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Massive open star clusters using the VVV survey⋆
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ABSTRACT

Context. The ESO Public Survey VISTA Variables in the Vı́a Láctea (VVV) provides deep multi-epoch infrared observations for
an unprecedented 562 sq. degrees of the Galactic bulge and adjacent regions of the disk. Nearly 150 new open clusters and cluster
candidates have been discovered in this survey.
Aims. We present the fourth article in a series of papers focussed on young and massive clusters discovered in the VVV survey. This
article is dedicated to the cluster VVV CL041, which contains a new very massive star candidate, WR 62-2.
Methods. Following the methodology presented in the first paper of theseries, wide-field, deepJHKs VVV observations, combined
with new infrared spectroscopy, are employed to constrain fundamental parameters (distance, reddening, mass, age) ofVVV CL041.
Results. We confirm that the cluster VVV CL041 is a young (less than 4 Myrs) and massive (3± 2 · 103 M⊙) cluster, and not a simple
asterism. It is located at a distance of 4.2±0.9 kpc, and its reddening isAV = 8.0±0.2 mag, which is slightly lower than the average for
the young clusters towards the centre of the Galaxy. Spectral analysis shows that the most luminous star of the cluster, of the WN8h
spectral type, is a candidate to have an initial mass larger than 100 M⊙.

Key words. Galaxy: open clusters and associations: general – open clusters and associations: individual: VVV CL041 – stars: massive
– stars: Wolf-Rayet – infrared: stars – surveys

1. Introduction

Very massive stars (VMS) have masses in the range∼ 100−
300 M⊙ (Vink & Gräfener 2012; Vink et al. 2013; Vink 2014). As
they start burning hydrogen on the ZAMS, their high luminosity
brings them close to the Eddington limit. They therefore drive
a hot and dense stellar wind and adopt a WNh, that is to say,
H-rich Wolf-Rayet (WR) star, spectral type (Martins et al. 2008;
Vink 2014). VMS are good candidates for the reionization of
the Universe, as their formation seems to be favourable at low
metallicity (Abel et al. 2002).

The current generation of VMS are usually found in and
around young massive clusters. The most massive VMS stars are
associated with the Arches (Cotera et al. 1996; Figer et al. 1999;
2002; Martins et al. 2008), R 136 (Schnurr et al. 2009; Crowther
et al. 2010), NGC 3603 (Crowther & Dessart 1998; Schnurr et

⋆ Based on observations taken within the ESO VISTA Public
Survey VVV, Programme ID 179.B-2002, and on observations with
VLT /ISAAC at ESO (programme 087.D.0341A) and Flamingos-2 at
Gemini (programme GS-2014A-Q-72).

al. 2008), and Westerlund 2 (Rauw et al. 2004; Bonanos et al.
2004) clusters. These VMS dominate dynamic, ionization, and
chemical evolution of galaxies throughout their high luminosity
and strong stellar wind. There are also half a dozen H-rich WN
stars with luminosity greater than 2.0 × 106 L⊙ (Hamann et al.
2006) that are good VMS candidates.

This work presents the discovery of a new WR star, WR 62-
2, which is also a new VMS candidate found in the core of
the young open cluster VVV CL041. This cluster is one of the
∼735 clusters discovered in the Galactic disk and bulge area
(Borissova et al. 2011; 2014; Solin et al. 2014; Barbá et al.2015)
covered by the near-infrared (NIR) VISTA Variables in the V´ıa
Láctea (VVV) survey (Minniti et al. 2010; Saito et al. 2012;
Hempel et al. 2014), one of six European Southern Observatory
(ESO) Public Surveys carried out with the new 4 m Visible and
Infrared Survey Telescope for Astronomy (VISTA).

We present the observational data in Sect. 2, determine the
VVV CL041 cluster fundamental parameters in Sect. 3, describe
our spectral analysis of the cluster’s most massive stars in
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VVV CL041

Fig. 1. JHKs false-colour images of VVV CL041. Stars labelled
with red circles were observed using near-IR spectrographs.
Yellow dashed circle indicates the angular sizes of the cluster
(see Section 3). Coordinates are given in the J2000 system.

