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ABSTRACT

We present the spectroscopic analysis of 333 OB-type stars extracted from VLT-MUSE observations of the central 30× 30 pc of
NGC 2070 in the Tarantula Nebula on the Large Magellanic Cloud, the majority of which are analysed for the first time. The distri-
bution of stars in the spectroscopic Hertzsprung-Russell diagram (sHRD) shows 281 stars in the main sequence. We find two groups
in the main sequence, with estimated ages of 2.1± 0.8 and 6.2± 2 Myr. A subgroup of 52 stars is apparently beyond the main se-
quence phase, which we consider to be due to emission-type objects and/or significant nebular contamination affecting the analysis.
As in previous studies, stellar masses derived from the sHRD are systematically larger than those obtained from the conventional
HRD, with the differences being largest for the most massive stars. Additionally, we do not find any trend between the estimated
projected rotational velocity and evolution in the sHRD. The projected rotational velocity distribution presents a tail of fast rotators
that resembles findings in the wider population of 30 Doradus. We use published spectral types to calibrate the He i λ4921/He ii λ5411
equivalent-width ratio as a classification diagnostic for early-type main sequence stars when the classical blue-visible region is not
observed. Our model-atmosphere analyses demonstrate that the resulting calibration is well correlated with effective temperature.
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1. Introduction

Massive stars are thought to drive the chemical and
dynamical evolution of galaxies (Ceverino & Klypin 2009;
Kennicutt & Evans 2012). They are also thought to be strong
candidates for the re-ionisation of the early Universe (e.g.,
Robertson et al. 2010). However, the formation and evolution
of stars more massive than 10 M� still hold many unanswered
questions (Langer 2012). These uncertainties quickly grow as
we move up to higher masses in the Hertzsprung-Russell dia-
gram (HRD), particularly for the most massive stars (with
M > 100 M�) and beyond the hydrogen core-burning phase
(Vink et al. 2015).

The HRD is a powerful tool for investigating the evolu-
tion of massive stars, particularly the influence that factors
such as mass, rotation, metallicity, magnetic fields, and bina-
rity have on their main sequence lifetimes, later evolutionary
phases, and ultimate fates (e.g., Shu & Lubow 1981; Maeder

? Table 2 is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/648/A65
?? Based on observations made with ESO telescopes at the Paranal
observatory under programme ID 60.A-9351(A).

1987; Maeder & Meynet 2000; de Mink et al. 2014). Disentan-
gling the respective roles of these factors to chart the various
evolutionary paths requires homogeneous, statistically robust
studies of the physical properties of populations of massive stars.

Historically, photometric studies were the sole route for
investigating large stellar samples (e.g., Fitzpatrick & Garmany
1990; Massey 2002), but the degeneracy of the optical
colours to derive the effective temperatures (Teff) of OB-type
stars (Hummer et al. 1988) from such an approach limits
any insight into stellar evolution (Larsen et al. 2011). More
recently, spectroscopic surveys have transformed the field,
enabling observations of large samples for a detailed quanti-
tative study in the Milky Way (e.g., Simón-Díaz et al. 2017;
Martins et al. 2017), the Magellanic Clouds (e.g., Evans et al.
2004, 2011; Massey et al. 2004; Ramachandran et al. 2018,
2019; Dufton et al. 2019), and in nearby star-forming galaxies in
the Local Group (e.g., Urbaneja et al. 2003; Castro et al. 2012).

Based on this wealth of spectroscopic data, the spectroscopic
HRD (sHRD; L ≡T 4

eff
/g; Langer & Kudritzki 2014) can pro-

vide insights into stellar evolution (see also Castro et al. 2014).
The sHRD, which is the inverse of the flux-weighted gravity
introduced by Kudritzki et al. (2003), does not require knowl-
edge of the extinction or distance to the targets and can be
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calculated from the stellar analyses. In contrast to the classi-
cal Kiel diagram (Teff− log g), the sHRD sorts stars according
to their proximity to the Eddington limit. Castro et al. (2014,
2018a) proposed empirical anchors for the stellar evolution of
massive stars in the Milky Way and the Small Magellanic Cloud
(SMC) based on the sHRD, such as the position of the zero age
main sequence (ZAMS) and the terminal age main sequence
(TAMS). These provide robust targets for theories of massive-
star evolution, including constraints on parameters such as rota-
tion, convective overshooting, and metallicity (Brott et al. 2011;
Ekström et al. 2012; Sanyal et al. 2017; Higgins & Vink 2019).
In this study, we extend this approach to the massive-star popu-
lation of the Large Magellanic Cloud (LMC), which has an inter-
mediate metallicity (Z/Z� = 0.5) between that of the Milky Way
and the SMC.

