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ABSTRACT

In this work, we present the results of a spectroscopic study of very massive stars (VMSs) found outside the center
of the massive stellar cluster NGC 3603. From the analysis of the associated Southern Astrophysical Research
(SOAR) Telescope spectroscopic data and related optical-near-IR (NIR) photometry, we confirm the existence of
several VMSs in the periphery of NGC 3603. The first group of objects (MTT58, WR42e, and RF7) is composed
of three new Galactic exemplars of the OIf*/WN type, all of them with probable initial masses well above 100 M,
and estimated ages of about 1 Myr. Based on our Goodman blue-optical spectrum of another source in our sample
(MTT68), we can confirm the previous finding in the NIR of the only other Galactic exemplar (besides HD
93129A) of the O2If* type known to date. Based on its position relative to a set of theoretical isochrones in a
Hertzprung—Russel (H-R) diagram, we concluded that the new O2If* star could be one of the most massive (150
M) and luminous (M, = —7.3) O-stars in the Galaxy. Also, another remarkable result is the discovery of a new
O2v star (MTT31), which is the first exemplar of that class so far identified in the Milk Way. From its position in
the H-R diagram it is found that this new star probably had an initial mass of 80 M., as well as an absolute
magnitude of My = —6.0, corresponding to a luminosity similar to other known O2v stars in the Large Magellanic
Cloud. Finally, we also communicate the discovery of a new Galactic O3.5If" star (RFS8) that is quite an intriguing
case. Indeed, it is located far to the south of the NGC 3603 center, in apparent isolation at a large radial projected
linear distance of ~62 pc. Its derived luminosity is similar to that of the other O3.5If* (Sh18) found in NGC 3603’s
innermost region, and the fact that a such high mass star is observed so isolated in the field led us to speculate that
perhaps it could have been expelled from the innermost parts of the complex by a close fly-by dynamical encounter
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with a very massive hard binary system.
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1. INTRODUCTION

Very massive stars (VMSs) (Vink et al. 2015) are expected
to be found in the core of their host clusters, generally forming
binary or multiple stellar systems. Indeed, it is well accepted
that the majority of massive stars are formed in clusters, with
O3 stars having been considered, for a long time, the most
massive hydrogen core burning stellar type. However, the
situation has changed in the last few decades, as we now know
that some hydrogen-rich nitrogen sequence Wolf—Rayet (WR)
stars are in reality extremely massive and luminous main-
sequence (MS) stars, which, because of their proximity to the
Eddington limit, mimic the spectral appearance of classical WR
stars, showing an emission line spectrum even at the beginning
of their MS evolution (de Koter et al. 1997; Schnurr et al. 2008;
Smith & Conti 2008; Crowther et al. 2010).

Several observational studies of the stellar masses of very
massive binary systems indicate that such massive stellar
objects belong to the OIf*/WNh and WNh spectral types
(Smith et al. 1996; Smith & Conti 2008; Crowther et al. 2010;
Crowther & Walborn 2011), making them the most massive
MS stars known in the local universe. Evidence supporting this
assumption comes from systematic studies of binaries made by
Rauw et al. (1996) for WR22 (minimum masses of 71.7 2.4
M, + 25.7 + 0.8 M), Rauw et al. (2004) and Bonanos et al.
(2004) for WR20a (two O3If* /WNG stars with absolute masses
of 83 M, and 82 M), Niemela et al. (2008) for WR21a (a
WN6ha star with a minimum mass of 87 M, + O-type
secondary with a minimum mass of 53 M;), Schnurr et al.

(2008) for NGC 3603-A1 (minimum masses of 116 + 31 M +
89 £+ 16 M), and Schnurr et al. (2009) for R145 (minimum
masses of 116 =33 M, + 48 £+ 20 M,). Finally, Crowther
et al. (2010) found from their spectroscopic re-analyses of
OIf*/WN and WNh stars in the cores of NGC 3603 and R136
in the Large Magellanic Cloud (LMC) that some stars there
might have had initial masses in the range of 105-170 M., and
165-320 M., respectively.

Surprisingly, some VMSs are found in isolation in the field.
As examples we can mention the cases of WR21a (a binary
with minimum masses 87 M, 4+ 53 M,; Niemela et al. 2008) in
Westerlund 2 (Wd2), WR42e (an O3If*/WN6 with an
estimated initial mass above 100 M.; Roman-Lopes 2012;
Gvaramadze et al. 2013) in NGC 3603, and VFTS 682 in the
LMC whose blue-optical spectrum looks very similar to that of
R136a3 (one of the WNh stars found in the center of R136,
with an inferred initial mass of ~150-200 M,; Bestenlehner
et al. 2011; Vink et al. 2015). In this sense, there is a growing
number of VMSs that are seen outside the cluster cores,
sometimes found far away from their supposed parental
clusters, perhaps forming massive stellar halos like the one
seen in the field of the 30 Dor starburst region in the LMC
(Walborn & Blades 1997; Walborn et al. 2014). In the Milk
Way, this phenomenon seems to occur in the periphery of
massive stellar clusters like Wd2 and NGC 3603, in which
some of the most massive stellar members are found far from
the cluster centers. For example, in Wd2, in addition to
WR20a, there are WR20b (WN6ha) (Moffat et al. 1991; Shara
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Table 1
Number of O2If*, OIf*/WN and WNh Stars Previously Known in the Wd2 and
NGC 3603 Fields, Found at R, Distances at Intervals R; = (0 < R. < r),
Ry=@F<R.<r),andR3 =R.>r,

Cluster re () r() r () (0—r] [r—r] [>r]
wd2 0.2 1.78 4.8 1 1 3
NGC 3603 0.05 2.0 14.6 7 1 0

Note. The parameters r., r, and r, are, respectively, the observed cluster core
radius, the cluster radius, and the cluster tidal radius of NGC 3603 and Wd2
derived by Hur et al. (2014) and Sung & Bessell (2004).

et al. 1991) and WR2la (WN6 + early-O) (Niemela
et al. 2008), which are found in isolation at angular radial
cluster center distances (R.) of 076, 3’7, and 16/, respectively,
plus two O2If*/WN6 stars, WR20aa and WR20c (Roman-
Lopes et al. 2011), placed at large R, values of 15!7, and 25,
respectively. In NGC 3603’s field there are three exemplars,
MTT58 (O2If*/WN6), MTT68 (O2If*) and WR42e (O2If*/
WNG6), at R, values of 1/0, 1'4, and 3’, respectively (Roman-
Lopes 2012, 2013a, 2013b).

For comparison, in Table 1 we show the number of VMSs
found in the direction of Wd2 and NGC 3603, tabulated for R,
values in the ranges 0 < R. < r,r < R. < r; and R. > r,, with r
and r, being the observed cluster radius and the cluster tidal
radius, respectively, taken from Hur et al. (2014) and Sung &
Bessell (2004). We can see that the number of O2If*, OIf*/
WN, and WNh objects found inside the circular area limited by
the cluster radius r is higher in NGC 3603 than in Wd2,
perhaps reflecting differences in the total mass of each cluster
and/or in their dynamical evolutionary stages. However, no
such objects are found beyond the area projected by the
respective tidal radii, a behavior that led us to wonder if there
were other VMSs still to be discovered on the outskirts of the
NGC 3603 complex.

In this work we performed a search for VMS candidates
placed beyond the center of the massive stellar cluster NGC
3603, which is known to be one of the most massive, dense,
and rich Galactic star-forming regions (Melnick et al. 1989;
Moffat et al. 2002; Sung & Bessell 2004), and possibly a scaled
version of the starburst R136 cluster in the LMC (Andersen
et al. 2009; Rochau et al. 2010). It has several massive stars in
its core, many of them apparently showing initial masses up to
100-170 M, (Crowther et al. 2010). Based on near-infrared
(NIR) color and magnitude selection criteria applied to objects
found in the 2MASS point source catalog (2MASS PSC;
Skrutskie et al. 2006), the chosen stars were surveyed through a
Southern Astrophysical Research (SOAR) Telescope NIR
spectroscopic survey with the aim to confirm their possible
massive nature. The earliest stars selected from our analysis of
the respective NIR spectra were then re-studied and spectro-
scopically re-classified using new SOAR-Goodman blue-
optical data, resulting in the confirmation of the existence of
several new massive stars in the NGC 3603 field.