Sect. 4, discuss the initial mass of VVV CL041 in Sect. 5, and
summarize in Sect. 6.

2. Observations

2.1. Photometry

The photometric data we used are part of the ESO Public
Survey VVV, which observes with the VISTA InfraRed CAMera
(VIRCAM) at the VISTA 4 m telescope at Paranal Observatory
(Emerson & Sutherland 2010) and reduced at CASU1 using the
VIRCAM pipeline v1.1 (Irwin et al. 2004). For a detailed de-
scription of the observing strategy, see Minniti et al. (2010).
A JHKs false-colour image of the cluster is shown in Fig. 1.
Stellar photometry was performed by employing the VVV-
SkZ pipeline’s (Mauro et al. 2012) automated software based
on ALLFRAME (Stetson 1994), optimized for VISTA point-
spread-function photometry, similar to Paper I. Extensivedetails
about the many steps required to obtain photometric measure-
ments are described in Sect. 2.2 of Moni-Bidin et al. (2011).
2MASS photometry was used for absolute flux calibration in
the J, H, andKs bands, using stars with 12.5 < J < 14.5 mag,
11.5 < H < 13 mag, and 11< Ks < 12.5 mag. For stars
brighter thanKs = 9.0 mag, we simply adopted the 2MASS
magnitudes. To calculate the completeness of our catalogue, we
created luminosity functions for the clusters in bins of 0.5Ks-
band magnitudes. For each magnitude bin, we added artificial
stars to each individual frame within certain magnitude ranges.
The relevant completeness fraction was calculated by recording
the recovered fraction of artificial stars per unit input magnitude.
We performed stellar detection with DAOphot, following a sim-
ilar approach as in the VVV-SkZpipeline. Statistical field-star
decontamination was performed as described in Paper I via the

1 http://casu.ast.cam.ac.uk/

algorithm of Bonatto & Bica (2010). The internal photometric
uncertainty in our calibration on our scale reachesσ = 0.05 mag
for the brightest (J = 9.0 mag and/or Ks = 9.0 mag) and the
faintest (J = 20.0 mag and/or Ks = 18.0 mag) stars, and reaches
σ = 0.01 mag for stars with intermediate brightness.

2.2. Spectroscopy

We collected spectra of the brightest stars within the clus-
ter’s radius using the InfraRed Spectrometer and Array Camera
(ISAAC) at the Very Large Telescope at Paranal (ESO), and
Flamingos-2 (F2) at the Gemini Observatory. These stars are
marked with orange circles in Fig. 1. The resolution power is
between 3000 and 4000. The F2 wavelength range covers theJ
andK band, while the ISAAC spectrum only covers theK band.
For optimal subtraction of the atmospheric OH emission lines,
we used nodding along the slit in an ABBA pattern, meaning
that the star was observed before (A) and after (B) a first nod
along the slit, then at position B a second time, before return-
ing to position A for a final exposure. The average signal-to-
noise ratio (S/N) per pixel ranges from 50 to 150. Bright stars of
spectral type B8 to A2 were observed as a measure of the atmo-
spheric absorption and selected to share the same airmass asthe
targeted cluster stars during the middle of their observation. All
reduction steps were executed with standardiraf2 procedures.
We extracted the F2 spectra via the Geminiiraf package.