Although conceptually designed as a cosmology machine,
the Multi-Unit Spectroscopic Explorer (MUSE; Bacon et al.
2014) on the Very Large Telescope (VLT) presents exciting
capabilities for the spectroscopy of stellar populations (see
the review by Roth et al. 2019) and a leap forward from pio-
neering studies based on 3D spectroscopy (e.g., Kamann et al.
2013). This unique integral field spectrograph with a large
field-of-view (1′ × 1′), excellent image quality, and high effi-
ciency enables a novel approach to studying populations of
massive stars, somewhere in between traditional photometric
and multi-object spectroscopic surveys. MUSE also overcomes
selection biases caused by extinction. Internal extinction may
be significant within star-forming galaxies, and O stars may be
missed in surveys where targets were selected based on opti-
cal colours only (e.g., Garcia et al. 2019). MUSE capabilities
in the analysis of young stellar populations have been explored
in recent years in nearby clusters (e.g., Weilbacher et al. 2015;
Zeidler et al. 2018), the Magellanic Clouds (e.g., McLeod et al.
2019; Bodensteiner et al. 2020), and, even farther away in
galaxies outside the Local Group (e.g., NGC 300 and Leo P;
Roth et al. 2018; Evans et al. 2019).

The Tarantula Nebula in the LMC is the most luminous
star-forming complex in the Local Group (Kennicutt 1984;
Crowther 2019). The inner part of the Tarantula, NGC 2070,
hosts a well-known rich population of OB-type and Wolf-Rayet
(W-R) stars (e.g., Melnick 1985; Selman et al. 1999; Evans et al.
2011). Moreover, in the core of NGC 2070 lies the young mas-
sive cluster R136, home to the most massive stars known to date
(Crowther et al. 2010; Bestenlehner et al. 2020).

To test the unique capabilities of MUSE, NGC 2070 was
observed as part of its Science Verification (SV) programme.
The SV observations have provided the most complete spectro-
scopic census of the region to date (Castro et al. 2018b, hereafter
Paper I). Here we apply a similar approach to that of Castro et al.
(2014, 2018a) to the MUSE data to investigate massive-star evo-
lution at the metallicity of the LMC (and notably in a young
region that is still undergoing active star formation). A big
advantage of NGC 2070 compared to the samples in the Milky
Way and the SMC (Castro et al. 2014, 2018a) is that it is a more
homogeneous population in terms of age, facilitating the study
of the properties of the most massive stars. Large and homo-
geneous studies are crucial to reducing the biases outlined by
Castro et al. (2014) and providing reliable empirical boundaries
for theoretical models of stellar evolution.

This article is structured as follows. Section 2 briefly intro-
duces the data and the sample for quantitative analysis. Section 3
describes the methods used to estimate physical parameters
and to classify the spectra. Section 4 introduces the sHRD
for NGC 2070, and Sect. 5 discusses the ages, masses, and

Fig. 1. Spatial distribution of the sample stars (open red circles) overlaid
on the continuum-integrated 2′ × 2 ′ MUSE mosaic in NGC 2070 (see
Paper I). The core of the cluster, R136, is marked.

rotation rates of the sample. We summarise our findings in
Sect. 6.

2. Data and sample selection

The central 2′ × 2′ of NGC 2070 was observed with a mosaic of
four MUSE pointings as part of the SV programme in August
2014. The data were obtained with the natural seeing mode
(with spatial sampling of 0′′.2 on the sky) and using the extended
wavelength coverage, providing spectra over 4595−9365 Å, at a
resolving power of R∼ 3000 around Hα.

The observations, data reduction, and a comprehensive cata-
logue of early-type stars in the MUSE mosaic were presented
in Paper I. For the quantitative analysis presented here, we
used spectra extracted from the 4× 600 s exposures and limited
our census to OB-type spectra with signal-to-noise ratios (S/N)
greater than 50. This enabled a robust study of their physical
properties from comparison with synthetic spectra from model
atmospheres.

We excluded stars with Teff < 10 000 K as well as W-R stars
(and related stars) with He ii λ5411 in emission. Such objects
are not covered by our current grid of models (see Sect. 3) and
will be analysed in the future with the appropriate tools. In total,
we considered 333 OB-type spectra with S/N > 50. Their spatial
distribution in the MUSE mosaic is shown in Fig. 1, and their
positions are listed in Table 2 (available at the CDS).