2. NIR MAGNITUDE AND COLOR-RATIO SELECTION
CRITERIA

The stars in this work were selected from the study of the
NIR magnitudes and colors of sources in the 2MASS PSC
found on the annular sky area (centered on the NGC 3603’s
coordinates) of internal and external radius 0!5, and 35,
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respectively, and presenting Ks-band magnitudes in the range
8.5 < Ky < 10 and magnitude errors <0.1. For the sources
matching the mentioned spatial and magnitude criteria, we kept
those showing colors and color-ratios in the range 0.5 < (J—
Ks) < 1.5 and 1.5 < [(J-H)/(H-Ks)] < 2.0, respectively,
which in turn were defined based on the fact that massive stars
are known to emit a lot of excess radiation in the infrared and
radio domains, mainly due to the free—free emission generated
by their powerful stellar winds (for more on this see Lamers &
Cassinelli 1999 and references therein). In this sense, the K-
band magnitude range and color criteria were tuned based on
those of WR42e (O2If*/WN6), MTT58 (O2If*/WN6), and
MTT68 (O2If*), with the Ks-band magnitude limit (Kg = 10)
being fixed considering the maximum integration time
previously assigned per source (about 30-35 minutes) with
the Ohio State Infrared Imager and Spectrometer (OSIRIS) at
SOAR, taking into account a minimum signal-to-noise ration
(S/N) = 100 in the same spectral band. This empirical limit
possibly results in a bias toward the most luminous (and
potentially massive) objects, which in principle is not an issue
as our main goal is to apply it to the most promising candidates.
However, by using the mentioned magnitude limits we will
probably miss several mid- to late-O-type stars. Indeed, as an
example of this we can mention the case of the newly
discovered O6v runaway star 2MASS J11171292-6120085
(Gvaramadze et al. 2013) which was found at 15’6 from NGC
3603’s center, and is not selected by our methodology because
its Kg magnitude (10.92) is well above the assumed upper
selection limit. We will also probably miss a certain number of
massive stars positioned in the innermost regions of the
complex, e.g., those with radial distances r < 0!5.

From the application of the above criteria, about thirty
2MASS point sources were selected. Two of them are the
known WR stars WR42c and WR42d (both of the WNS5 type;
Rosslowe & Crowther 2015), placed at NGC 3603 radial
distances of 15’ and 6/, respectively. On the other hand, in the
innermost regions there are two known O-stars, SHER 22 (O2-
O3 III) and SHER 23 (0C9.7 Ia), both found less than 0!5 from
the NGC 3603 center. The 10 most extreme objects of the
remaining selected sources are the subject of this paper. Their
coordinates and photometric parameters, together with their
assigned spectral types and NGC 3603 radial distances, are
listed in Table 2. In Figure 1 we present a colorized Spitzer
image centered on the NGC 3603 complex, in which
we indicate the position of each selected source (shown
by labels and arrows), as well as their relative position to the
NGC 3603, NGC 3576, and NGC 3590 star formation
complexes.

3. SPECTROSCOPIC DATA

In this section we present details of the observations and data
reduction process of the OSIRIS NIR and Goodman optical
spectroscopic data taken at the Southern Astrophysical
Research (SOAR) Telescope for sources listed in Table 2.
All but one of them (RFS10) were observed with both
instruments. Our strategy was to observe the sources selected
from the photometric criteria, first through the NIR window
using OSIRIS, because many of the science targets are
relatively faint at the U- and V-bands, mainly due to the large
heliocentric distances combined with heavier interstellar
absorption. The typical integration time necessary to obtain a
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Table 2

List of Stars Observed with OSIRIS and Goodman with the SOAR Telescope
Source R.A.(J2000) Decl.(J2000) B \%4 J H K r (arcmin—pc) OSIRIS Data Comments
RFS1 11:15:06.68 —61:16:33.3 15.29 14.07 10.67 10.17 9.86 0.7-1.5 Optical+NIR ~ MTT31" (04V-O5V and X-ray)
RFS2 11:15:07.58 —61:16:54.6 16.14 14.76 10.47 9.68 9.24 1.0-2.1 Optical+NIR MTTS58 (X-ray)
RFS3 11:14:59.48 —61:14:33.8 16.31 14.72 9.98 9.17 8.74 1.4-3.0 Optical+NIR MTT68 (X-ray)
RFS4 11:15:21.32 —61:15:04.3 16.31 14.74 10.60 9.99 9.60 1.8-3.7 Optical+NIR MTT71 (X-ray)
RFS5 11:14:45.50 —61:15:00.1 16.05 14.53 10.18 9.47 9.04 3.0-6.4 Optical+NIR WR42e (X-ray)
RFS6 11:14:53.55 —61:24:22.8 16.02 14.52 10.64 10.06 9.73 8.5-18 Optical+NIR X-ray source
RFS7 11:15:15.36 —60:51:17.6 14.17 12.89 9.85 9.39 9.12 25-53 Optical+NIR
RFS8 11:16:12.62 —61:43:54.2 15.31 14.68 10.61 9.92 9.48 29-62 Optical+NIR
RFS9 11:12:53.35 —60:50:45.2 14.98 13.62 10.55 10.06 9.83 30-64 Optical+NIR
RFS10 11:19:55.12 —61:16:03.7 15.21 13.86 10.54 10.03 9.66 35-74 Optical X-ray source

Notes. Column 1 is the assigned ID, Columns 2 and 3 their coordinates (J2000), Columns 4 and 5 the B- and V-band photometry taken from Sung & Bessell (2004)
and Zacharias et al. (2004, 2013), Columns 6-8 the J-, H-, and Ks-band photometry taken from the 2MASS PSC. Column 9 shows the corresponding NGC 3603
radial angular and projected linear distance (parsecs—assuming a heliocentric distance of 7.6 kpc; Crowther et al. 2010) center distances, and Column 10 the observed
wavelength ranges. Finally, in Column 11 we list the IDs of the sources found in the literature, as well as the objects with (when available) X-ray band measurements.
The previously assigned IDs for some of the sources listed here (like RFS1, RFS2, RFS3, and RFS4) are from the work of Melnick et al. (1989), while WR42e was
previously named by Roman-Lopes (2013b). Also the information on the X-ray source counterparts are from the catalog of Romano et al. (2008) (for RFS1 to RFSS5),
and in case of RFS10, from the XMM-Newton Serendipitous Source Catalog (XMM-Newton Survey Science Centre 2013).

 Previous spectral type for MTT31 (RFS1) as presented by Moffat et al. (2002).

Figure 1. A colorized Spitzer image (blue—3.6 um, green—4.5 pm, red—8.0 um) in the direction of the NGC 3603 complex, in which we indicate the position of
each source in our sample (shown by labels and arrows), as well as their relative positions to NGC 3603, NGC 3576, and NGC 3590. North is to the top and east to the
left. The approximate tidal radius (about 15 arcmin) area is indicated by the blue dotted line.

S/N= 100 (at 4800 A) for a science target with V=14 — 15 3.1. OSIRIS NIR and Goodman Blue-optical Spectroscopic
(using Goodman at SOAR during graytime night) is about Data Set

1.0-L.5 hr, while if we consider the Ks-band magnitude range The NIR spectroscopic data were obtained by observing runs
as defined in Section 2, the necessary average exposure time (summarized in Table 3) during nights that in general presented
with OSIRIS at SOAR (to obtain a S/N ~ 100 in the Ks-band) good weather conditions. The raw frames were reduced
drops to no more than 15-20 minutes. following standard NIR reduction procedures, which are
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Table 3
Summary of the SOAR Spectroscopic Data Used in this Work