3. The VVV CL041 cluster and its stellar content

3.1. Cluster size and profile

To determine the fundamental parameters of VVV CL041, we
follow the method described in Sect. 3 of Paper II. First, we
obtain the cluster angular size from the radial density profile
(RDP) based on our stellar catalogue. To increase the contrast
between the density of the cluster and the background level,we
exclude the stars with a (J − Ks) colour lower than 1.2 from
the catalogue, as they are more likely to be field stars. The re-
sult is presented in Fig. 3. The darker horizontal band marksthe
background level with its uncertainty. To better guide the de-
termination of the cluster’s angular size, we fit a two-parameter
King profile adapted to star counts (as in King 1966, but using
stars count instead of surface brightness). The fit,obtained using
a weighted least-squares method, and its uncertainty, are plotted
in lighter grey. The radius of the cluster, as given by the King
profile, is 0.75 arcmin, and corresponds as well to where the
RDP meets the level of the field stars. Since thecentral region of
the cluster is occupied by bright stars, which are saturatedin the
VISTA images, many fainter stars are absent from the catalogue
within the cluster. Therefore, the RDP has a large uncertainty
in the star counts. We tried to determine the central coordinates
of VVV CL041 by iteratively calculating the RDP at different
centroid coordinates. However, we obtained very similar pro-
files at centroid coordinates within a radius of 0.25 arcmin,and
could not improve the accuracy on the coordinates determined
by Borissova et al. 2011. Fortunately, our result on the angular
size of VVV CL041 varies mildly as a function of the central
coordinates.

2
iraf is distributed by the National Optical Astronomy Observatories

(NOAO), which is operated by the Association of Universities for
Research in Astronomy, Inc. (AURA) under cooperative agreement
with the U.S. National Science Foundation (NSF).
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Fig. 2. Stellar spectra within the VVV CL041 cluster. Hydrogen and helium recombination lines, as well as Civ, Nai and CO lines,
are indicated with vertical dotted lines. Star 2 was observed only in theK band at the VLT. The S/N of stars 3 and 7 spectra were
very low and we only plot a smoothed spectrum around the Brγ line.

Table 1.Parameters of spectroscopic targets.

ID R.A. Dec J ∗ H ∗ Ks
∗ Sp. Typ. E(J − Ks) E(H − Ks) AKs d

(J2000) (J2000) (mag) (mag) (mag) (mag) (mag) (mag) (kpc)

1† 14:46:23.78 -59:23:37.89 10.17‡ 9.05‡ 8.77‡ K3III 0.74 0.27 0.45 0.06
2 14:46:24.94 -59:23:27.27 10.29‡ 9.32‡ 8.95‡ O7V/III 1.55 0.47 0.93 2.91
3 14:46:25.25 -59:23:12.45 11.40 10.41 9.99 O7V/III 1.62 0.52 0.97 4.61
4 14:46:25.25 -59:23:16.04 11.78 10.80 10.41 B
5 14:46:25.63 -59:23:30.37 11.18 10.20 9.86 O6-7V/III 1.53 0.44 0.92 4.88
6 14:46:25.77 -59:23:35.66 10.62 9.73 9.27 O4-5V/III 1.56 0.56 0.94 4.23
7 14:46:26.01 -59:23:48.28 13.21 12.39 11.96 B
8+ 14:46:26.41 -59:23:28.83 8.41‡ 7.42‡ 6.87‡ WN8-9h

Notes. Columns include the name of the star, its position (R.A. and Dec), J, H, and Ks photometry (in mag), spectral type,E(J − Ks) and
E(H − Ks) colour excesses (in mag), extinction (AKs), and distance (d), respectively. The final column provides our diagnostic with regards to
cluster membership (or otherwise).
∗ Typical error is 0.01 mag.
† Star 1 is likely a foreground star and not a member of the cluster.
‡ Magnitudes adopted from 2MASS.
+ Also named WR 62-2.

3.2. Spectral classification and cluster membership

We observed the spectrum of a total of eight stars within the an-
gular radius of VVV CL041. The spectra are presented in Fig. 2
and the estimated spectral types and luminosity class of allspec-
tral targets are listed in Table 1.

The spectrum of star 1 shows features characteristic of a
late-type star. To classify this star, we used the NASA Infrared
Telescope Facility (IRTF) spectral library (Rayner et al. 2009).
Its 12CO (6,3), (2,0), and (3,1) bands are clear, and similar in
depth to those of K3 III stars (for example, the K3 III HD 178208
and HD 221246 or K3.5 III HD 114960). The profile of the MgI
1.577 and 1.711µm lines of star 1 also corresponds to what is
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Table 2.Stellar parameters derived from CMFGEN models.

