B-type supergiants
have average Ax, = 1.63 mag with o = 0.18 mag. Despite the
uncertain absolute calibration of O-type stars, we obtained aver-
age spectro-photometric distance moduli from 13.18 + 0.66 mag
(09-9.51) to 13.4 + 0.4 mag (Ofg+ stars). This range is consis-
tent with that derived from B supergiants and with the distance
to the GMC G23.3-0.3. We adopted a DM = 13.31 £ 0.17 mag
to characterize the luminosity and mass properties of obscured
stars (Ag, > 0.8 mag), with the parallactic distance modulus
of Brunthaler et al. (2009) in good agreement with the spectro-
photometric distance.

Concerning the massive stellar cohort, a cLBV was detected
in region REG2 and 10 massive Ofx+ stars in REG4 and in
the vicinity of GLIMPSE9. The Ofg+ stars have K, from 7.9
to 9.2 mag, and in Fig. 13 we plot their position on an HR di-
agram; comparison to theoretical predictions for rotating mas-
sive stars suggests masses from 25 to 45 M, and ages from 5
to 8 Myr (Ekstrom et al. 2012). This finding would suggest the
likely presence of more evolved WRs in the complex; indeed,
one WCS is reported by Mauerhan et al. (2011).

RSGs have a large span of magnitudes even for an almost co-
eval population (for example, the RSGs in RSGC1, Figer et al.
2006), and are not suitable as distance indicators. By assum-
ing a distance of 4.6 kpc, we found 3 new RSGs (#40, #43,
and #47), i.e. stars with luminosities larger than >10* M, and
Ak, > 1.3 mag. Their spectral types (from MO to M2) closely
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Fig.10. UKIDSS-2MASS K versus J — K diagrams of regions REG2 (fop-right), REG4 (top-left), REGS (middle-left), REGT (middle-right),
RSGCX1 (bottom-left) from Table 1. 2MASS data are used for K; brighter than 10.5 mag. Spectroscopically observed stars are labeled as summa-
rized in the legend. Of}, stars are marked with asterisks, late-O and early-B types with circles, late-B and early-A stars with squares. Possible fore-
ground early-types (Ag, < 0.8 mag) are marked with crosses. Triangles indicate RSGs/cRSGs. The bottom-right panel shows a map (WISE 3.4 yum)
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the location of PWN XMM-J183435.3-084443, Swift-J1834.9-0846,
PSR J1833-0827, and SGR J1833-0832. Symbols used for stars are as
in Fig. 8.

align with the distribution of spectral types of Galactic RSGs,
which peaks at M2-M3 (Davies et al. 2007; Elias et al. 1985).
As shown in Fig. 13, the new RSGs are much older than the de-
tected O-stars; we estimated masses from 9 to 15 M, and ages
from 20 to 30 M.

4.2. Distribution over the cloud

The location of the massive stars provides insights on the star
formation history of GMC G23.3-0.3. The same mix of mas-
sive stars (RSGs, Ofgx+ stars, and B stars) at similar Ag,,
spectral types, and magnitudes was detected in REG4 and
GLIMPSE9Large. The two regions are separated by 27" (36 pc
at 4.6 kpc). This provides evidence for repeated multi-seeded
bursts of star formation across the complex, which appears to
form a unique extended structure at a distance of about 4.6 kpc.
Two main generations of massive stars were located; RSGs and
cRSGs have ages of 20-30 Myr; massive Ofg+ stars trace star
formation occurred 5-8 Myr ago.

The luminosities of the 4 RSGs in GMC G23.3-0.3 (two
new ones, plus the two RSGs in Messineo et al. 2010) are con-
sistent with ages from 18 to 30 Myr. It is difficult to accurately
infer the mass of the natal stellar aggregate of RSGs, because
of their short lifetimes leading to a small population potentially
affected by stochastic effects. Following the analysis by Clark
et al. (2009), we might reasonably expect them to be associ-
ated with a population of stars of >10* M. Under the assump-
tion of a Salpeter initial mass function (Salpeter 1955), we de-
termine that additional stellar populations of total mass ~2200
and ~1500 M, were necessary to account for the presence of the
six Ofg+ stars in region GLIMPSE9Large, and four in region
REG4, respectively.

The G23.3—-0.3 complex contains only one stellar cluster,
GLIMPSEDY, with a mass of ~3000 M, and an age of 15-27 Myr.
The younger Ofx+ stars are not part of a stellar cluster and are
distributed sparsely over two regions with radii of about 8.0 pc,
with six surrounding the GLIMPSEDO cluster. A few examples of
isolated massive star formation are reported in literature. For ex-
ample, one O2If*/WNG6 star with a mass of 40-80 M (0.6 Myr
old) and an O2If*/WN6 with mass >100 M, were detected
in the HII region surrounding the Galactic cluster NGC 3603
(Roman-Lopes 2013b,a, 2012). Further observations will be
required to understand the origin of this population.