Night uT Seeing () Instrument Mode Slit Resolving Power Coverage

2011 May 09 04:10:00-04:22:00 0.8-1.0 OSIRIS XD-f/3 1” 1000 1.25-2.35 ym
2011 Dec 18 07:22:00-09:13:00 0.8-1.0 OSIRIS XD-f/3 1” 1000 1.25-2.35 ym
2012 Jan 31 06:06:00-08:25:00 0.8-1.0 OSIRIS XD-f/3 1”7 1000 1.25-2.35 ym
2012 Dec 29 06:02:00-06:58:00 0.6-0.8 OSIRIS XD-f/3 1 1000 1.25-2.35 ym
2013 Jan 26 02:55:00-07:06:00 1.0-1.5 OSIRIS XD-f/3 1" 1000 1.25-2.35 ym
2013 Feb 28 08:22:00-09:09:00 1.0-1.2 Goodman GG385-600 1/mm 1703 1800 0.45-0.67 ym
2013 Mar 30 07:05:00-07:46:00 0.6-0.8 OSIRIS XD-f/3 1” 1000 1.25-2.35 ym
2015 Mar 08 04:54:00-08:05:00 1.0-1.5 Goodman 930-m2 1703 2100 0.39-0.55 ym
2015 Mar 28 02:15:00-05:16:00 1.0-1.5 Goodman 930-m2 1703 2100 0.39-0.55 ym
2015 Jun 29 22:48:00-03:08:00 0.8-1.3 Goodman 930-m2 1703 2100 0.39-0.55 ym

presented in detail in Roman-Lopes (2009) and briefly
described here. The two-dimensional frames were sky-
subtracted for each pair of images taken at two nod positions,
followed by division of the resultant image by a master flat.
The multiple exposures were combined, and this was followed
by one-dimensional extraction of the spectra. Thereafter,
wavelength calibration was applied using the sky lines and,
being conservative, we estimate as ~12—-16 A, the 1-¢ error for
such calibrations. This result comes from the fact that we
considered the associated 1-o error as the mean values
measured from the full width half maximum (FWHM) of the
sky lines detected in all three NIR bands. On the other hand, if
we instead assume the most common criterion of 1/3 of the
observoed FWHM, then the associated 1-o error drops to
~4-5 A. Also, the effects of the Earth’s atmosphere in the
science spectra were corrected using J-, H-, and K-band spectra
of A-type stars, with the intrinsic hydrogen lines being
carefully subtracted by modeling the observed line profiles
through the use of Voigt profiles given by the SPLOT task on
IRAF.* The final NIR spectra were normalized through fitting
to the continuum emission observed in the associated
wavelength range. We note that, with the exception of RFS2,
all the sources in Table 2 were observed in the blue-optical
window in 2015 March, with the data acquired using the 1703
long slit and the 930-m2 (3850-5550 A) grating, which
provides a maximum resolving power of R ~ 2100. On the
other hand, RFS2 was observed using Goodman in 2013
February using the GG385-600 1/mm grating with the same
slit, a setup that provides a maximum resolving power of R ~
1800, and a wavelength coverage of 4500-6700 A.

A summary of the SOAR-Goodman observations is shown
in Table 3. The reduction of the optical spectra was performed
using standard techniques through the use of the packages
(alongside others) ONEDSPEC, TWODSPEC, and APEX-
TRACT within IRAF. The one-dimensional spectra of the
science targets were extracted from the two-dimensional frames
by summing pixels in the data range and subtracting off the
background value for each column, with the background for
each column being measured as the median of non-target pixels
for each column. Cosmic rays and other anomalous signal
detections were suppressed from each of the extracted spectra
by removing pixels that deviated 5-0 of the mean within a 100
pixel wide box that steps through the spectrum. The bad pixels
were replaced through a linear interpolation of the removed
data range, and the wavelength calibration was performed
using Hg(Ar) + Ne lamp spectra. As was done in the case of

4 http:/ /iraf.noao.edu/

the NIR spectroscopic observations, the final optical spectra
were also normalized through the fitting of the continuum
emission in the associated wavelength range.

4. RESULTS AND DISCUSSION

In Figures 2 and 3, we show the OSIRIS and Goodman
normalized spectra of the sources in Table 2, with the exception
of RFS10 for which we only have the Goodman optical
spectrum. The main NIR and optical spectral features are
labeled by numbers, with the corresponding transitions being
presented in the captions of the figures. As a complement, we
also include the NIR and optical spectra of HD 93129A, the
prototype of the O2If* class, and until recently, the unique
known Galactic exemplar of this extreme O-type star with a
published blue-optical spectrum.

4.1. Spectral Types

4.1.1. Three New Galactic Exemplars of the OIf /WN Intermediate
Type Confirmed

The intermediate spectral type OIf*/WN was introduced
about three decades ago by Walborn (1982) to classify the
emission line star Sk-67 22 in the LMC, and shows spectral
features between those of HD 93129A (O2If*) and WR20b
(WN6ha). The OIf*/WN type can be separated from the OIf*
and WNh types by the P-Cygni morphology of the optical HG
line, since it is seen uniquely in absorption for O stars
(including OIf* stars) and purely in emission for WN stars
(Crowther & Walborn 2011). From our NIR survey we
identified three new Galactic exemplars of this class, RFS2
(MTT58), RFS5 (WR42e), and RFS7. As can be seen in
Figure 2, their NIR spectrograms are characterized by the
presence of strong Pag, Bry, and Hen emission lines. On the
other hand, from the optical spectra shown in Figure 3, we note
that they all (apart from RFS2 whose optical spectrum did not
cover this wavelength range) present strong N 1v \4058 lines in
emission, with all three also having powerful Hen A\4686
emission lines, as well as Hj3 lines showing P-Cygni profiles.
Individual comments on the three new OIf*/WN Galactic stars
are given as follows.

RFS5. As can be seen in Figure 3, RFS5 has a N1v M058
line intensity similar to those of the Nm AA604-4620 lines
and, taking into account the Hen M686 line purely in
emission, an O3If" supergiant type is assigned. Based on the
observed HB P-Cygni line profile, and following the criteria
presented by Crowther & Walborn (2011), we are now able to
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Figure 2. OSIRIS spectra of the sources in Table 2. The main line features are indicated as follow: (1) Pag A\12822, (2) Brl1 A16811, (3) He 1 A16930, (4) He1
A17007, (5) Brl0 A17367, (6) He 1 A20590, (7-8) C v AA20690-20802, (9) N v A21000, (10) He 1 A21126, (11) N m A\21160, (12) Bry, and (13) He i A21890.

refine the classification of this source by assigning it the O3If*/
WNG6 type.

RFS2. From RFS2’s spectrograms shown in Figures 2 and 3,
we can see that they closely resemble those of RFSS5. The
P-Cygni profile in the HS line is also evident, confirming the
previous classification based on NIR data made by Roman-
Lopes (2013a), who classified it as a star of the OIf*/WN
(O2If*/WNG6) intermediate type. From the new optical data, it
is now possible to improve this classification. Indeed, from the
comparison of the strengths of the N m A\604-4620 lines of
both stars, which are much weaker in RFS2’s spectrogram than
those seen in RFS5, we assign an O2If*/WNS5 spectral type to
this star.

RFS7. From Figure 2, we can see that RFS7 presents NIR
spectral features similar to those seen in the spectrograms of
RFS3. Indeed, the intensity (and morphology) of the Pag and
Bry lines are quite similar. However, one also can see that the
Hen A21890 line appears much stronger in the K-band
spectrum of RFS7, a characteristic also noticeable in the K-
band spectra of RFS2 and RFS5, which, combined with the
Pa$ broad emission line morphology, may be useful as
complementary criteria when discriminating between the two
types using solely NIR spectrograms. In this sense, the P-Cygni
profile seen in RFS7’s Hf line indicates that this star is a new

Galactic exemplar of the OIf*/WN type. As a comment on this,
the diffuse interstellar band (DIB) seen at A\4882 appears
relatively weak when compared with those present in the RFSS,
RFS2, and RFS3 optical spectrograms. Curiously, the other
strong DIBs observed at A4429 are all more or less of the same
intensity, which might indicate that its P-Cygni profile should
seem stronger than the one observed. According to this, the
observed line profile would be the result of the combination of
two features: a relatively intense HB P-Cygni profile sup-
pressed by a strong and broad DIB absorption line at \4882.
Finally, the N1v A\058 emission line is stronger than the N m
AM604-4620 lines, indicating an intermediate type between
O2If*-O3If* (Crowther & Walborn 2011), so we classify RFS7
as an O2.5If" /WNG6 star.