ID Sp. Typ. logL/L⊙ Te f f logg v∞ logṀ He/H C/H N/H O/H
(kK) cm s−2 (km s−1) M⊙ yr−1 [10−4] [10−4] [10−4]

2 O7V/III 5.75 40 3.9 2000 -6.35 0.1 0.8 1.4 8.5
3 O7V/III 5.35 40 3.9 2000 -6.69 - 0.8 4.0 8.57
5 O6-7V/III 5.38 40 3.9 2000 -7.30 - 4.0 1.20 8.67
6 O4-5V/III 5.70 42.5 3.9 2000 -7.30 - 4.0 4.5 8.67
8+ WN8-9h 6.37 34 - 1000 -5.00 0.1 0.8 9.0 -

Notes.Columns include the name of the star, its luminosity, temperature, gravity, terminal velocity, mass loss and He, C, N, and O abundances.
Theβ value for the wind velocity law was fixed to 1 and filling factorf to 0.1.
+ Also named WR 62-2.

Fig. 3. Radial density profile of VVV CL041. The darker hor-
izontal band represents the background level (the width is de-
termined by the uncertainty on the value) and King profiles are
given with uncertainties in light grey.

found in early K-giants. We therefore classify star 1 as K3 III.
Star 1 is the only one of the eight observed stars that does
not show the diffuse interstellar band at 1.527µm observed in
the spectra of stars in the Galactic centre (Geballe et al. 2011).
Therefore it is probably a foreground cool star and not a member
of the VVV CL041 cluster.

The spectroscopic classification of the seven other stars
relied on comparison with catalogues of infrared spectra of
massive stars. For O stars, the compilation of Hanson et al.
1996, 2005 was used. For the most evolved object of the sample
(star 8), the catalogues of Morris et al. 1996; Figer et al. 1997
contained the reference spectra.

Star 4 and 7 have a poor signal-to-noise ratio and show only
hydrogen Brackett absorption lines. Since theirK-band magni-
tudes are significantly larger than those of the other stars,they
are likely B-type stars. A better classification is not possible
given the data.

Stars 2, 3, 5, and 6 show features typical of O-type stars.
Heii lines are clearly detected (1.693µm and 2.189µm). This

indicates a spectral type earlier than O9.5. For stars 2, 3, and 5,
the presence of an absorption component (due to Hei) in the
line complex between 2.112µm and 2.115µm (made of Hei,
C iii, N iii and Oiii) excludes spectral types earlier than O5. The
morphology of Brγ argues against a supergiant luminosity class,
since the line is seen as a relatively broad absorption feature. In
early normal supergiants (i.e. excluding LBV and Of stars),Br γ
is in emission, while in late-type supergiants it shows a narrow
absorption profile next to which Hei 2.161 is clearly seen. This
is not the case for stars 2, 3, 5, and 6, which are thus dwarfs or
giants with spectral type O5.5 to O9 (star 2, 3, 5) or earlier (star
6).

The spectral classification can be refined for each O-type star
as follows:

– star 2: Heii 2.189 is weak compared to Brγ. In addition,
the Civ features between 2.07 and 2.08µm display a weak
emission. These kinds of characteristics are best seen in O7
dwarfs or giants. Civ lines are not seen in later spectral types
while Heii 2.189 and the Civ lines are stronger in O5-O6
stars. We thus assign a spectral O7V/III to star 2.

– star 3: the same spectroscopic characteristics as star 2 are
observed. Heii 1.693 is present in the H-band spectrum, with
a weaker intensity than Br 11 and Hei 1.700. This is also
consistent with a classification as O7V/III.

– star 5: the spectrum is similar to that of stars 2 and 3 with the
exception that the Heii and Civ lines are slightly stronger.
The 2.11 line complex still shows an absorption component.
Thus, a spectral type O6-7V/III is preferred.