We, therefore, infer a substantial difference in ages be-
tween the young massive stars (about 5 Myr) and older
RSGs (18-30 Myr) in GMC G23.3—-0.3. An age spread is com-
mon seen in giant molecular complexes, such as G305 (Clark
& Porter 2004; Davies et al. 2012), W51 (Clark et al. 2009)
and 30 Dor. The latter region is of particular interest with regard
to GMC G23.3-0.3, with star formation apparently commenc-
ing ~25 Myr ago and continuing to the present day (Walborn &
Blades 1997; Grebel & Chu 2000; Walborn et al. 2013).

Finally, the G23.3-0.3 complex is located at 23°, at a
Galactocentric distance of about 4.6 kpc. The existence of a
number of massive clusters/complexes rich in RSGs from [ =~
23° to [ ~ 35° seems a peculiar feature of the Galactic barred
potential (e.g. Nakashima & Deguchi 2006; Habing et al. 2006;
Clark et al. 2009; Davies et al. 2009b).

4.3. Progenitor masses of SNRs

Adopting the initial mass function of Salpeter (1955) and
employing the isochrones of Ekstrom et al. (2012), at an
age of 5 Myr a representative stellar population will have
lost ~2 %o of stars with masses >1 Mg and 3.5% of stars
with masses >8 My as SNe; at 30 Myr these fractions in-
crease to 3% and 45%, respectively. As such, we would ex-
pect multiple SNe to have occurred within G23.3-0.3; indeed,
four of the 274 known SNR (Green 2014) are found to reside
in it. We detected massive evolved stars towards the centers of
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Table 11. List of associated high energy objects per supernovae remnants.

Object RA[J2000] Dec[J2000] Diam Diam Vel Comment
[hh mm ss] [deg mmss] ['] [pc] [kms™]

SNR1 /W41 18 34 46.42 —08 44 00 30 40.1 77«5 3,6

HESS J1834-087 18345531 -084417.64 12 1,11, 13

PWN XMM J183435.3-084443 18 34 35.32 —08 44 43.80 12

PSR J1833-0827 18 33 40.35 -08 27 30.44 13

SGR J1833-0832 18 3344.38 —-08 31 07.71 4

Magnetar Swift J1834.9-0846 18 34 52.12 —-08 45 55.97 5,7

SNR2/G22.7-0.2 1833 17.86 —09 10 35 30 40.1 825 3,6,8

HESS J1832-093 1832 46.85 —-092154.49 0.6 10

SNR3 -G22.7583-0.4917 18 3426.70 —-09 15 50 5.0 6.7 75.5 2,3,8,9

SNR4 -G22.9917-0.3583 18 3426.59 —-09 00 09 4.5 6.0 70.9 3,8,9

SNRS5 -G23.5667-0.0333 1834 17.09 -08 20 21 6.1 91.3 3,8,9

References. (1) Aharonian et al. (2005); (2) Bronfman et al. (1996); (3) Dame et al. (1986); (4) Gogiis et al. (2010); (5) Gogus et al. (2011);
(6) Green (2009); (7) Kargaltsev et al. (2012); (8) Kuchar & Clark (1997); (9) Helfand et al. (2006); (10) Laffon et al. (2011); (11) Leahy & Tian

(2008); (12) Mukherjee et al. (2009); (13) Tian et al. (2007).
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Fig.13. Luminosities of massive stars with A, > 0.8 mag are plot-
ted versus their effective temperatures. Stellar tracks for stars of 9, 15,
25, and 40 M., based on the new rotating Geneva models with a solar
metallicity, are shown with dotted and dashed lines; darker curves show
the corresponding isochrones at 32, 20, 8, 5, and 3 Myr (Ekstrom et al.
2012). The positions of Ofx+ stars are marked by asterisks, the cLBV
by a plus sign, the WR number 39 in Mauerhan et al. (2011) by a dia-
mond symbol, other OB stars by filled triangles, and RSGs and cRSGc
by empty triangles.

SNR W41, G22.7-0.2(SNR2), and G22.7583—-0.4917 (SNR3).
Massive O stars (5-8 Myr) and RSGs (20-30 Myr) were de-
tected in the center of W41; several candidate RSG stars were
found in the center of G22.7-0.3/SNR2; a O4 supergiant in iso-
lation was found at the center of G22.7583-0.4917 (SNR3).
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Appendix A: Q1 parameter

Q1 is defined as a combination of J, H and K; magnitudes,
and it is proportional to the distance of a point-source from
the interstellar reddening vector passing trough the origin in the
J—H versus H— K plane (Messineo et al. 2012); positive values
are for point-sources to the left of the reddening vector, negative
to the right. The reddening vector is defined with a power law
and an index of —1.9 (Messineo et al. 2005).

Q1 values are plotted against H,O water indexes in Fig. A.1.
Gaseous water absorption in the envelopes of late-type stars
(for example Mira-type AGB stars) causes a dimming of the
H magnitude, and results in a weaker Q1 value. The average
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Fig. A.1. O1 values of late-type stars (dots) versus the H,O water index.
We marked the AGB stars with crosses, and the cRSGs with triangles.

and standard deviation of the Q1 values of RSGs and cRSGs
(L > 1x10* L, for a distance of 4.6 kpc) are 0.38 and 0.11 mag,
respectively; those of AGBs are —0.15 and 0.31 mag.