4.1.2. RFSI—The First Galactic Exemplar of the
02V Class Identified to Date

The NIR spectra of RES1 (MTT31—presented in Figure 2),
are characterized by the presence of weak PafB, and Bry
hydrogen recombination lines, which have peculiar absorption
+emission profiles (probably indicative of the presence of an
intense stellar wind), similar to the one observed in the K-band
spectrum of Cyg OB2 #7 (Hanson et al. 2006). Also, from a
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Figure 3. Goodman spectra of the sources in Table 2. The main line features are indicated as follow (Walborn et al. 2002): (1) He 141 M026, (2) N v M058, (3) Si 1v
2089, (4) Hé, (5) Siv M116, (6) He m M4200, (7) Hv, (8) He 1 A4387, (9) DIB M429, (10) He1 M471, (11) He m M541, (12-13) N v A\4604-4620, (14) N m
AN634-4642, (15) C v M658, (16) He m M686, (17) HB M861, and (18) DIB \4882.
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Figure 4. Goodman spectrum of the RFS1 source. The main line features are indicated as follow (Walborn et al. 2002): (1) He 1+1 24026, (2) N v A\4058, (3) He
2200, (4) He1 M471, (5) He 1 M541, (6) N v A\4604-4620, (7) N m A\4634-4642, (8) C v M658, and (9) He nm \4686.

careful inspection of the AA\20600-21200 spectral range, one RFS1’s spectrum. However, it does show a strong He m A\16930

can see the existence of the C1v A20802 line in absorption line in absorption, as well as the Hemr A21890 line in the K-
together with the Nv A21000 line in emission, features band, indicating that RFS1 is a very hot star, probably earlier
normally only seen in K-band spectrograms of stars as early than O3.

as HD 64568 (03 v((f))) and Cyg OB2 #7 (O3If*). Moving to Figure 3 shows the Goodman blue-optical spectrum of RFS1
the H-band, we note that the He1 A17007 line is absent in and, in order to allow a better analysis of it, Figure 4 presents
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its individual spectrum in a more detailed and useful way. In
particular, the weak lines close to the He 1 A4686 line are more
visible in this version of the spectrum. The N1v A4058 line is
seen in emission, and the strong He 11 absorption line at 4200 A
confirms the impression from our above discussion, i.e., that
RFS1 is a very hot O-type star. In fact, the N1v M058 and N m
AM634-4642 emission lines provide strong support to this
idea. Finally, the C1v A\4658 line clearly detected in emission
led us to classify RFS1 as a new O2v star (Walborn
et al. 2002). Indeed, based on a careful inspection of the
blue-optical spectrum of BI 253 (the prototype of the O2v
class; Walborn et al. 2002) shown in Figure 12(a) of Massey
et al. (2005), we can see that the RFS1 blue-optical spectrum is
nearly a clone of it, which makes this star the first know
Galactic exemplar of the O2v type (Sota et al. 2014).

On the other hand, the detection of what is probably a very
weak He1 M471 absorption line may suggests the presence of
a later O-type companion. From a search in the literature, we
found that RFS1 has an associated X-ray point source only
0716 from its coordinates, cataloged as
CXOU111506.69-611633.4 (Townsley et al. 2014). However,
the observed X-ray to bolometric luminosity ratio (~3 x 10~
is found to be compatible with what is expected in the case of a
single star (Lyx/Leo ~ 10~7). Further photometric and spectro-
scopic monitoring studies are necessary in order to test this
assumption.

4.1.3. RFS3 Confirmed as a New Galactic O2If" Star

RFS3 (MTT68) was first cataloged as a probable member of
NGC 3603 by Melnick et al. (1989), and discovered to be a
strong Chandra point source by Moffat et al. (2002), who
performed an extensive X-ray—radio study of the 3/6 x 3!6 field
centered on NGC 3603. Later, based on J-, H-, and K-band
SOAR-OSIRIS spectra, it was classified as an O2If* star by
Roman-Lopes (2013a), who found its NIR spectra to be very
similar to those of HD 93129A, the template of the class
(Walborn et al. 2002) and, at that time, the only known Galactic
O2If*. Based on our new Goodman blue-optical spectra of RFS3
(shown in Figure 3), we may now confirm that this object is
indeed a highly reddened O2If" star, as indicated by the strong
DIBs seen at ~4430 A and 4480 A. As previously noted by
Roman-Lopes (2013a) in the NIR, the RFS3 optical spectrum
also looks quite similar to that of HD 93129A, as indicated by
the intense N1v AMO058 emission line, which is much stronger
than the N m emission line pair at AAM634-4642. Combined with
the strong Hen M686 emission line (Crowther & Walborn
2011), this confirms its O2If* nature. However, from a careful
inspection of the NIR emission line features seen in the spectra
of both stars (e.g., the Pag and the Nm A21150 lines), we can
see that the observed emission lines appear broader in the RFS3
NIR spectrograms, a characteristic that is also quite evident in
the N 1v M4058 optical line, which may suggest the existence of a
secondary companion of RFS3, which in this case should also be
another extreme early-type star.

4.1.4. New Early- and Mid-O Galactic Supergiants

In addition to the O2If* and OIf* /WN stars discussed above,
there are two other sources in Table 2 (RFS8 and RFS10) that
show the He 1 \4686 line in emission. Unfortunately, due to a
problem during the acquisition process, the NIR spectra of
RFS10 were not useful for spectral analyses, so in this case our
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main conclusions only rely on optical data. In what follows, we
discuss in some detail the results obtained for these two objects.

RFS8. The NIR spectrograms of the RFS8 source (shown in
Figure 2), are dominated by emission line features associated
with the Pag, Brv, Br10, and Br11 hydrogen atomic transitions,
as well as by broad emission line profiles corresponding to the
Civ AX20690-20802 and Nm A21160 transitions. The
morphology of the Pag emission line is quite similar (in terms
of both shape and intensity) to the one seen in the J-band
spectrum of HD 93129A, however, the Brvy line profile is
completely different. Also, the He i1 lines A\16930 and A\21890
appear in absorption, suggesting a later spectral type. The blue-
optical spectrum for this source (shown in Figure 3) confirms
this assumption. The intense emission feature associated with
He 1 M4686 indicates a supergiant status for this object. Also,
the N v M058 emission line is seen as less intense than those
of the Nm A\4634-4642 pair, which, combined with the fact
that the N v A\4604—4620 lines appear weaker than those seen
in the HD 93129A blue-optical spectrogram, indicate a spectral
type later than O3. Finally, the absence of a He1 471
absorption line suggests a spectral type probably no later than
04-04.5 (Sota et al. 2011). Taking into account the points
discussed above, and the criteria presented by Crowther &
Walborn (2011), we assign an O3.5If" spectral type to the
RFS8 source.

RFS10. As mentioned above, for this star we only have
optical data, and its spectrogram is shown in Figure 3. It is a
high S/N optical spectrum in which the He n M686 emission
line denotes a supergiant class for this source. The absence of
Nv A\604-4620 lines associated with the presence of a
strong He1 M471 absorption line indicate that this star is of a
spectral type later than 03.5-04 (Sota et al. 2011). Also, from
the library of optical spectra of O-stars of Sota et al. (2011), one
can see that the relative intensities of the two Nm
AM634-4642 emission lines and the He1 M\471 and Hen
M541 absorption lines make this spectrum quite similar to that
of HD 169582, the standard of the O6la type. We searched the
literature for X-ray sources associated with RFS10, and found a
strong one in the XMM-Newton catalog only 0735 from
RFS10’s coordinates, identified as J111955.1-611603. Further
photometric and spectroscopic studies are required for this
source, as the detected X-ray emission could be due to the
presence of a close binary companion.

4.1.5. Early-O-Type Stars

The sources in this group are RFS4, RFS6, and RFS9, whose
spectral features are typical of early and mid-O-type stars. In
the following, we discuss each object in detail.

RFS4 (MTT71). The J-, H-, and K-band spectra of RFS4
(presented in Figure 2) are very similar to those of RFS1, with a
small but remarkable difference: the presence of the He1
A17007 absorption line which, however, is less intense than the
He 1 A16930 line. This feature indicates that this source is also
an early-O-type star, and from a comparison with the H-band
spectra of HD 46223 (O4v), HD 66811 (04 I), HD 14947 (OS5
If), and Cyg OB2 8c (05 If) (Hanson et al. 2006), one can see
that the H- and K-band features of RFS4 are compatible with
those seen in O-type stars of spectral types O4-05. On the
other hand, the Goodman normalized spectrum of RFS4
(shown in Figure 3) does not show the He1 A\4471 absorption
line, so an early-O-type status for this star is confirmed. Also,
the absence of a N1v A\058 line (in emission or absorption)
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indicates that this star is of a spectral type not earlier than O4.
Indeed, the optical spectrum of HD 168076AB (O4m) is
virtually a clone of the RFS4 Goodman spectrogram, including
the incipient P-Cygni profile seen in its Hen M686 line,
allowing us to classify RFS4 as a new Galactic O4 star. As a
final comment on this source, from a cross-check with X-ray
catalogs in the literature, we found a point source (only 0705
from the star) cataloged as CXOUI111521.31-611504.3
(Townsley et al. 2014). Indeed, RFS4 was first discovered as
a strong X-ray point source by Moffat et al. (2002) who
suggested that it could be due to colliding wind binary
interaction, which may suggest the existence of an early-O-type
companion. Further studies are necessary in order to properly
address this assumption.