– star 6: there is no absorption component at 2.11µm. The Civ
lines are stronger than in stars 2, 3, and 5. Heii 1.693 is as
strong as Hei 1.700. This is typical of early O stars (see Fig.
2 of Hanson et al. 2005). Consequently, we attribute a spec-
tral type O4-5V/III to star 6.

Star 8 is the brightest of the cluster’s members. Its spec-
trum shows strong emission lines in the Brackett series. Civ and
N iii lines are clearly detected (especially the Niii doublet around
2.24µm). Strong emission lines are typical of Wolf-Rayet stars.
The presence of Brackett lines indicates that hydrogen is still
present in large amounts. Heii lines are visible but rather weak
compared to Brγ. This is typical of late-type WN stars (see Figs.
2 and 3 of Figer et al. 1997). Carbon lines are narrow and weak,
confirming that it is not a WC. We thus assign a spectral type
WN8-9h to star 8.

3.3. Distance and total mass

Combining the spectroscopic classification and the IR photom-
etry, we can directly evaluate the cluster’s extinction, distance,
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and applicable reddening law. IntrinsicJHKs colours and ab-
solute magnitudes were adoptedfrom the work of Martins et al.
2006 for O stars. Given the uncertainty in the luminosity class,
we used the averaged value of Mk between dwarfs and giants.
Dust extinction atKs was evaluated usingAKs = C1 × E(J −
Ks),where C1=0.6. As a result of the relatively low extinction,
the obtained results are independent of the actual uncertainty
in the adopted coefficient C1. This coefficient may range from
0.66 to 0.42 (e.g. Messineo et al. 2005 and Wright et al. 2015).
The distance moduli follow:µ0 = Ks − MKs − AKs. The standard
deviation and standard error were computed. Using stars 2, 3,
5, and 6, we obtain average values ofAKs = 0.94± 0.02 mag
(AV = 8.0± 0.2 mag) and a distanced = 4.2± 0.9 kpc. The ratio
E(J − H)/E(H − Ks) = 2.17± 0.30 is in good agreement with
the values for the inner Galaxy listed in Table 1 of Straiẑys&
Lazauskaitè 2008.

To estimate the age of VVV CL041, we fit the observed
colour-magnitude diagrams (see Fig. 4) with the non-rotating
Geneva isochrones (Ekström et al. 2012), combined with PMS
isochrones (Seiss et al. 2000). A solar metallicity is assumed.
The PMS isochrones suggest an age lower than 5 Myrs and
closer to 1 Myr. The most massive stars suggest an age between
1 and 5 Myrs. The absence of evolved massive stars (WN and
WC stars, red supergiants) is consistent with a relatively young
age.

To estimate the total mass of VVV CL041, we integrate a
Kroupa IMF to the cluster present mass function. To obtain the
mass function, we project every star from the cluster’s decon-
taminated CMD, following the reddening vector (defined by the
Rieke et al. 1989) extinction law with R= 3.09), to a theoret-
ical main sequence located atd = 4.2± 0.9 kpc. This main se-
quence is defined by the magnitudes and colours from Martins et
al. (2005) and Cox (2000), and is expressed analytically through
two lines, one from O5 V to A0 V and the second from A0 V to
M0 V. This Ks magnitude bins in the histogram are converted to
mass bins with the values given by Cox (2000), finally obtaining
the mass function. For magnitudes that were in between values
from the catalogue, we interpolated between the two closestval-
ues. There seems to be a small deficit of stars with masses be-
tween 4 and 10.5 M⊙, however, our photometric catalogue may
not be complete in these mass bins, since the cluster has many
saturated stars. The photometry of the saturated stars themselves
is recuperated from the 2MASS catalogue, but it is still im-
possible to detect any fainter source within their seeing patch.
Nevertheless, this would have little effect on the determination
of the mass function slope, therefore, on the total estimated cur-
rent mass.