Appendix B: Giant stars and selection of AGB stars

In K—band spectra of AGBs, absorption by water is visible as a
change in shape of the stellar continuum short-ward of 2.1 um
(Blum et al. 2003; Alvarez et al. 2000; Rayner et al. 2009). Some
examples of K-band spectra of AGBs and RSGs are shown in
Fig. B.1.

We linearly interpolated the de-reddened spectra
from 2.15 ym to 2.29 um, extrapolated this fit to 2.0 um,
and calculated the difference of the linear fit and the observed
spectrum from 2.0 ym to 2.1 um; we defined the sum of this
difference vector as the H,O index. The distribution of the

HD339034 (Rayner et al. 2009) -

cRSG #40 (this work)
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Fig.B.1. Normalized reddened spectra (arbitrarily shifted for clarity)
of late-type stars. As an example, the spectrum of a new cRSG, #40,
is compared to the IRTF spectrum of HD 339034 (Rayner et al. 2009);
the spectrum of the AGB #65 is compared to the IRTF spectrum of
IRAS 14436-0703 (Rayner et al. 2009). The dotted-dashed lines are
linear fits to the stellar continuum in the range 2.15-2.29 um. The darker
region is used for measuring an H,O index.

H,O values resembles a gaussian with an additional tail of
negative values. We classified as AGB stars those stars with a
H,O0 index deviating more than 60 from the central mean. The
same classification is obtained in the region 2.025-2.100 um. A
variation of 10% in the Ag, results in a typical variation of the
H,0 index within 20%. This criterium reproduces the “visual
selection” of highly curved spectra. Stars #55, #56, #58, #60,
#61, #62, #63, #065, #104, #134, #147, and #149 were classified
as AGB stars, i.e. 12 out of 113 observed late-type stars (11%).
AGB stars are listed in Tables 3 and C.1.

Star #46 (#8 star in Messineo et al. 2010) is the brightest star
of the GLIMPSEDY cluster in Ks-band. Despite its curved stellar
continuum, it was classified as a likely RSG by comparison of its
luminosity and extinction to those of other cluster members; its
spectrum resembles My CEP (a rare M71, Rayner et al. 2009).
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Table 4. Infrared measurements of the spectroscopically detected early-type stars and candidate RSGs.