RFS6. The OSIRIS and Goodman spectra for this source
look quite similar to those of the RFS4 source. Indeed, the
presence of strong He 1 AA16930-21890 absorption lines and
the weakness of He1 A17007 transition, combined with the
absence of the He 1 absorption line A21130, give support to this
idea. Also, taking into account the presence of strong C v and
N AA20800-21160 emission lines led us to the conclusion
that this star is probably another exemplar of the early-type O-
star family. In support of this, the optical spectrogram shown in
Figure 3 also looks quite similar to that of RFS4, except for the
He1 M\471 line which is clearly seen (weakly) in absorption,
which is not uncommon for O4-05 stars like HD 46223 (O4v),
HD 66811 (O41), HD 14947 (O51f), and Cyg OB2 8c (O5if)
(Hanson et al. 2006).

RFS9. The NIR spectrograms of the RFS9 source are shown
in Figure 2. As can be seen, its J-band spectrum presents a
strong and broad Pa3 absorption line, a feature also noted in the
profiles of the H- and K-band Bracket lines. The He 1 lines at
A16930 and A21890 are also seen in absorption, and there is no
sign of the He1 line at 21113 A, so a spectral type later than
O6v is ruled out (Hanson et al. 2006). On the other hand, the
He 1 absorption line A\17007 is stronger than Hen A16930, an
indication that this star is possibly of a type later than O4. From
the optical spectrogram of the RFS9 source, shown in Figure 3,
we can see that the Hen A4686 line is seen purely in
absorption, so a dwarf class is assigned. Based on the above
discussion, we performed a careful examination of the O4v—
O5v optical spectra presented in the literature, concluding that
our Goodman spectrum of the source RFS9 looks quite similar
to those of HD 15629 (04.5v), HD 46150 (O5v), and HD
93204 (O5v), presented in Sota et al. (2011), and that of source
#108 (05.5v) of Melena et al. (2008). An interesting spectral
characteristic that caught our attention is the Heun A)\4686
absorption line, which is stronger than any other Heu lines
present in the AA4000-5000 wavelength range. Such an O-type
spectral feature is believed to be characteristic of the Vz class.
It seems that the Of effect (established as a luminosity indicator
in normal O-type spectra) is suppressed by the Vz effect,
generating less emission than in normal class V spectra, which
might indicate extreme stellar youth (Walborn et al. 2014).

A natural question that arises from this result is, how can
such an extremely young O-star be found at such a large
angular distance from the NGC 3603 cluster center? A possible
answer is that RFS9 belongs to an independent star-forming
complex embedded in the main body of the NGC 3603
complex. In an upcoming paper (Roman-Lopes et al. in
preparation), we further discuss the issue of how many of the
sources in Table 2 could have arrived at their present locations.
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4.2. Interstellar Extinction, Absolute Magnitudes,
Ages, and Masses

4.2.1. Interstellar Extinction

The interstellar extinction law in the direction of NGC 3603
appears to be anomalous. This is not surprising, as it is well
known that very young H 1 regions in general show ratios of
total to selective extinction values well above the canonical
value Ry = 3.1 (Chini & Kruegel 1983; Chini & Wargau 1990).
Pandey et al. (2000) performed an extensive UBVRI CCD
photometric survey in the direction of the innermost region
(2/08 x 3!33 FOV) of the cluster, and from a variable
extinction analysis of the sources with color excess in the range
1.30 < E(B — V) < 1.75, they computed a mean value for the
total to selective extinction ratio Ry = 3.8 £ 0.8. The large
uncertainty on the mean reflects the large scatter on the
individual derived values. Also, by following the method of
Neckel & Chini (1981) they were able to obtain the intra-
cluster total to selective extinction ratio value Ry, = 4.1 £+ 0.2.

In Table 4, in addition to the spectral types and effective
temperatures, we present the (B — V) colors for each star in our
sample, together with the associated optical to NIR color
excesses E(B—V), EJ—-V), E(H—-—YV), and E(K — V),
which were derived using the intrinsic colors for the earliest
O-stars given by Martins & Plez (2006). The values of the total
to selective extinction ratio were then estimated using the
equations A3-A6 of Fitzpatrick (1999) and, by using Ry and
E(B — V), we computed the corresponding extinction para-
meter Ay for each star in Table 2. From the Ry values in
Table 4, we can see that for most of the stars in our sample the
associated interstellar law is in agreement with the previous
study of Pandey et al. (2000), with Ry ranging from 3.19 for
RFS9 to 4.24 in case of RFS2, with a mean value (error of the
mean o//n, with n being the number of stars in our sample) of
Ry = 3.73 £ 0.35. As in previous studies, the relatively large
error value on the mean probably reflects the moderate scatter
in the computed ratio of total to selective extinction in the
direction of NGC 3603, which in turn is probably produced by
variations in dust and gas column densities, and perhaps by
differences in dust composition and grain size.

In Figure 5, we plot the parameter Ry as a function of the
cluster center distance r.. for the sources in Table 4. We can see
that with the exception of RFSS, the associated Ry values
decrease as a function of r.. In the same plot we also present the
results of linear fittings considering all sources in the sample, as
well as only those (six) presenting 7. values less than the NGC
3603 cluster tidal radius estimated by Sung & Bessell (2004).
The resulting linear equations correlating Ry and r. are
Ry =3.881 —0.014r,. and Ry = 3.919 — 0.026r., for the entire
sample and only for those sources inside the NGC 3603 tidal
radius area, respectively. The values of Ry computed from our
fittings limited to the radial cluster center distance of 2 arcmin
are Ry = 3.85 and Ry = 3.87, respectively, in good agreement
with the result obtained by Pandey et al. (2000). Finally, from
the extinction parameters presented in Table 4, we computed
mean values and uncertainties (errors on the mean) of the ratios
A, /Ay for the J-, H-, and K¢-bands, obtaining A;/Ay, = 0.286 +
0.004, Apy/Ay = 0.170 £ 0.003, and Ak, /Ay = 0.098 + 0.005.

4.2.2. Absolute Magnitudes, Ages, and Masses

The absolute magnitudes for the sources in Table 4 were
derived using the observed magnitudes and associated



Table 4
Spectral Types, Absolute Magnitudes, and Extinction Law Parameters Obtained for the Sources in Table 2.
Source SpType Log Teff B-YV) EB-YV) EJ-V) EH-V) EK—-V) Ry Ay My M, My Mg Ay An Ag
RFS1 o2v 4.67 1.22 1.50 —4.07 —4.69 —5.09 3.78 5.67 —6.00 —5.33 —5.21 —5.12 1.60 0.98 0.58
RFS2 O2If* /WN5 4.64 1.38 1.66 —4.96 —5.87 —6.40 4.24 7.04 —6.68 —6.01 —5.89 —5.80 2.08 1.17 0.64
RFS3 o2If* 4.64 1.59 1.87 —5.41 —6.34 —6.86 4.07 7.61 -7.29 —6.62 —6.50 —6.41 2.20 1.27 0.75
RFS4 04 111 4.63 1.57 1.85 —4.81 —5.54 —6.02 3.62 6.70 —6.36 —5.69 —5.57 —5.48 1.89 1.16 0.68
RFS5 03 If*/WN6 4.64 1.52 1.80 —5.02 —5.85 —6.37 3.92 7.05 —6.92 —6.25 —6.13 —6.04 2.03 1.20 0.68
RFS6 045V 4.62 1.50 1.78 —4.55 —5.25 —5.67 3.56 6.33 —6.22 —5.55 —5.43 —5.34 1.78 1.08 0.66
RFS7 02.5If" /WN6 4.64 1.28 1.56 -3.71 —4.29 —4.65 3.32 5.18 —6.69 —6.02 —5.90 —5.81 1.47 0.89 0.53
RFS8 O3.51If" 4.61 1.32 1.60 —4.74 —5.55 —6.08 4.18 6.69 —6.41 —5.74 —5.62 —5.63 1.95 1.14 0.61
RFS9 05Vz 4.61 1.36 1.64 —3.74 —4.35 —4.67 3.19 522 —5.85 —5.18 —5.06 —4.97 1.48 0.87 0.55
RFS10 O6la 4.56 1.35 1.63 -3.99 —4.62 —5.08 3.44 5.60 —6.14 —5.47 —5.35 —5.26 1.61 0.98 0.52