We integrate the mass function, shown in Fig. 5, in the range
0.10 to 63 M⊙ (equivalent tolog(M) = −1.0 dex to 1.8 dex), es-
timating an observed mass of 3.1 ·103 M⊙. The formal statistical
error on this measurement is 0.6 · 103 M⊙. This statistical error
considers the uncertainties associated with the IMF fittingand
distance estimate3,but it does not take into account the errors
from other systematic effects, such as uncertainty in member-
ship or effects of binary. Since this kind of approach is rarely
more accurate than a factor 2 (e.g. Figure 4 in Kuhn et al 2015),
we adopt a total estimate mass of (3± 2) · 103 M⊙.

3 The average uncertainty was estimated using the Java appletavail-
able in http://www.slac.stanford.edu/∼barlow/statistics.html (Barlow
2004)

0.2 Myrs

1.0 Myrs

5.0 Myrs

10. Myrs

1.0 Myrs

5.0 Myrs

Fig. 4. (J − Ks) vs. Ks colour magnitude diagram for
VVV CL041. Spectroscopic targets are labelled with red cir-
cles. The PMS isochrones (Seiss et al. 2000) are shown in light
blue (0.2 Myr), dark blue (1.0 Myr), orange (5.0 Myrs), and red
(10 Myrs), while the two upper and lower limits of fitted MS
isochrones (Ekström et al. 2012) are shown in light and dark
green.

4. Spectroscopic analysis of the cluster’s most
massive stars

We used the code CMFGEN (Hillier & Miller 1998) to perform
a spectroscopic analysis and determine the main stellar param-
eters of the O and WNh stars. The code CMFGEN computes
non-LTE models including winds and line blanketing. A detailed
description of the code is presented in Hillier & Miller 1998.
We used the ionization balance method to constrain the effec-
tive temperature, relying on Heii 1.693µm, Hei 1.700µm, and
Heii 2.189µm lines. The Hei 2.112µm and Hei 2.161µm lines
were used as secondary indicators. Surface gravity was adopted
according to the spectral type. When possible, mass loss rate was
constrained from the strength of emission lines. Surface abun-
dances of He, C, N, and O could be obtained for a few targets.

For stars 2, 3, 5, and 6, we found that effective temperatures
in the range 40000 to 42500 K (uncertainty∼ 2000 K) provided
a good fit to the Hei and Heii lines. The surface gravity (log
g) was adopted from the calibration of Martins et al. (2005) for
O4 to O7 dwarfs/giants. We found Brγ to be somewhat broader

5
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16 14 12 10 8

Fig. 5. Present day mass function of VVV CL041. The least-
squares fitted slope is shown as a red dashed line.

than predicted by our models with this log g for reasons that are
not presently clear. This difference may be due to uncertainties
in the telluric correction process, or to unconstrained properties
of the stellar wind (such as mass loss rate and terminal velocity)
also affecting the line strength/shape. We studied the CNO abun-
dances using the Ciii features between 2.06 and 2.08µm and the
2.11µm line complex. Some of our results give abundances that
are non-solar. Considering the low S/N of our data, however, we
prefer to wait for spectra of better quality before discussing CNO
abundances of the O stars.

For star 8, we found that Teff=34 000 K provided the best
fit (with an uncertainty of about 2 000 K). This translates into
a luminosity equal to 106.37±0.20 L⊙. Surface gravity is usually
determined from the wings of hydrogen lines. In the case of
star 8, emission due to the strong stellar wind completely blurs
the photospheric signature of gravity. Hence, we simply adopted
logg = 3.5 as typical of this type of star (see e.g. Martins et
al. 2008). Using the hydrogen emission lines, we constrained
the mass loss rate to be of the order 1.5 × 10−5 M⊙/yr. This
assumes a terminal velocity of 1400 km s−1 and a volume fill-
ing factor of 0.1 to account for clumping. The carbon and nitro-
gen surface abundance were determined from Civ 2.070-2.080-
2.084µm and Niii 2.246-2.251µm. The absence of prominent
carbon lines placed an upper limit on C/H of 1.0×10−4. The Niii
lines were best fitted with N/H = 8±2× 10−4. The high value of
N/C indicates that the star is evolved and shows the products of
CNO burning at its surface. Indeed, for non-enriched O dwarves,
N/H takes solar values (Martins et al. 2015), that is to say, 0.24
(Grevesse et al. 2010). For O supergiants, N/C = 1–10, and for
WNh, N/C = 3– 100 (Martins et al. 2008). At the same time,
the relative strength of Brγ and Hei 2.161µm did not indicate
a He/H ration higher than 0.1, showing that star 8 is still in the
early phase of its evolution. The surface abundances are very
similar to all late-type WNh stars analysed so far (Martins et al.
2008; Crowther et al. 2010; Bestenlehner et al. 2013). The re-
sulting fit over our F2 observations is plotted in Fig. 2.