2MASS® DENIS UKIDSS? GLIMPSE MSX WISE NOMAD
ID/ J H K, I J K J H K |[3.6] [45] [58] [80]1| A | WI W2 W3 W4 R
[mag] [mag] [mag]|[mag] [mag] [mag]|[mag] [mag] [mag]|[mag] [mag] [mag] [mag]|[mag]|[mag] [mag] [mag] [mag]| [mag]
1 9.66 935 9.17 [10.49 9.77 920 | - - - 907 88 870 844 | - [898 885 - 7.06| 10.82
2 735 684 6.61|9.13 690 658 | - - - | 68 646 632 638| - |639 633 625 3.72| 985
3 14.01 11.85 10.75| - 13.98 10.83|13.99 11.88 10.76[10.05 9.82 9.65 997 | — [10.14 9.86 8.58 5.66 -
4 12.73 1091 9.88 | - 1275 987 | - - - 1933 906 896 898 | — |923 889 752 546 -
5 1330 11.35 10.38| — 13.23 10.30{13.25 11.40 10.35| 9.63 9.51 931 940 | — |959 930 848 585 -
6 13.15 11.43 1053 - 13.09 10.26|13.47 1247 10.74| - - - - - - - - - -
7 11.71 11.22 10.96(13.28 11.66 10.90|11.75 11.60 10.97|10.81 10.71 10.61 10.29| - |10.80 10.88 -  4.04 | 14.16
8¢ - - - — 1491 12.11|14.91 13.01 1201| - - - - - - - - - -
9 13.43 11.45 1040| - 13.34 10.39(13.48 11.55 10.50| 9.77 - 948 950 | - - - - - -
10¢ - - - - - - |16.31 14.16 13.12| - - - - - - - - - -
11¢ - - - - - - 11770 15.86 15.06| - - - - - - - - - -
12 10.93 10.57 10.39| - - — |11.15 12.00 10.48|10.40 10.31 10.29 10.24| - [10.05 9.97 — 460 | 12.62
13 10.84 10.51 10.38|11.74 10.81 10.34|10.98 10.85 10.41[10.28 10.25 10.23 10.20| - [1020 1028 - 222| 1272
14 13.36 11.25 10.18| - 1322 10.11| - - - 951 911 889 889 | — |947 887 698 2.36 -
15 1221 1042 952 | - 1210 944 | - - - 893 873 863 875| — |89 873 - 466 -
16 12.07 10.15 9.19 | - 1203 9.10| - - - | 838 822 802 799 | - |846 815 625 3.96 -
17 12.90 11.37 10.58|18.13 12.90 10.47|12.90 11.53 10.61[10.00 9.89 9.87 9.76 | — |9.89 9.66 - - -
18 12.46 1072 996 | — 1236 9.80 | - - - 1927 908 902 9.07| - |933 908 - 4.66 -
19 11.06 10.58 10.36(12.32 11.12 10.27|11.17 11.09 10.36|10.22 10.17 10.15 - - 1025 998 7.02 - 13.41
20¢ - - — |14.50 13.29 11.93|13.06 12.52 12.42| - - - - - - - - - -
21 12.73 11.42 10.76]17.20 12.61 10.64|12.72 11.59 10.74[10.29 10.15 10.02 10.02| - [10.37 10.18 - - -
22 978 842 7.63 [13.92 9.67 751 | - - - 1689 651 6.17 593 |595|685 640 574 441 1675
23 12.75 11.20 10.43[17.90 12.77 10.38|12.69 11.20 10.38| 9.83 9.66 9.55 993 | - [10.05 987 - 2.19 -
244 - - 1466| - - - - - - - - - - - - - - - -
25 12.16 10.67 990 | — 1234 10.16| - - - 944 912 902 - - - - - - -
26 11.27 10.92 10.73|12.63 11.57 10.98|11.54 11.36 10.74|10.60 10.50 1025 9.74 | — [10.76 10.76 - 322 | 13.29
274 - - 14.16| - - - |15.01 13.94 - - - - - - - - - - 16.22
28 11.38 11.04 10.78|12.80 11.67 11.06|11.60 11.43 10.84|10.69 10.67 10.12 — - 11040 10.05 5.81 295 | 13.81
29¢ - - - - - - |15.26 14.53 1430 - - - - - - - - - -
30¢ - - - - - - |15.17 13.59 12.85| - - - - - - - - - -
31 12.50 11.07 10.32(17.75 12.77 10.67|12.49 11.31 10.39]| 9.80 9.81 9.79 - - 952 931 593 332 -
32 11.22 10.79 10.57|12.87 11.58 10.77|11.50 11.34 10.61|10.40 10.31 — - - 11029 10.14 - 3.83| 1338
334 - - 1325(15.02 - - 1366 1279 - - - - - - - - - - 15.66
344 - - 1279 - - - - - - - - - - - - - - - 18.15
35¢ 1371 - - - - -~ [13.81 13.18 13.01| - - - - - - - - - 15.26
36 13.37 11.18 10.06| - 13.64 10.33| - - - 1926 9.04 892 9.00| - |927 890 6.07 0.90 -
37¢ - - - - - — [15.88 13.52 12.40| - - - - - - - - - -
38 12.40 11.13 10.50|17.13 12.71 10.81|12.35 11.18 10.52[10.07 9.92 9.63 10.24| — |9.88 9.68 7.12 3.96 -
[MED2010] 3¢ |10.66 8.93 7.96 [17.06 10.50 7.63 | — - - | 646 681 647 663 | - |65 631 665 471 -
[MFD2010]4¢ | — 1021 9.14 | - - - - - - - - - - - - - - - -
[MVM2011]39[12.18 10.52 9.36 |17.77 1220 9.42 | - - - | 853 803 778 751 | - |867 806 757 - -
39 736 5.62 484 | - - 411 - - — | 431 467 422 426 |4.15|454 406 428 3.78 -
40 971 6.66 508 | - 9.61 427| - - - | 400 431 362 322|3.15|495 340 232 097 -
41 9.60 7.45 6.52 |1573 948 649 | - - - 1673 605 575 568|568 |606 592 562 394 -
42 879 693 6.14 |13.59 872 590 | - - - 1666 595 556 554558563 557 586 — 17.22
43 - 1049 791 |17.14 1497 795 | - - - | 677 641 554 561 | - |647 598 632 - -
44 8.69 6.73 5.84 |14.33 8.64 507 | - - - | 740 597 516 516|507 (542 529 521 4.04 -
45 941 725 6211620 930 6.16 | - - - 1560 618 533 526515566 541 485 3.74 -
46 1022 759 629 | - 1002 625| - - - | 538 — 489 478 | - |5.05 491 4.14 247 -
47 959 732 6.19 [16.63 959 623 | - - - 552 612 530 53049555 537 491 295 -
48 9.03 7.00 6.06 [1590 9.44 630 | - - - - - 524 525|516 - - - - -
[MED2010] 5¢ |11.41 843 7.05| - 1132 697 | - - - 1675 739 570 584| - |6.09 597 626 434 -
BD-08 4635 | 479 345 3.05 (857 - 373| - - - - 391 - — | 275]3.04 251 292 287| 990
BD-08 4639 | 4.05 3.06 277|869 - 385| — - - - - - - | 284 - - - - 8.05
BD-084645 |3.92 273 229|897 - 38| - - - - - - - | 240 - - - - 10.69