Each spectrum was visually examined to discard compos-
ite spectra due to project or unresolved stars or binaries. Never-
theless, unresolved components contributing to the spectra must
be kept in mind in the conclusions. The R136 cluster at the
core of NGC 2070 is unresolved and is not included in this
study (Fig. 1). A parallel project using the narrow-field mode
(Leibundgut et al. 2019) of MUSE to study R136 with superior
spatial resolution is ongoing.

3. Spectral analysis

The MUSE wavelength range does not include the tradi-
tional diagnostic features (e.g., He i λ4471, He ii λ4542, and
Si iii λ4552) used in the spectral classification and quantitative
analysis of OB-type stars (e.g., Walborn & Fitzpatrick 1990).
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Nevertheless, the MUSE range includes lines from both He i
(λλ4713, 4921, 5876, 6678) and He ii (λλ5411, 6683), which
can be used to constrain stellar parameters (Crowther et al. 2017
and Paper I). Both Hα and Hβ are included in the MUSE spec-
tra, but in a region as young as NGC 2070, these are generally
contaminated by strong nebular emission from the surrounding
excited gas.

Our sample was analysed using a grid of hydrogen and
helium (HHe) fastwind models (Santolaya-Rey et al. 1997;
Puls et al. 2005; Rivero González et al. 2012). fastwind cal-
culates the atmosphere and line formation in spherical sym-
metry, with an explicit treatment of the stellar wind and
taking into account non-local thermodynamic equilibrium.
The analysis used a grid similar to the one described by
Castro et al. (2018a) but now calculated with the LMC metal-
licity (i.e. Z/Z� = 0.5). The grid temperatures and gravi-
ties range from 9000<Teff < 67 000 K (in steps of 1000 K) and
0.8< log g< 5.0 dex (in steps of 0.1 dex). The grid was built with
a low wind strength parameter, log Q = −14 (Puls et al. 1996,
2000). In the upper part of the HRD, stronger stellar winds are
expected to affect lines such as HeII λ4686; however, this line
is not included in the analysis. Helium abundances (YHe) were
set to 0.09. Castro et al. (2018a) tested different surface helium
abundances and concluded that it was not possible to constrain
the He abundance with the modest spectral resolution.

The analysis used a similar χ2 algorithm to the one used by
Castro et al. (2012, 2018a). The algorithm simultaneously fits
the available He lines and, where possible, the wings of the Hβ
profile for each star and searches for the set of parameters that
best reproduces the observations (see also Urbaneja et al. 2005;
Evans et al. 2007). Hβ is included to try to constrain the surface
gravity, but we note that it is influenced in many instances by the
strong nebular contribution and/or strong stellar wings for the
most massive stars (Castro et al. 2018a). Comparisons with pre-
vious studies in the LMC (see Sect. 3.1) reinforce the fact that
the reader should be cautious of the quoted gravities, but they
serve as a first estimate to investigate the overall sHRD of the
region.

Projected rotational velocities (v sin i) were estimated by fit-
ting the He lines with the fastwind model from the first iter-
ation of the fitting algorithm, where the model is broadened
assuming only contributions from stellar rotation and the instru-
mental resolution. The atmospheric analysis was then repeated
with the new v sin i estimate until convergence. Macroturbulence
is expected to be an important additional broadening factor in
some stars in the upper part of the sHRD (see Grassitelli et al.
2016; Simón-Díaz et al. 2017). However, given the limitations
of the modest spectral resolution, we do not include this in our
analysis, with the result that some of the quoted v sin i values
may be overestimated.

The ionisation balance of He ii/He i is used to estimate Teff

for spectra where both species are available. However, in the
earliest O-type stars, we lack suitable He i lines, and He ii is
absent for all but the earliest B-types. For these parts of the
sample, our analysis rests on the accuracy of the HHe mod-
els, and some degeneracy is to be expected (and is indirectly
included in the estimated errors from the algorithm; see Sect. 3
of Castro et al. 2018a). Nebular contamination in the helium
lines may be expected after the sky subtraction, also affecting
the effective temperatures derived in our analysis. The accuracy
of the temperatures from our pure HHe analysis is discussed in
the next sections (see also the discussion in Castro et al. 2018a).
The parameters derived from this work are summarised in
Table 2.

3.1. Comparisons with VLT-FLAMES Tarantula Survey

We cross-matched our sample with stars observed as part of
the VLT-FLAMES Tarantula Survey (VFTS; Evans et al. 2011).
Excluding stars with log Teff [K]< 4.3 from our analysis (identi-
fied as possible emission-line stars with unreliable temperatures
from our approach; see Sect. 4.2), there are 42 stars in common.