Our results are summarized in Table 2 and Fig. 6. In the lat-
ter, we compare our data points with various models of evo-
lutionaty tracks and isochrones. In the top panel, we use the
tracks from Ekström et al. (2012). However, we preferred not
to use these tracks with rotation, since they do not seem to re-
produce the properties of Galactic massive stars (e.g. Leitherer
et al. 2014; Martins & Palacios 2013). In the bottom panel, we
use the tracks from Chieffi & Limongi (2013) and show both
models with and without rotation. The results do not depend sig-
nificantly on the rotation or on the choice of the model. They are
compatible with a young cluster with an age lower than 4 Myrs.
We do not plot the supergiant parts of the tracks for stars be-
low 80 M⊙, since the stellar properties of the O stars better cor-
respond to a III to V luminosity class. Their initial masses are
between 25 and 80 M⊙ (when considering error bars). Star 8, the
most luminous star, is likely a VMS still burning hydrogen in
its core. Its initial mass is higher than 80 M⊙ (and likely above
100 M⊙). Of course, if Star 8 is a binary system, each compo-
nent would have masses lower than 100 M⊙, possible around 70–
80 M⊙. All stars are consistent with a burst of star formation 1
to 4 Myrs ago, making VVV CL041 one of the youngest known
massive clusters. This cluster appears to be an object very similar
to the Arches cluster in the Galactic centre, albeit with a lower
mass and thus a smaller number of massive stars. The popula-
tion of both clusters is made of O stars on the main sequence as
well as massive and luminous objects that look like WR stars,
but are still in the core hydrogen burning phase (see Martinset
al. 2008).

5. The initial mass of VVV CL041

VVV CL41 is less massive that the massive clusters usually as-
sociated with VMS. To study whether a moderately massive
cluster can producestars more massive than 80 M⊙, we simu-
lated the mass function of 1000 clusters usingMcluster (Küpper
et al. 2011). We generated unevolved clusters, populated toa
given total cluster mass limit with stars randomly picked from
customized mass function. We explored two different models,
leading to two different formation and evolution scenarios for
VVV CL041.

For our first set of simulations, we used the default param-
eters forMcluster. We assume a half-mass radius of 0.8 pc, a
Plummer density distribution, and an upper stellar mass limit of
100 M⊙ for VVV CL041-8 (WR 62-2). We also assume that the
cluster is located in a Milky-Way tidal field with LSR values,
that none of the star members are binaries, and that a canoni-
cal Kroupa IMF (Kroupa 2001) can be used. The simulations
show that in 35.5% of the cases, the clusters with the mass of
VVV CL041 can form one star more massive than 80 M⊙. Also,
in 7.5% of the cases, the clusters can form two or three stars
more massive than this limit.