Note. Column 1: ID. Columns 2-6: colors and associated optical to NIR color excesses. The color excesses were calculated using the corresponding (B — V)g, (J — V)o, (H — V), and (K — V), intrinsic colors taken
from Martins & Plez (2006). Column 7: the total to selective extinction ratio Ry values were derived using Equations A3—A6 of Fitzpatrick (1999). Column 8: visual extinction computed from E (B — V) and Ry. Column
9: absolute visual magnitudes My obtained using Ay plus the visual magnitudes for each source in Table 2, applied in the distance modulus equation for an heliocentric distance of 7.6 £ 0.35 kpc (Crowther et al. 2010).
Columns 10-12: the same for the M;, My, and My absolute magnitudes, using the V — J,V — H, and V — K color values taken from Martins & Plez (2006). Columns 13-15: A, Ay, and A extinction values derived
using the J-, H-, and K-band magnitudes from Table 2, together with the associated M,, My, and My values applied into the distance modulus equation.
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Figure 5. Ry as a function of the cluster center radius r. for the sources in
Table 4. We can see that with the exception of RFSS, the associated Ry values
decrease approximately linearly as a function of r.. In the same plot we also
present the results of linear fittings considering all sources in the sample, as
well as those (six) presenting r. values less than the NGC 3603 cluster tidal
radius estimated by Sung & Bessell (2004).

extinction values applied in the distance modulus equation,
adopting an heliocentric distance of 7.6 4 0.35 kpc (Crowther
et al. 2010). Also, the respective M;, My, and Mg absolute
magnitudes were calculated using the (V—J)o, (V—H)g, and (V
—K), intrinsic colors for early-O stars taken from Martins &
Plez (2006). In Figure 6, taken from the work of Bressan et al.
(2012), we present the My versus Log T (T.;) Hertzprung—
Russel (H-R) diagram for sources in Table 4. The effective
temperatures for the O1, O, and OV classes were obtained
using Equation (2) presented in the work of Martins et al.
(2005), while the values for the OIf* /WN stars were estimated
from the work of Crowther et al. (2010). For all sources we
assumed an uncertainty of 3000 K on the quoted values. We
also present the 1, 2, and 3.2 Myr isochrons® taken from the
work of Bressan et al. (2012), for stars with initial masses in the
range 20-150M(solar metallicity Z = 0.015).

From this diagram we can see that the youngest sources are
RFS1, RFS2, RFS3, RFS5, and RFS7 with probable ages of
about 1Myr. The new O2If* star (RFS3) with initial mass
above 150 M., appears as the most massive and luminous
object of our sample. This is not surprising as O2If* stars are
known to belong to the most massive and luminous type of
O-stars in the local universe. For example, HD 93129A, the
most massive and luminous O-star previously known in the
Galaxy, has an absolute visual magnitude My = —6.6 (Simon
et al. 1983) and an estimated initial mass of 130 £ 15 M,
(Taresch et al. 1997). On the other hand, in the LMC we have
the extreme case of Mk42, an O2If* star presenting an absolute
visual magnitude My = —7.4, and an initial mass of 189 M,
(Bestenlehner et al. 2014).

Accordingly, with the isochrons shown in Figure 6, all three
new Galactic OIf*/WN stars had initial masses well above 100
M., with RFS5 (O3If*/WN6) being a bit more massive than
RFS2 and RFS7. Placed in the same star-forming complex,
NGC 3603-C has the same spectral type (O3If*/WN6), with
My, = —7.2 and an estimated initial mass in the range 123-154
M. (Crowther et al. 2010). Taking into account the

5 http://stev.oapd.inaf.it/cgi-bin/cmd
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Figure 6. The My vs. Log T (Terr) H-R diagram for the sources in Table 4. The
effective temperatures for the O 1, O 11, and O v classes were computed using
Equation (2) presented in the work of Martins et al. (2005), while the values for
the OIf*/WN stars were estimated from the work of Crowther et al. (2010). For
all sources we assumed an uncertainty of £3000 K on the quoted temperature
values. We also present the 1, 2, and 3.2 Myr isochrons (see Footnote 5) taken
from the work of Bressan et al. (2012), for stars with initial masses in the range
20-150M(solar metallicity Z = 0.015). RFS9 is represented considering
single and binary systems comprising two stars of the same spectral type. In
this sense, assuming a mean absolute visual magnitude My = —5.0 for each
component would result in a combined absolute magnitude My = —5.8, a value
in line with the one derived by us (considering the associated uncertainties)
using the distance modulus equation, equivalent to a binary system comprising
two stars of 40 M, each (see the text in Section 4.2.2).

evolutionary models and RFS5’s position in the H—R diagram
of Figure 5, we can conclude that for an estimated age of
1 Myr, RFSS5 should have initial and current masses of 135 M,
and 123 M., respectively, a result in line with those obtained
by Crowther et al. (2010) in their analyses of NGC 3603-C. In
addition to the three new OIf*/WN stars, another very young
star in our sample is RFS1. From its position in the H-R
diagram of Figure 6, we can see that it is an O2v star with
probable initial and current masses of 80 M, and 76 M,
respectively. As the only Galactic star of its class known to
date, RFS1 has an absolute magnitude of My, = —6.0,
corresponding to a luminosity similar to other O2v stars found
in the LMC, like VFTS 621 (O2v) and VFTS 512 (O2v-m),
both presenting visual absolute magnitudes of My, = —6.1
(Bestenlehner et al. 2014).

A second group of slightly older sources, with ages ranging
from 1.5-2.0 Myr, comprises RFS4 (O4m), RFS6 (04.5m),
RFS8 (03.5If"), and RFS9 (O5Vz). From their associated
absolute visual magnitudes (Table 4) we can see that they also
appear as very luminous sources, and based on the comparison
of their values with those from other stars of similar spectral
types, we conclude that our results are in line with those found
in the literature, with the exception of RFS9, which appears
more luminous than expected from the comparison with other
LMC and Galactic O5vz stars. We will further discuss this
source later.
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The absolute visual magnitudes of RFS4 and RFS6 are quite
consistent with the values for stars of similar spectral types
found in the LMC, as for example VFTS 422 (O4m)—
My = —5.8, VFTS 603 (O4m)—My = —6.3, and VFTS 608
(O4m)—My, = —6.0. On the other hand, in the Milk Way we
have the cases of HD 168076 (O4m) with an absolute visual
magnitude My = —5.9 (Sana et al. 2009), HD 93250 AB (O4u)
presenting My = —6.2 with an estimated stellar mass of 83
M (Repolust et al. 2004), as well as in the innermost part of
NGC 3603, the source #38 of Melena et al. (2008) (O4m)
with My = —6.0.

The case of RFS8 (03.5If") is quite interesting. Indeed, it is
located well to the south of the complex, in apparent isolation
at the large radial angular center distance of 29’, or
equivalently, at a projected linear distance of about 62 pc
considering the quoted NGC 3603 heliocentric distance of
7.6 kpc. Based on its location in the H—R diagram of Figure 5,
and accordingly with the stellar evolutionary models, RFS8
would have initial and current masses of 77 My and 70 M,

respectively. Its derived absolute magnitude My, = —6.4 is
similar to that of another O3.51f* (Sh18) found in NGC 3603’s
innermost region, with an absolute magnitude My, = —6.3

(Bestenlehner et al. 2011). The fact that a such high mass star is
found isolated in the field naturally led us to speculate whether
it could have been expelled sometime in the past from the
innermost parts of the complex. Looking for proper motion
measurements for this star, and based on a search in the
PPMXL and XPM proper motion catalogs (Roeser et al. 2010;
Fedorov et al. 2011), we found that RFS8 has proper motion
parameters of pmRA = —343 4+ 11.8masyr 'and
pmDE = —53.2 4+ 11.8masyr ', and pmRA = —40.0 +
10.0masyr ' and pmDE = —58.6 4+ 10.0 masyr ', respec-
tively, quite high for an object that is assumed to be placed at
the same heliocentric distance of NGC 3603. Indeed, a distance
of 7.6 £ 0.35 kpc would result in a projected linear velocity of
about 240 km s~ '! Despite the fact that such a high velocity for
a very high mass star might at first seem unlikely, Gvaramadze
& Gualandris (2011) showed from their study on the dynamical
ejection scenario of massive runaway stars that such a high
mass runaway star could actually exist. Indeed, they argue that
the most effective process generating this kind of high velocity
star is that produced by a close fly-by dynamical encounter
between a single massive star with a very massive hard binary
system. For example, in the case of an NGC 3603-Al-like
binary system (M| = 120 M, + M, =90 M,,), in a few per cent
of cases a 60-80 M, M3 fly-by star would acquire a peculiar
velocity as high as 250kms~'. Further proper motion
measurements such as those to be provided by the Gaia space
astrometry mission, are necessary to give (or not) additional
support to this idea.