Table 1 compares our results with those obtained from
the relevant VFTS studies (Sabín-Sanjulián et al. 2014,
2017; McEvoy et al. 2015; Ramírez-Agudelo et al. 2017;
Garland et al. 2017; Schneider et al. 2018a). The VFTS stellar
parameters were also determined using standard techniques and
the fastwind stellar atmosphere code1. Within the uncertain-
ties, there is reasonably good agreement between the estimated
temperatures (Fig. 2), albeit with some significant outliers at
the highest values. We find a good match, with some outliers,
between the luminosities estimated in this work (see Sect. 5.2)
and VFTS results as well.

However, there is a large scatter between the estimated sur-
face gravities (Fig. 2), with the MUSE estimates systematically
∼0.3 dex lower than those from the VFTS results. This spread
in estimated gravities is not unexpected given the limited diag-
nostics available and the strong contamination by nebular emis-
sion. Figure 3 compares the spectra of three stars whose MUSE
and VFTS analyses differ significantly and which have strong
nebular contamination. MUSE 1297 (VFTS 493) shows a
remarkably large discrepancy in the gravity (∼1 dex, Table 1)
compared to previous VFTS analyses. However, our algo-
rithm also provides large errors, highlighting the limitations of
modelling this O8−9 dwarf. An over-normalisation of the Hβ
continuum, due to the spectral resolution and strong nebular con-
tamination, could be behind the discrepancy. We analysed the
three VFTS stars in Fig. 3 using the grid described in this work
and the blue wavelengths available in the VFTS spectra, that
is, including the ∼4000−5000 Å region not covered by MUSE.
We got larger gravities, drastically reducing the large differences
in these three stars (see Table 1) by ∼0.4 dex. Additional spec-
troscopic anchors observed both at MUSE and at bluer optical
wavelengths are critical for better constraining the gravity and
reducing the errors. This should be borne in mind during the dis-
cussion of the sHRD (Sect. 4) and the mass discrepancies dis-
cussed in Sect. 5.2.

3.2. Spectral classification of MUSE spectra

We used a sample of stars available in both the MUSE data
and the VFTS to investigate the use of the He i λ4921 and
He ii λ5411 lines for spectral classification. If these are seen to
compare well with the classical criteria at shorter wavelengths,
they could enable the classification of massive stars observed in
other MUSE programmes (see also Bodensteiner et al. 2020).

Given the resolution of the MUSE data, we approached
these measured equivalent widths (rather than line-intensity
ratios) by comparing them to the spectral classifications from
the VFTS (Walborn et al. 2014; Evans et al. 2015). The relation-
ship between equivalent width and spectral type is luminosity-
class-dependent. The sample is mainly populated by luminosity
class V, and only these stars were used in the calibration. A rela-
tively tight relationship was found, as shown in Fig. 4, with a lin-
ear fit given by: SpT = 3.31 [log(He i/He ii)] + 8.762. The typical

1 With the exception of the study from Garland et al. (2017), who used
tlusty model atmospheres (Hubeny & Lanz 1995).
2 SpT: O2 = 2. . . O9 = 9, B0 = 10. . . B9 = 19.
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Table 1. Estimated effective temperatures, surface gravities, and luminosities from MUSE (cf. published values from the VFTS).

MUSE VFTS MUSE VFTS MUSE VFTS

Teff σTeff
Teff σTeff

log g σlog g log g σlog g log L σlog L log L σlog L
MUSE ID VFTS ID (K) (K) (K) (K) (dex) (dex) (dex) (dex) [L�] [L�] [L�] [L�]