Notes. > 2MASS upper limits and confused stars were removed all, but star #4. > Small corrections (J ~ +0.1 mag, H ~ —0.1 mag, K ~ 0.0 mag)
were applied to match the 2MASS photometric system. © UKIDSS values were used. ” K was estimated from the SINFONI data-cube. © H
and K, were taken from Messineo et al. (2010). ¢ Identification numbers are taken from Tables 2, 3, and C.1.
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Table 4. continued.
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2MASS DENIS UKIDSS GLIMPSE MSX WISE

ID Jerr Herr  Keerr Lerr Jerr  Kserr | Jerr Herr  Kerr | [3.6err] [4.5er] [5.8err] [8.0err] | Aerr | Wlerr W2err W3y Wder

[mag] [mag] [mag] | [mag] [mag] [mag]|[mag] [mag] [mag] | [mag] [mag] [mag] [mag] | [mag]|[mag] [mag] [mag] [mag]
1 0.02 0.02 0.02 | 003 007 0.07 - - - 0.04 0.05 0.05 0.03 - 0.03 0.02 - 0.48
2 0.02 0.03 0.02 | 006 0.16 0.09 — — - 0.05 0.07 0.03 0.03 — 0.04 0.02 0.05 0.35
3 0.03 0.02 0.02 - 0.12  0.08 | 0.002 0.001 0.001| 0.05 0.06 0.06 0.08 - 0.04 0.03 031 0.23
4 - - - - 0.10 0.08 - - - 0.07 0.05 0.05 0.05 - 0.03 0.03 0.18 0.31
5 0.02 0.02 0.03 - 0.10  0.08 | 0.001 - 0.001 | 0.03 0.05 0.05 0.05 - 0.03 0.03 035 0.15
6 0.12 0.02 0.02 - 0.10 0.08 | 0.001 0.001 0.001 - - - - - - - - -
7 0.03 0.03 0.02 | 0.03 0.09 0.08 |0.001 0.001 0.001| 0.05 0.06 0.08 0.10 — 0.04 0.06 - 0.07
8 - - - - 0.14 0.10 | 0.003 0.001 0.001 - - - - - - - - -
9 0.05 0.06 0.09 - 0.10  0.08 | 0.001 - 0.001 | 0.07 - 0.05 0.06 - - - - -
10 - - - - - - 0.009 0.003 0.003 - — - - — — - - -
11 - - - - - - 0.030 0.014 0.016 - - - - - - - - -
12 0.03 0.03 0.03 - - — — 0.001 0.001| 0.06 0.05 0.08 0.09 — 0.03 0.04 - 0.08
13 0.02 0.02 0.02 | 003 0.08 0.08 - - 0.001 | 0.05 0.06 0.07 0.16 - 0.04 0.09 - 0.03
14 0.03 0.03 0.02 - 0.10 0.08 - - - 0.06 0.06 0.04 0.08 - 0.03 0.02 0.06 0.04
15 0.03 0.03 0.02 - 0.09 0.07 - - - 0.04 0.05 0.04 0.05 - 0.03 0.03 - 0.07
16 0.03 0.02 0.02 - 0.09 0.07 - - - 0.03 0.05 0.04 0.06 - 0.03 0.03 0.06 0.14
17 0.02 0.03 0.03 | 0.19 0.10 0.08 |0.001 - 0.001 | 0.07 0.06 0.07 0.07 - 0.03 0.03 - -
18 0.02 0.02 0.02 - 0.09 0.08 — — - 0.05 0.05 0.03 0.06 — 0.03 0.03 - 0.29
19 0.02 0.02 0.02 | 003 0.08 0.08 - - - 0.05 0.06 0.08 - - 0.05 0.05 0.14 -
20 - - - 0.06 0.09 0.10 | 0.001 0.001 0.002 - - - - - - - - -
21 0.03 0.02 0.02 | 0.12 0.10 0.08 |0.001 0.001 0.001| 0.06 0.06 0.06 0.09 — 0.05 0.05 - -
22 0.03 0.04 0.03 | 0.06 0.05 0.06 - - - 0.03 0.06 0.03 0.03 0.05 | 0.03 0.02 0.06 0.17