On the second set of simulations, we modified Kroupa’s IMF
with an optimal sampling for our population synthesis, thatis to
say, following the(the most massive star) / (cluster total mass)
relation of Weidner & Kroupa (2006). For all simulations, the
clusters fail to form any star more massive than 60M⊙. This
is to be expected when the optimal sampling constraint is im-
posed to the IMF, since the 3rd-order polynomial fit presented
by Weidner et al. 2013 indicates that the most massive star to
be formed in a cluster as massive as VVV CL041 cannot exceed
44±18 M⊙. VVV CL041 is very young (less than 4 Myr old), but
the question is whether it had already time to lose mass afterit
was formed.
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Fig. 6. HR diagram with O stars shown with squares and WNh
stars with a star.Both the evolutionary tracks (in colour) and the
isochrones (in black) are overplotted. The ZAMS is plotted with
a thicker line. In thetop panel, the tracks are taken from the
models of Ekström et al. 2012 without rotation. In thebottom
panel, both the models with (dashed lines) and without (solid
lines) rotation from Chieffi & Limongi 2013 are plotted. The er-
ror bar in log(T∗) and log(L/L⊙) is shown on the bottom left. Our
determined cluster age and stars properties are not significantly
affected by the choice of rotation speed or model.

Interestingly, mid-infrared (MIR) imaging shows that the
cluster contains a small amount of dust (see the 24µm image
shown in red in Fig. 7). The dynamic of the ISM in this region
seems complex, but it could not be excluded that the massive
stars from the clusters have carved a hole in the dust with their
strong stellar winds. There is an 8µm emission (usually associ-
ated with PAH molecules), which seems to run across the cluster
as if it was an outflow coming from the massive stars in the core
(see the green image in Fig. 7). On the other hand, it remains to
be checked whether that structure is associated with the cluster.
This could be accomplished with spectroscopy via investigating
whether the MIR bands vary with the distance from the cluster,
which would indicate that the gas is affected by stellar radiation.
Until these observations are obtained, it cannot be excluded that
VVV CL041 is simply located in hole in the ISM. The redden-
ing determine for VVV CL041 is relatively low compared to the
other massive clusters towards the Galactic centre.

Our estimated lower mass limit for VVV CL041 is not
strongly affected by the completeness of our photometric cata-
logue (see Section 3.3). Therefore, assuming Weidner & Kroupa

(2006) relation, if VVV CL041-8 (WR 62-2) has a mass of 80
M⊙, its cluster has already lost a minimum of about 2.5 · 104M⊙.

Therefore, we conclude that depending on whether the(the
most massive star) / (cluster total mass) relation from Weidner
& Kroupa (2006) applies or not, VVV CL041 is either a mod-
erately massive cluster, which could form a star as massive as
VVV CL041 (WR 62-2), or it used to be at least ten times more
massive, and has already had time to dissipate significantly.

Fig. 7. Three-colourKs (blue), GLIMPSE 8µm (green), and
MIPS 24µm (red) images of the region around VVV CL041.
Blue lines are showing the 90, 170, and 250 MJy/sr contours in
the MIPS image. The cluster is indicated with a yellow dashed
circle.

6. Summary

We have presented spectroscopic data of the brightest starsin
the field of view of the cluster VVV CL041. Spectral classifica-
tion has shown the presence of four O stars and a WNh object.
The presence of many massive stars in a fairly compact area
is a good indication that VVV CL041 is a real cluster, and not
a simple asterism. The colour-magnitude diagram indicatesan
age of∼1-4 Myrs. A spectroscopic analysis of the most massive
stars with atmosphere models confirms that the cluster is young,
and its reddening isAV = 8.0 ± 0.2 mag. It contains very lit-
tle dust and does not show sign of differential reddening. The
cluster is located at a distance of 4.2± 0.9 kpc from us, towards
the Galactic centre, and its current total mass is estimatedto be
(3±2)·103 M⊙. VVV CL041 is thus a young massive cluster simi-
lar to the Arches cluster in the Galactic centre, albeit witha lower
total mass. The brightest star of the cluster, object VVV CL041
– WR 62-2, is one of the most luminous stars known to date and
a candidate for having an initial mass larger than 100 M⊙.
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Chené et al.: A very massive star candidate in the VVV CL041 cluster

the Agence Nationale de la Recherche for financial support (grant ANR-11-
JS56-0007). AH is supported by the grant 14-02385S from Grantov/’a agentura
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