830 465 59 000 13 500 39 050 820 4.0 0.4 3.77 0.10 6.023 0.127 5.57 0.10
1068 518 55 000 11 700 44 850 500 4.0 0.4 3.67 0.10 5.989 0.403 5.67 0.10
2901 382 47 000 11 400 40 000 1500 4.0 0.3 3.81 0.10 5.329 0.199 5.31 0.13
2451 385 47 000 7200 42 900 1700 3.8 0.2 3.87 0.10 5.559 0.120 5.55 0.29
1008 511 42 000 1000 43 700 1700 4.0 0.1 4.25 0.11 5.365 0.049 5.46 0.15
1699 667 41 000 1000 38 750 820 3.9 0.1 3.59 0.10 5.284 0.050 5.21 0.10
1433 599 40 000 4500 47 300 500 3.6 0.1 4.02 0.10 5.783 0.066 6.01 0.10
1890 601 40 000 1000 40 280 500 3.8 0.1 3.94 0.10 5.495 0.046 5.55 0.18
276 491 39 000 1400 40 360 800 3.6 0.2 3.84 0.10 5.415 0.049 5.43 0.16
2780 648 39 000 1000 40 000 1500 3.6 0.1 3.80 0.10 5.607 0.049 5.66 0.13
955 536 39 000 1400 41 500 1540 4.0 0.2 4.23 0.15 5.124 0.048 5.19 0.17
195 494 37 000 1200 38 940 1740 3.8 0.2 4.21 0.21 4.993 0.046 5.03 0.20
2385 456 36 000 12 400 35 850 640 3.4 0.4 3.93 0.10 5.117 0.063 5.17 0.10
3081 484 36 000 1200 35 680 680 3.4 0.1 3.68 0.10 5.276 0.046 5.41 0.14
3200 564 36 000 1800 37 000 1500 4.1 0.4 4.10 0.10 4.818 0.047 5.33 0.13
1870 611 35 000 1700 37 410 900 3.6 0.3 4.13 0.14 4.724 0.047 4.79 0.14
2223 436 35 000 1900 35 000 1500 3.8 0.4 3.90 0.10 4.463 0.049 4.87 0.13
2897 419 34 000 1000 33 100 900 3.6 0.2 3.64 0.10 5.040 0.046 5.07 0.24
774 664 34 000 1200 35 700 500 3.2 0.1 3.58 0.10 5.500 0.170 5.53 0.10
375 597 34 000 1000 35 400 720 3.6 0.1 3.94 0.11 4.826 0.047 4.87 0.14
2985 571 33 000 1300 31 100 770 4.1 0.3 4.31 0.10 4.383 0.048 4.39 0.10
1297 493 33 000 2600 37 050 950 3.3 0.5 4.27 0.10 4.112 0.061 5.06 0.16
3172 609 33 000 2200 33 000 1500 3.9 0.5 3.82 0.10 4.401 0.047 4.52 0.13
911 498 33 000 1000 33 230 810 3.9 0.2 4.12 0.15 4.813 0.049 4.88 0.14
1334 635 32 000 1600 34 120 500 3.5 0.3 4.00 0.10 4.877 0.046 4.83 0.12
1387 592 32 000 1800 33 560 1000 4.0 0.3 4.28 0.13 4.550 0.063 4.69 0.13
2038 649 32 000 1500 34 750 630 3.6 0.2 4.19 0.10 4.607 0.047 4.71 0.12
2256 393 32 000 1200 31 600 500 3.5 0.2 3.55 0.10 4.882 0.048 4.92 0.10
3027 660 32 000 1400 32 260 1020 3.8 0.2 4.15 0.16 4.708 0.047 4.73 0.20
710 560 31 000 1900 33 570 1150 3.6 0.4 4.20 0.16 4.475 0.047 4.52 0.18
2815 620 31 000 2700 31 700 830 3.8 0.4 4.11 0.10 4.581 0.061 4.31 0.10
2114 607 30 000 1900 32 800 560 3.6 0.3 4.23 0.10 4.437 0.059 4.56 0.10
1826 624 30 000 1500 29 000 1080 3.8 0.3 4.00 0.44 4.348 0.061 4.20 0.10
2939 554 30 000 2900 34 130 770 3.7 0.5 4.30 0.10 4.256 0.082 4.51 0.10
1894 659 28 000 1600 30 000 1920 3.5 0.2 4.30 0.10 4.473 0.060 4.55 0.11
888 612 28 000 2200 27 000 1000 3.7 0.2 4.30 0.10 4.481 0.077 4.48 0.10
3018 449 28 000 13 500 24 000 1000 3.8 1.2 3.80 0.10 3.964 0.184 3.87 0.10
2804 575 26 000 2100 26 000 1000 3.3 0.2 3.75 0.20 4.704 0.062 – –
1951 646 25 000 1600 24 000 1000 2.6 0.1 2.80 0.10 4.853 0.160 4.77 0.10
1689 420 25 000 2100 26 500 1000 2.6 0.2 3.00 0.20 5.812 0.194 5.84 0.10
2190 590 23 000 1100 24 000 1000 2.5 0.1 2.80 0.20 5.786 0.150 5.87 0.10
1399 417 21 000 4500 18 500 1000 2.7 0.5 2.55 0.20 4.822 0.160 4.51 0.20

Notes. Columns 1 and 2: MUSE and VFTS identifications (Paper I and Evans et al. 2011, respectively). Columns 3–6: effective temperatures (and
uncertainties) from MUSE and published studies from the VFTS (Sabín-Sanjulián et al. 2014, 2017; McEvoy et al. 2015; Ramírez-Agudelo et al.
2017; Garland et al. 2017; Schneider et al. 2018a). Columns 7–10: same, but for surface gravities. Columns 11–14: same, but for luminosities.

uncertainty for a given equivalent-width ratio is of the order of
±1 subtype, which is usually sufficient for the sort of exploratory
studies undertaken with MUSE. We find a similar trend to that
reported by Kerton et al. (1999) for Galactic O stars. In partic-
ular, their results over the range −1< [log(He i/He ii)]< 1 are a
reasonable match to our LMC stars.