From RFS9’s location in the H-R diagram of Figure 5, we
can see that its derived absolute magnitude (M, = —5.85) is
not consistent with the absolute visual magnitudes for single
stars of the O5vz type in the LMC, such as, for example, VFTS
385 My = —5.2, log (Teg) = 4.63), VFTS 511 (My = —4.9,
log (Tetp) = 4.64), and VFTS 581 (My = —5.0, log (T.g) = 4.60)
(Sabin-Sanjulidn et al. 2014). A possible explanation for this
discrepancy can be obtained if we consider the case in which
RFS9 is a binary system comprising two stars of the same
spectral type. In this sense, assuming a mean absolute visual
magnitude My = —5.0 for each component would result in a
combined absolute magnitude My, = —5.8, a value in line with
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the one derived by us (considering the associated uncertainties)
using the distance modulus equation. In this case, from Figure 5
we can see that RFS9 would be a binary system comprising
two stars of 40 M., each.

With an estimated age of about 3 Myr (in accord with the
isochrons of Bressan et al. 2012), RFS10 appears to be the
oldest star in our sample with initial and current masses of
45-55 M, and 40-50 M., respectively. Its derived absolute
visual magnitude My = —6.14 and spectroscopic mass of
45-55 M, agree with the corresponding values obtained for
Galactic O5-061a stars (My = —6.1) (Wegner 2005), as well as
with the values of stars of similar spectral type and luminosity
class in the LMC, such as VFTS 151 (06.5u(f)p—My, = —6.4,
M =179 M), VFTS 208 (06 (n)fp—My = —5.8, M = 53 M),
and VFTS 440 (06-06.5u(f)—My = —6.2, M = 76 M,,).

4.3. Identifying the OIf'/WN Type Solely from NIR
Spectrograms

With the use of new efficient detectors and large ground-
based telescopes, the NIR window has become available for
spectral typing (Hanson et al. 1996, 2006; Crowther &
Walborn 2011, and references therein). This is particularly
important when dealing with highly obscured and distant early-
type stars. However, despite the observational progress made
during the few last years, the number of known Galactic OIf"/
WN stars with studies in both the optical and NR domains is
relatively small. Considering that the majority (if not all) of the
remaining members of the OIf*/WN Galactic stellar population
are probably going to be discovered (and properly studied),
mainly using NIR spectroscopic facilities, one important
question (already posed by Crowther & Walborn 2011) is,
can we safely distinguish between the OIf* and OIf/WN types
using only NIR spectroscopy? In order to contribute to
addressing this question, in the following we will make use
of the NIR spectral line measurements taken from our new set
of Galactic O, OIf*, and OIf*/WN stars, which were spectro-
scopically classified using the data collected with OSIRIS and
Goodman at SOAR.

In Tables 5 and 6 we present the equivalent width (EW) and
line width (LW) measurements taken from the observed NIR
and optical lines. As a complement we also present in Table 5
the EW and LW measurements of relevant NIR lines, obtained
from a set of unpublished J-, H-, and K-band OSIRIS spectra of
WR20a (O3If*'WN6+03If"/WN6), WR20aa (O2If*/WNS5),
and WR25 (02.5If"/WN6+0) (Rosslowe & Crowther 2015),
taken during previous nights with SOAR. From the associated
values, we constructed the EW and EW x LWHM comparative
diagrams shown in Figures 7 and 8, respectively, and based on
them, one can see that the normal O-type stars (represented by
the blue squares), in general, are well separated from the OIf*
and OIf*/WN stars. This is particularly true even when
considering the spectral lines seen in emission in all NIR
spectrograms, such as, for example, the Nm AA21160
transition (figure 7(b)). On the other hand, the separation of
the normal O-type stars from the OIf* and OIf*/WN groups is
clearly seen in all other panels of Figure 7.

In the specific case of using only the K-band to separate
normal O-type stars from the OIf* and OIf*/WN types, the best
comparative diagram to use is the one presenting the Hen x
Bry EW line measurements, as seen in figure 7(a). In fact, in
this case it is possible not only to identify the locus of normal
O-type stars, but also to separate the majority of the OIf*/WN
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Table 5
EW and NIR LW Measurements (A), for the Sources in Table 2, with the Exception of RFS10, for which we Only have Optical Data, with the Uncertainty on the Quoted Values Varying from 10%-15%

Source Pag (1) Brll (2) Hen (3) He1 (4) Br10 (5) Cv (7-8) Nv () He1 (10) N (11) Bry (12) Hen (13)

EW-LW EW-LW EW-LW EW-LW EW-LW EW-LW EW-LW EW-LW EW-LW EW-LW EW-LW
RFS1 1.3-8.8 0.85-32.5 0.62-21 0-0 1.8-25.9 1.1-54 —0.3-6.9 0-0 —0.88-19.2 em-abs 1.1-27.9
RFS2 —19.4-975 —4.2-117 2013;0 0-0 —5.6-172 0.36-21.2 —0.72-35.5 0-0 —1.4-39.8 —15.7-126.7 —2.3-44.5
RFS3 —9.8-102.5 2013;0 2013;0 0-0 —2.5-71.9 2013;0 2013;0 0-0 —2.4-49.3 —4.1-91.4 —2.2-95.2
RFS4 24-17.2 1-29.4 0.7-14.4 0.2-8.5 1.9-21.9 —0.74-16.5 2013;0 0-0 —1.6-30.2 3.1-54.2 1.2-255
RFS5 —17.7-65.5 —1.3-32.9 —0.59-31.6 0-0 -3.1-67 —0.82-26.9 —0.4-7.3 0-0 —2-252 —14.3-65 —2.5-28.5
RFS6 2.0-26.8 1-33.0 1.2-339 0.9-404 2.4-27.8 —1-24.8 2013;0 0-0 —0.73-25.2 2.5-46.2 1.7-58.9
RFS7 —15.3-105 —2.2-86.4 2013;0 0-0 —4.7-113 2013;0 —0.9-43.9 0-0 —2.8-40.4 —3.2-404 —2.3-103
RFS8 —5.4-88.7 —1.9-42 2013;0 0-0 —3.2-36.6 —5.7-128 2013;0 0-0 —7.4-83.4 3.6-114 —1.8-66.1
RFS9 4.7-26.7 0.4-25.9 0.4-15.5 1.1-22.1 0.82-25.5 —0.28-14.7 2013;0 0-0 —0.65-23.8 3.8-58 1-30
HD 93129A —5.7-99.0 —1-55 2013;0 0-0 —6.2-105 —0.3-24 —0.2-13 0-0 —1.1-57 —6.3-124 2013;0
WR20a —26.7-85.0 —2.2-65.1 —11.1-175 —12.1-87.2 —2.2-78.3 —30.5-132 —6.9-91.4
WR20aa —16.3-71.4 —2.2-57.3 —0.47-30 —5.3-54.8 —2.5-50 —18.6-129 —6.9-92
WR25 —22.5-70.0 —2.7-53.7 —4.5-87.6 —8.4-87.6 —3.4-56.8 —32.2-102.4 —12.3-87.6

1 aunf 910z ‘(ddL1) 96:€78 “TYNINO[ TVOISAHIOUISY AH],
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Table 6
EW and LW Measurements of Selected Optical Lines (A), for the Sources in Table 2, with the Uncertainty on the Quoted Values Ranging from 10%-15%

Source He 141 (1) N1 (2) He 1 (6) He 1 (10) Hen (11) Nv (12) Nv 13) N (14-1) N (14-2) Crv (15) He i (16) HG (17)

EW-LW EW-LW EW-LW EW-LW EW-LW EW-LW EW-LW EW-LW EW-LW EW-LW EW-LW Profile
RFS1 0.34-3 —0.46-4.5 0.574.4 0.06-1.02 0.71-4.1 0.23-2.1 0.18-2.5 —0.16-3.6 -0.23-3.8 —0.16-4.7 0.71-4.1 pure abs
RFS2 1.5-10.4 0.27-5.1 0.25-2.9 —7.5-20.6 P-Cygni
RFS3 0-0 —-1-7.7 0.39-6.7 0-0 0.73-5.4 0.4-6.2 0.47-8.1 —0.2-14.3 0-0 0-0 —1.46-10.7 pure abs
RFS4 0-0 0-0 0.76-5.4 0-0 0.82-4.4 0-0 0-0 0-0 0-0 0-0 0.53-5.3 pure abs
RFS5 0.3-3.3 —1.2-3.6 0.33-3.6 0.14-3.3 0.52-4.4 0.38-3.2 0.26-3.2 —0.58-5.8 —0.72-4.8 0-0 —6.6-16.5 P-Cygni
RFS6 0-0 0-0 0.69-5.3 0.32-6 0.99-6.4 0.53-5.4 pure abs
RFS7 0.12-2.1 —0.8-2.8 0.34-3.8 0-0 0.56-3.7 0.2-2.3 0.17-2.6 —0.19-2.8 —0.36-3.3 —0.28-4.8 —4.3-12.8 P-Cygni
RFS8 0-0 —0.26-1.5 0.54-6 0-0 0.4-2.8 0.21-6 0.07-1.9 —0.4-6 —1.1-10 —0.7-11.2 —-22-11.3 pure abs
RFS9 0.58-4.1 0-0 0.6-3.8 0.57-5.9 0.73-5 0-0 0-0 0-0 0-0 0-0 0.86-3.8 pure abs
RFS10 0.47-2.6 0-0 0.8-3.9 0.59-3.2 0.98-3.3 0-0 0-0 —0.41-2.9 —0.88-3.4 0-0 —1.28-44 pure abs
HD 93129A 0.28-4.7 —1.5-5.5 0.354.6 0.13-5.8 0.8-4.7 0.7-4 0.67-4.7 —0.14.2 —0.094.5 —0.09-5.4 —4.2-24 pure abs