23 0.03 0.03 0.02 | 0.17 0.10 0.08 |0.001 — 0.001 | 0.04 0.06 0.05 0.09 — 0.04 0.04 - 0.06
24 - - 0.30 - - - - - - - - - - - - - - -
25 0.03 0.03 0.02 - 0.09 0.08 — — - 0.06 0.10 0.11 - — — - - -
26 0.02 0.02 0.02 | 0.04 0.08 0.08 - - 0.001 | 0.04 0.08 0.08 0.15 - 0.07 0.11 - 0.11
27 - - 0.30 - - - 0.003 0.002 - - - - - - - - - -
28 0.03 0.03 0.03 | 0.04 0.08 0.08 - - 0.001 | 0.08 0.09 0.10 - - 0.05 0.08 0.10 0.04
29 - - - - - - 0.004 0.004 0.008 - - - - - - - - -
30 - - - - - - 0.003 0.002 0.002 - - - - - - - - -
31 0.04 0.05 0.03 | 022 0.09 0.08 |0.001 — 0.001 | 0.07 0.09 0.12 - — 0.03 0.05 0.05 0.16
32 0.02 0.02 0.04 | 0.04 0.08 0.08 - - 0.001 | 0.07 0.10 - - - 0.08 0.09 - 0.38
33 — - 0.30 | 0.07 - - 0.001 0.001 - - - - - - - - - -
34 - - 0.30 - - - - - - - - - - - - - - -
35 0.05 - - - - - 0.001 0.001 0.003 - - - - - - - - -
36 0.02 0.03 0.02 - 0.10 0.08 - - - 0.05 0.05 0.06 0.04 - 0.03 0.03 0.06 0.05
37 - - - - - - 0.006 0.002 0.002 - - - - - - - - -
38 0.03 0.02 0.02 | 0.16 0.09 0.08 |0.001 - 0.001 | 0.07 0.06 0.06 0.16 - 0.03 0.04 0.07 0.10
[MFD2010] 3 0.04 0.02 030 | 0.11 0.08 0.07 - - - 0.15 0.17 0.04 0.05 - 0.04 0.02 0.09 0.08
[MFD2010] 4 — 0.02 0.02 — — — — — — — — - - — 0.04 0.02 0.09 0.08
[MVM2011]139( 0.02 0.02 0.02 | 0.16 0.09 0.07 — — - 0.04 0.05 0.03 0.03 — 0.03 0.02 0.10 -
39 0.02 0.03 0.02 - - 0.21 - - - 0.06 0.04 0.02 0.03 0.05 | 0.10 0.05 0.02 0.07
40 0.02 0.04 0.02 - 0.07 0.21 - - - 0.06 0.05 0.03 0.02 | 0.05 | 0.07 0.07 0.02 0.02
41 0.02 0.04 0.02 | 006 0.06 0.11 - - - 0.12 0.05 0.03 0.02 [ 0.05 | 0.04 0.02 0.03 0.04
42 0.03 0.04 0.02 | 0.03 0.07 0.16 - - - 0.10 0.05 0.04 0.03 0.05 | 0.05 0.03 0.04 -
43 - 0.03 0.03 | 0.12 0.15 0.06 - - - 0.11 0.08 0.03 0.02 - 0.04 0.02 0.08 -
44 0.04 0.04 0.02 | 004 007 0.20 - - - 0.30 0.11 0.02 0.03 0.05 | 0.05 0.03 0.02 0.05
45 0.02 0.04 0.02 | 008 007 0.11 — — - 0.05 0.09 0.03 0.03 0.05 | 0.05 0.03 0.03 0.06
46 0.03 0.05 0.02 - 0.07 0.10 - - - 0.06 - 0.03 0.03 - 0.06 0.03 0.02 0.03
47 0.02 0.03 0.02 | 009 0.07 0.11 - - - 0.10 0.10 0.03 0.03 0.05 | 0.05 0.03 0.03 0.06
48 0.02 0.03 0.03 | 0.10 0.07 0.12 - - - - - 0.03 0.02 | 0.05 - - - -
[MFD2010] 5 0.02 0.03 0.03 - 0.08 0.08 - - - 0.08 0.23 0.03 0.02 - 0.06 0.02 0.07 0.05
BD-08 4635 024 0.22 0.26 | 0.05 - 0.15 - - - - 0.18 - - 0.05 | 0.11 0.06 0.02 0.03
BD-08 4639 022 0.18 0.22 | 0.02 - 0.16 — — - - — - - 0.05 | 0.12 0.08 0.02 0.05
BD-08 4645 021 0.18 0.19 | 0.04 - 0.17 - - - - - - - 0.05 | 0.31 0.14 0.03 0.03