We measured the He i/He ii ratio of the full MUSE sample
and used these to estimate spectral types, as listed in Table 2.
Figure 5 compares the Teff estimates with the classifications
obtained from the He i/He ii ratio (again excluding those with

log Teff [K]< 4.3; see Sect. 4.2). The trend between the estimated
surface gravities and spectral types suggests a dependence on
luminosity class (see Simón-Díaz et al. 2014). However, our cal-
ibration (and that from Kerton et al. 1999) is based on dwarf
(luminosity class V) stars, so we are unable to investigate lumi-
nosity effects at this point (see Fig. 4). Not unexpectedly, the
largest discrepancies with the linear trend are found at the
extremes of the distribution where the diagnostic lines become
very weak or absent (i.e. He ii λ4921 at the earliest O-types, and
He ii λ5411 for B0 and later).
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Fig. 2. Estimated effective temperatures (Teff , top panel), gravities
(log g, middle panel), and luminosities (log L/L�, bottom panel) from
the MUSE data compared with results from the VFTS for the 42 stars
in common (Sabín-Sanjulián et al. 2014, 2017; McEvoy et al. 2015;
Ramírez-Agudelo et al. 2017; Garland et al. 2017; Schneider et al.
2018a).

4. Evolutionary status of NGC 2070

The sHRD for the MUSE sample is shown in Fig. 6 and can
be described by two groups. The largest fraction (281 of 333
stars) is located in the region of the main sequence predicted
by the evolutionary models, accounting for the effects of rota-
tion from Köhler et al. (2015). There are two distinctive popu-
lations in the main sequence, as highlighted by the right-hand
panel of Fig. 6, which shows the summed probability distribu-
tions from the analysis of each star along the entire fastwind
grid (see Castro et al. 2018a). The remaining 52 stars appear
to lie beyond the theoretical TAMS at log Teff [K]< 4.3 from
Köhler et al. (2015).

4.1. Main-sequence stars

Figure 6 suggests two subgroups within the main sequence sam-
ple, which may reflect different bursts of star-formation in the
region (e.g., Cignoni et al. 2015, and also Sect. 5.1). He ii λ5411
is clearly seen in 147 stars (see Fig. 7), with the distribution
of estimated temperatures peaking at log Teff [K]∼ 4.55. Only a
few stars are found with log Teff [K]> 4.6, closer to the theoret-
ical ZAMS. The distribution of these very hot stars matches the
expected position of merger candidates (Schneider et al. 2016)
and/or binary evolution products (Wang et al. 2020). However,
these stars also have large uncertainties in their parameters as
they are constrained only by He ii and Hβ and the non-detection
of He i lines.

Given that star formation is still underway in NGC 2070
(Walborn et al. 1999, 2013), we would have expected to find a
larger population close to the expected ZAMS. The lack of mas-
sive (>30 M�) O-type stars close to the ZAMS has previously
been noted in the Milky Way (Castro et al. 2014; Holgado et al.
2018, 2020) and in the SMC (Lamb et al. 2013; Castro et al.
2018a). It was suggested that very young stars may still be
embedded in their natal clouds and thus not accessible for opti-
cal observations. However, Kennicutt (1984) has shown that
the embedded phase is expected to be relatively short (10%
of the typical ∼5 Myr lifetime). Yorke (1986) claimed that the
pre-main sequence contraction timescale becomes shorter than
the accretion timescale for the highest-mass stars; in this sce-
nario, the most massive stars would ignite hydrogen while
still accreting. Moreover, the current sample does not include
He ii λ5411 emission stars, and the R136 stellar cluster is not
resolved and so is missing from this analysis. R136 cluster stars
(Bestenlehner et al. 2020) and He ii λ5411 emission-line stars
must be quantified before further conclusions can be reached
regarding the small number of the most massive stars near the
ZAMS (see also Crowther et al. 2016).

Further down the main sequence, we find 134 late O-type and
early B-type stars with typical temperatures of log Teff [K]∼ 4.5.
Example spectra and their model fits are shown in Fig. 8, in
which the He i lines dominate the spectrum; weak He ii λ4686
absorption in a couple of cases indicates that they are on the
cusp of the O-B transition at the very earliest B-types. These
stars are still too young to have reached the TAMS and cannot
serve as reliable anchors such as those proposed in the Milky
Way (Castro et al. 2014) and the SMC (Castro et al. 2018a).