Note. We also show the values for HD 93129A taken from the optical spectrum in Roman-Lopes et al. (2011).
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Figure 7. Observed values of EWs (A) for O (squares), OIf* (diamonds), and OIf"/WN type (triangles) stars in Table 5. As can be seen from panels (e)—(1), the use of
H- and J-band spectral line measurements can also provide a good separation of the distinct types. In fact, the combination of the Br10, Brl1, and Paj hydrogen line
measurements is particularly useful when separating the transitional OIf*/WN stars from the OIf* ones. In this sense, good results are achieved using Pag line
measurements combined with the H-band hydrogen transitions.
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Figure 8. Observed values of EW x LWHM (A) for the O (squares), OIf* (diamonds), and OIf*/WN type (triangles) stars in Table 5.

type stars from the OIf* group. This is particularly evident for
those OIf*/WN stars presenting Hen AA21890 and Bry LW
values  satisfying  simultaneously the condition EW
(Hem) < —2 A, and EW(Bry) < —12.5 A, which correspond
to a combined width of W) (Bry+He 11) ~15 A, about half of the
value suggested by Crowther & Walborn (2011) for the
criterion defining the boundary between OIf* and OIf*/WN
stars. On the other hand, as can be seen from figure 7(e)—(1), the
use of H- and J-band spectral line measurements can also
provide a good separation of the distinct types. In fact, the
combination of the Brl0, Brll, and Pag hydrogen line
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measurements is particularly useful when separating the
transitional OIf*/WN stars from the OIf* ones. In this sense,
good results are achieved using Pa( line measurements
combined with the H-band hydrogen transitions, as can be
seen in figure 7(k) for EW (Pag) x EW (Br10) and figure 7(1)
for EW (Pap) x EW (Brll).

From such diagrams one may conclude that the approximate
values defining the boundaries between OIf* and OIff/WN
stars are those corresponding to combined EWs EW,(Bry
+paf) > 18 A (figure 7(h)), EWA(Br10+paf) > 20 A (figure 7
(k)), and EW\(Brll+pag) > 16 A (figure 7(1)). Finally,
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Figure 9. EW x LWHM Paf} values for O (squares), OIf* (diamonds), and
OIf* /WN type (triangles) stars in Table 5. The results for the Pa/3 emission line
indicate that the transition boundary between OIf* and OIf*/WN stars occurs
for EW (PaB) ~ 12 A, always for spectral lines showing LWHM (Paf) values
above ~60 A.

regarding the approximate boundaries between subtypes
analogous to the criterion using the He 1 A4686 in the optical
window (Crowther & Walborn 2011), the results for the Pag
emission line are shown in Figure 9. There it is clearly seen that
the transition boundary between OIf* and OIf*/WN stars
occurs for EW (Paf) ~ 12 A, always for lines showing LWHM
(Pap) values above ~60 A.

5. CONCLUDING REMARKS

In this work we performed a search for VMS candidates
beyond the center of the massive stellar cluster NGC 3603,
which is known to be one of the most massive, dense, and rich
Galactic star-forming regions, and is believed to be a scaled
version of the R136 starburst cluster in the LMC. Based on
NIR color and magnitude selection criteria applied to the
2MASS PSC, the chosen stars were observed through a SOAR
NIR and optical spectroscopic survey, which confirmed the
existence of several massive stars in isolation in the NGC
3603 field.

From the analysis of the spectroscopic survey and related
optical-NIR photometry, our main results are:

1. Three new Galactic exemplars of the OIf*/WN type,
RFS2 (MTT58), RFS5 (WR42e), and RFS7, are
confirmed in the periphery of NGC 3603. They are very
young massive stars with probable initial masses well

16

RoMAN-LOPES, FRANCO, & SANMARTIM

above 100 M., and estimated ages of about 1 Myr. RFS5
(O3If" /WN6-135 M) appears to be a bit more massive
than RFS2 and RFS7, both with estimated initial masses
of ~115 M,,. Such results are in line with the estimated
mass of NGC 3603-C, the O3If*/WNG6 star placed in the
core of the NGC 3603, which has an estimated mass of
123-154 M and an absolute visual magnitude of
My = —7.2 (Crowther et al. 2010).

. Based on a Goodman blue-optical spectrum of RFS3

(MTT68), we may now confirm that it is indeed a highly
reddened O2If" star, the only other Galactic exemplar (in
addition to HD 93129A) known to date. Based on its
position relative to a set of theoretical isochrons in a H-R
diagram, we concluded that the new O2If* star is
probably one of the most massive (150 M.,) and luminous
(My = —17.3) O-stars in the Galaxy.

. The RFS1 blue-optical spectrum is a near clone of the

prototype of the O2v class, the BI 253 star in the LMC
(Walborn et al. 2002), which makes RFS1 the first
Galactic exemplar known to date. Based on its location
on the H-R diagram, we found that it is a star with a
probable initial mass of 80 M., and a luminosity similar
to the other O2v stars found in the LMC.

. The case of RFS8, a new Galactic O3.5If" star, is quite

intriguing. It is found well to the south of the NGC 3603
complex, in apparent isolation at a large radial angular
center distance of 29’, or equivalently, at a projected
linear distance of about 62 pc. Based on its location in the
H-R diagram and in accordance with the stellar
evolutionary models, RFS8 probably had an initial mass
of 77 M, Its derived absolute magnitude My = —6.4 is
similar to that of the other O3.5If* (Sh18) found in NGC
3603’s innermost region. The fact that a such high mass
star is found well isolated in the field led us to speculate
that it could have been expelled from the innermost parts
of the complex.

. From the spectroscopic study and associated optical and

NIR photometry, we were able to derive the values of the
total to selective extinction ratio Ry and the correspond-
ing optical to NIR color excesses E(B — V), E(J — V),
E(H — V), and E(K — V) for each star in our sample.
Our results are consistent with the anomalous interstellar
extinction law found in previous studies in the direction
of the NGC 3603 region. We found a radial dependence
on the total to selective extinction ratio, with the
associated Ry values decreasing as a function of 7. given
by Ry = 3.881 — 0.014r..

. Based on the EW and LW measurements taken from the

observed NIR spectroscopic lines, we constructed EW
and EW x LWHM comparative diagrams and found that
the normal O-type stars can easily be separated from the
OIf* and OIf/WN type stars. Also, in the particular
case of using only the K-band, it is possible not
only to separate normal O-type stars from the OIf* and
OIf*/WN types, but also to identify the majority of
the OIf*/WN type stars that present Hen AA21890 and
Bry LW values satisfying simultaneously the conditions
EWMHen) < —2A and EWBry < —12.5A, which
corre§p0nd to a combined width of W)(Bry+He )
~15 A, about half of the value suggested by Crowther
& Walborn (2011).

On the other hand, in the absence of K-band
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spectroscopic data, excellent results in the separation
process are achieved using Paf line measurements
combined with those of H-band hydrogen Brl0 and
Brll transitions. In this case the values defining the
boundaries between OIf* and OIf*/WN stars correspond
to the combined EWs satisfying EW \(Br10+pa/3) > 20 A
and EW (Brl1+pag) > 16 A.

Finally, regarding the approximate boundaries
between subtypes analogous to the criterion using the
He 1 M4686 in the optical window (Crowther & Walborn
2011), the best choice in the NIR is that using the Pag
emission line, for which we clearly see a transition
boundary between OIf* and OIf*/WN stars occurring for
EW (PaB) ~12 A and LWHM (Paf) values
above ~60 A.
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