A20, page 22 of 28



M. Messineo et al.: Massive stars in G23.3-0.3

Appendix C: Finding charts and giant stars
Finding charts for the detected stars are given in Figs. C.1 and C.2. A list of detected red giant stars is provided in Table C.1.
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Fig. C.1. UKIDSS K-band images (30” x 30”) of the detected stars. Targets are indicated with 2 line-pointers. Identification numbers are from

Tables 2, 3, and C.1. North is up and east to the left.
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Fig. C.1. continued.
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Fig. C.2. Average SINFONI cubes of faint early-type stars, which are difficult to identify in the UKIDSS images due to confusion. The SINFONI
field of view is 8 x 8", two cubes with a positional shift of 1’5 were taken per observation. North is up and east to the left of the image.

A20, page 26 of 28


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322822&pdf_id=19
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322822&pdf_id=20

M. Messineo et al.: Massive stars in G23.3-0.3

Table C.1. List of observed giant stars (L < 4 x 10* L, for a distance of 4.6 kpc, or AGB stars).

ID RAJ2000) Dec(J2000) Spectral type Comment
Instr. EW(CO) Splgiant] Teglgiant]*  H,O
[hh mm ss] [deg mm ss] [AA] [K]  [%]
49  183304.80 -91247.7 | Sofl 25 M3 3605 + 120 8
50 183305.64 -90726.6 | Sofl 17 K3 3985 + 121 10
51 1833 06.54 -91307.4 | Sofl 28 M5 3450 + 203 16 | BG
52 1833 12.95 -91023.3 | Sofl 23 M1 3745 + 130 1
53 1833 13.27 -907 39.7 | Sofl 26 M4 3540 + 155 -3
54 18 33 13.82 -92337.6 | Sofl 25 M3 3605 = 120 2
55 18332594  -90351.2 | Sofl 27 - - —63 | AGB
56 18 33 29.37 —-85122.9 | Sofl 35 - - =52 | AGB
57 18 33 30.98 -85027.0 | Sofl 24 M2 3660 + 140 -6
58 183333.16 —-848 15.8 | Sofl 28 - — —44 | AGB IRAS 18307-0850
59  183333.64 -91351.5 | Sofl 26 M3 3605 + 120 13
60 18 33 38.69 -91006.3 | Sofl 25 - - —46 | AGB
61 183340.24 =909 07.3 | Sofl 19 - - =51 | AGB OH22.77-0.26“
62 18 33 40.97 -902 13.4 | Sofl 27 - - =25 | AGB
63 1833 41.07 -92253.2 | Sofl 22 - - =73 | AGB
64 183344.64 —-84809.7 | Sofl 23 M1 3745 + 130 0
65 18 33 45.38 —-84757.7 | Sofl 21 - - =35 | AGB
66 18 33 46.45 -92136.1 | Sofl 25 M2 3660 + 140 10
67 18 33 46.75 -83300.2 | Sofl 22 MO 3790 + 124 4
68 183348.54 -91236.2 | Sofl 24 M2 3660 + 140 8
69 183348.82 —-84301.5 | Sofl 23 MI 3745 £ 130 11
70 18 33 49.67 —-83305.9 | Sofl 25 M3 3605 + 120 2
71 183349.92  -91145.9 | Sofl 22 Ml 3745 + 130 0
72 18 33 50.48 —-84242.1 | Sofl 23 Ml 3745 + 130 10
73 18 33 53.33 -909 40.3 | Sofl 22 Ml 3745 + 130 7
74 183355.10 -908 12.3 | Sofl 22 M1 3745 + 130 10 | BG
75 1834 05.34  —-85656.5 | SINFONI 42 M4 3540 + 155 18
76 18 34 05.47 —-85758.9 | SINFONI 36 Ml 3745 + 130 14
77 18 34 06.07 -85710.7 | SINFONI 37 MI 3745 + 130 24
78 18 34 09.28 -91400.7 | SINFONI 43 M4 3540 + 155 12 | [IMFD2010] 1?
79  183410.37 -91349.5 | SINFONI 38 M2 3660 + 140 9 | [MFD2010] 6°
80 1834 11.46  -91403.0 | SINFONI 15 <KO >4185 +204 -1
81 1834 11.70  —-85709.3 | SINFONI 48 M7 3223 £226 -—12
82 1834 11.87 —-85729.4 | SINFONI 39 M3 3605 = 120 11
83 1834 12.10 -904 02.4 | SINFONI 12 <KO >4185+204 15
84 18341470  -83501.1 | SINFONI 10 <KO >4185 +204 -1 | XMM-5¢
85 18341522  -84741.3 | SINFONI 38 M2 3660 + 140 17
86 18 34 15.79 —-848 33.3 | SINFONI 41 M4 3540 + 155 19
87 1834 15.97 —-84541.6 | SINFONI 34 MO 3790 + 124 3 | BGY
88 18 34 16.03 —-84520.1 | SINFONI 38 M2 3660 + 140 21
89  183416.38 -84619.0 | SINFONI 35 Ml 3745 + 130 23
90 18 34 18.52 —-84533.2 | SINFONI 28 K3 3985 + 121 -
91 1834 18.72  —-84533.0 | SINFONI 25 K2 4049 + 131 7
92 18 34 19.19 —-84526.4 | SINFONI 43 M5 3450 + 203 4
93 1834 19.50  -904 35.5 | SINFONI 27 K3 3985 + 121 16
94 18 34 19.58 —-90441.4 | SINFONI 45 M5 3450 + 203 -
95 183419.70  -904 40.1 | SINFONI 26 K2 4049 + 131 17
96 18 34 19.79 -904 39.7 | SINFONI 25 K2 4049 + 131 -
97 18 34 20.73 -84849.0 | SINFONI 37 M2 3660 + 140 3
98 1834 21.42 —-85031.0 | SINFONI 38 M2 3660 + 140 14
99 18342216 -91416.0 | SINFONI 38 M2 3660 + 140 14
100 18 3423.13 —-848 04.1 | SINFONI 42 M4 3540 + 155 10