The region of the sHRD in Fig. 6 where we would expect
to find B-type supergiants (log Teff [K]∼ 4.1, log L /L� > 4.0)
includes several stars, matching the extended main sequence
predicted by Köhler et al. (2015). The extension of the empir-
ical TAMS in the upper part of the sHRD suggests a possi-
ble envelope inflation scenario (see Sanyal et al. 2015, 2017).
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Fig. 3. Comparison between three stars analysed in this work (solid black line) and in the VFTS project (solid blue line) whose derived gravities
differ significantly between studies. The best fastwind model obtained in the MUSE analysis is shown (solid red lines). Wavelengths expected
to be strongly affected by nebular contamination are marked in grey.

Fig. 4. Spectral type calibration (solid red line) from fitting the
He i λ4921/He ii λ5411 equivalent-width ratio of the stars observed
with MUSE that were classified from VFTS data (Walborn et al. 2014;
Evans et al. 2015). The calibration from Kerton et al. (1999), based on
the same He i λ4921/He ii λ5411 ratio for Galactic O stars, is also shown
(dashed grey line).

However, given the young age of NGC 2070, the sample of pre-
sumed supergiants in the MUSE data is too small to provide
robust tests of these predictions. We add that our results place
these stars at the edge of the model grid, and as such additional
analysis is warranted.

Fig. 5. Estimated effective temperatures (Teff) of the MUSE stars ver-
sus their spectral types from the calibration in Fig. 4. For clarity, the
stars have been artificially distributed into (continuous) spectral types
to avoid significant overlap. The distribution is colour-coded by surface
gravity (see Table 2).

4.2. Stars apparently beyond the theoretical TAMS

We find 52 stars (including the B-type supergiants) with
log Teff [K]< 4.3, thus placing them beyond the TAMS predicted
by the models of Köhler et al. (2015). The spectra of four exam-
ples of this group are shown in Fig. 9. Once stars start burn-
ing He in their cores, theoretical evolutionary tracks predict a
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Fig. 6. Spectroscopic HRD (sHRD, L ≡T 4
eff
/g, Langer & Kudritzki 2014) for the MUSE sample. Left: positions of the MUSE sample in the sHRD

(red and blue dots, offset slightly where required to avoid overlap) compared to the equivalent probability distribution (PD) for the Milky Way
from Castro et al. (2014, grey shaded regions) and theoretical rotating evolutionary tracks from Köhler et al. (2015). Stars apparently beyond the
TAMS, flagged as candidate emission-line stars (Castro et al. 2018a), are marked in blue in the left-hand panel (see Sect. 4.2). Right: summed PD
functions from the MUSE analysis and the same evolutionary tracks, in which the blue dots indicate equal time steps of 0.1 Myr. Horizontal lines
at log L /L� = 4.5 mark the upper limit of the model grid (the Eddington limit is at log L /L� = 4.6). The other two solid black lines indicate the
empirical ZAMS and TAMS from Castro et al. (2014) for the Milky Way.

rapid evolution until they expand and cool to reach the red super-
giant (RSG) phase. The position of these objects between the
main sequence and the RSG phase is therefore puzzling and
not in agreement with the expected evolution of a single star,
unless they are blue-loop objects in a post-RSG phase (e.g.,
Schootemeijer et al. 2019).

The sHRD for the Milky Way from Castro et al. (2014) also
found stars in this range (log Teff [K]≈ 4.1), with Castro et al.
(2018a) finding that most of these objects were emission-line
stars (see Fig. 8 in Castro et al. 2018a). The potential contribu-
tion from circumstellar material is not taken into account in the
atmospheric analysis, which may be influencing the results (e.g.,
via dilution; Cowley et al. 2015).

The examples in Fig. 9 display emission in Hβ, although
[O iii] emission is also seen, suggesting that the Hβ emission
is, at least in part, due to nebular contamination. In contrast to
the Castro et al. (2018a) study, here we cannot disentangle neb-
ular contamination from any other contribution in the Hβ and
Hα emission lines. We also note that two objects in Fig. 9 show
weak He ii λ4686 absorption, which is indicative of substantially
higher temperatures than our estimates and confirms our suspi-
cions regarding the reliability of the temperatures (although there
is no corresponding He ii λ5411 absorption in either). Therefore,
these stars are not considered in the following discussion nor in
Table 2 and will require further studies to shed light on their
nature and properties.