Notes. The identification numbers are followed by celestial coordinates, instrument, EW(CO)s, spectral types, T.s, H,O indexes, and comments.
) Temperature erros account for accuracy in spectral types of +2. @ This Asymptotic giant branch stars (AGB) coincides with the maser
OH22.77-0.26 (Blommaert et al. 1994). The stellar velocity (LSR) is 93.1 kms~'. ) Messineo et al. (2010). © XMM point source number 5
in Table 1 of Mukherjee et al. (2009). Y BG = object in the background of the cloud.
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ID RA®J2000) Dec(J2000) Spectral type Comment
Instr. Tewlgiant]  Splgiant]
[hh mm ss] [deg mm ss] [K]
101 183424.18 —-91434.0 | SINFONI 34 MO 3790 + 124 18
102 18342426 -90244.5 | SINFONI 23 K1 4117 £ 136 16
103 18342431 —-84738.9 | SINFONI 34 MO 3790 + 124 17
104 18342439  —-82910.0 | Sofl 31 - - =32 | AGB
105 18342580 —83532.9 | SINFONI 40 M3 3605 + 120 15
106 18 3426.41 -90047.6 | SINFONI 20 <KO >4185+204 31
107 18342642 -84718.4 | SINFONI 36 Ml 3745 £ 130 22
108 183427.65 -90049.6 | SINFONI 34 MO 3790 + 124 12
109 183427.82 —-90052.8 | SINFONI 33 MO 3790 + 124 -
110 18342948 —-84503.8 | SINFONI 33 K5 3869 + 137 -
111 183429.74 —-84503.7 | SINFONI 40 M3 3605 + 120 12
112 183430.10 —-844424 | SINFONI 24 K1 4117 £ 136 11
113 183431.05 —-85141.2 | SINFONI 39 M2 3660 £ 140 21
114 183431.70 —-83409.9 | SINFONI 41 M3 3605 + 120 19
115 183431.87 —-84714.8 | SINFONI 37 Ml 3745 + 130 14
116 18 34 32.31 —-83306.6 | SINFONI 33 MO 3790 + 124 16
117 18343232 —-83403.0 | SINFONI 38 M2 3660 + 140 17
118 18343248 —-84405.2 | SINFONI 39 M2 3660 + 140 14
119 183433.69 —-83239.8 | SINFONI 39 M2 3660 + 140 19
120 18343373  -90132.2 | SINFONI 38 M2 3660 + 140 8
121 183433.83 —-91756.9 | Sofl 22 MO 3790 + 124 17
122 18343393 -90134.6 | SINFONI 36 Ml 3745 + 130 14
123 18343498 —-83308.0 | SINFONI 34 MO 3790 + 124 16
124 18 34 35.61 -90126.3 | SINFONI 13 <KO >4185 +204 12
125 183436.73 —-85119.1 | SINFONI 42 M4 3540 £ 155 16
126 18343696 —-84755.6 | SINFONI 28 K3 3985 + 121 -
127 183437.10 —-84756.2 | SINFONI 27 K3 3985 + 121 24
128 18343725 -91744.5 | Sofl 20 K5 3869 + 137 8
129 183437.67 —83053.4 | SINFONI 31 K5 3869 + 137 11
130 18343795 —-85048.7 | SINFONI 48 M7 3223 + 226 2 | BG
131 183438.11 —-85050.5 | SINFONI 31 K5 3869 + 137 17
132 183438.72 —-84853.3 | SINFONI 41 M3 3605 + 120 15
133 183438.97 —-84852.5 | SINFONI 47 M6 3336 +226 -23 | BG
134 183439.18 —-83447.4 | Sofl 20 - - -36 | AGB IRAS18318-0837
135 183439.23 —-84908.8 | SINFONI 32 K5 3869 + 137 15
136 183439.55 —-83048.1 | SINFONI 51 M7 3223 +£226 -9
137 183439.58 —-91644.4 | Sofl 23 M1 3745 + 130 8
138 183440.60 —91445.9 | Sofl 22 Ml 3745 + 130 14
139 183441.35 —-83530.3 | SINFONI 33 MO 3790 + 124 18
140 18 34 42.51 —-83534.7 | SINFONI 16 <KO >4185 +204 12
141 183445.02 —-84723.5 | SINFONI 33 MO 3790 + 124 18
142 18344745 —-84809.7 | SINFONI 39 M2 3660 + 140 22
143 18344750 —-84733.9 | SINFONI 38 M2 3660 + 140 17
144 183448.09 —-83450.4 | SINFONI 43 M4 3540 = 155 12
145 18344920 —-83422.4 | SINFONI 38 M2 3660 + 140 18
146 183514.66 —83740.6 | SINFONI 35 MO 3790 + 124 3 | XMM-15¢
147 18351793  —-82954.1 | Sofl 26 - - =29 | AGB
148 183518.53  —-82910.7 | Sofl 23 M1 3745 + 130 3
149 18352128 —85934.2 | Sofl 27 - - —-19 | AGB
150 183527.04 —-82906.2 | Sofl 21 MO 3790 + 124 17
151 183528.17 —82834.7 | Sofl 19 K5 3869 + 137 11

Notes. ” XMM point source number 15 in Table 1 of Mukherjee et al. (2009).
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