5. Discussion

5.1. Age bi-modal distribution

The two well-populated parts of the main sequence in the sHRD
(Fig. 6) suggest two different stages of star formation in the
recent history of NGC 2070. Effective temperatures and gravi-
ties, resulting from the spectral atmosphere analyses, were com-
pared to the LMC evolutionary tracks from Köhler et al. (2015).
Masses and ages were calculated by interpolating the tracks from

Köhler et al. (2015) at each target’s sHRD location as marked by
our results for effective temperatures and gravities, using SciPy
libraries3. Ages are shown in the left-hand panel of Fig. 10; stars
with estimated parameters outside the evolutionary tracks were
not considered further at this point. We found an average age
for the O-type main sequence stars of 2.1± 0.8 Myr. The cooler
group of main sequence stars (centred on log Teff [K]∼ 4.5) have
an average age of 6.2± 2 Myr. These results are in broad agree-
ment with other age estimates for NGC 2070 (Walborn & Blades
1997; de Koter et al. 1998; Sabbi et al. 2012; Crowther et al.
2016; Schneider et al. 2018b). Gravity uncertainties may affect
the ages extracted from the sHRD. We tested increasing the grav-
ities by 0.3 dex (see Sect. 3.1), finding a similar distribution in
agreement, within the errors, with the bi-modal age distribution
presented in Fig. 10. As shown in the right-hand panel of Fig. 10,
the younger stars are more clustered around R136. However,
there is no clear age segregation in NGC 2070. Older ages seem
to be placed in the outskirts of the cluster; however, the num-
ber of analysed stars in these regions is lower than in the core
(Fig. 1), which may be the result of a statistical bias.

5.2. Mass discrepancies between the sHRD and HRD

The distribution of the MUSE sample in the HRD is shown in
the left-hand panel of Fig. 11. Stellar luminosities were calcu-
lated using the relevant photometry provided in Paper I (aside
from the 13 stars marked with ‘*’ in Table 2) and adopting a
distance to the LMC of 49.9 kpc (Pietrzyński et al. 2013). Flux-
calibrated MUSE spectra for each individual star were compared
to the respective synthetic fastwind spectral energy distribu-
tions (SEDs), obtained from the stellar atmosphere analysis and
parameters in Table 2. We estimated stellar radii and colour
excesses, E(B − V), that provide the best match between the
observed and synthetic SEDs. We adopted an extinction law

3 https://docs.scipy.org/doc/scipy/reference/
interpolate.html
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Fig. 7. Examples of model fits to four O-type main sequence stars. Areas strongly affected by nebular contamination are marked in grey. Spectral
types based on He i λ4921 and He ii λ5411 equivalent widths are also included (see Sect. 3.2). As expected, the He i λ4921 line increases as we
move towards later spectral types, while the He ii λ5411 decreases, thus supporting our algorithm for spectral classification.

Fig. 8. Example of model fits to four early B-type main sequence stars (see Fig. 7).
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Fig. 9. Examples of model fits to four stars apparently beyond the TAMS from the model-atmosphere analysis but which we suspect are emission-
line objects and/or contaminated by significant nebular emission (regions marked in grey), such that the estimated temperatures are unreliable (see
Sect. 4.2 and Castro et al. 2018a).

Fig. 10. Distribution of inferred ages from the location of stars (log Teff [K]> 4.3) in the sHRD and the evolutionary tracks from Köhler et al.
(2015; left panel). The two main sequence groups highlighted in Sect. 4.1 are shown in different colours. Right: spatial distribution of the sample,
in which each hexabin shows the mean age value of all stars within it.

Rv = Av/E(B − V) = 4 (Maíz Apellániz et al. 2014). We find
a good qualitative match between HRD and sHRD for the late
O-type and early B-type stars in the main sequence, but there
are differences for the most massive stars in the upper part of
the diagram. Those beyond the TAMS in the sHRD are system-
atically shifted to lower luminosities and masses in the HRD.
Due to the concern regarding the derived temperatures, stars at

log Teff [K]< 4.3 are not included in the discussion pending fur-
ther analyses.

We compared the masses inferred for our stars from their
locations in the sHRD and HRD. Masses were estimated accord-
ing to their positions in both diagrams and the Köhler et al.
(2015) LMC evolutionary tracks using SciPy linear interpola-
tion libraries (see Sect. 5.1). Stars out of the parameter space

A65, page 9 of 12

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202040008&pdf_id=9
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202040008&pdf_id=10


A&A 648, A65 (2021)

sampled by the evolutionary tracks were not included in this
comparison. At the high-mass end (M & 40 M�), the masses esti-
mated from the sHRD are significantly larger than the ones
from the HRD, as shown in the right-hand panel of Fig. 11.
These differences may be linked to the long-standing discrep-
ancy between spectroscopic and evolutionary mass estimates
for massive stars (e.g., Herrero et al. 1992; Weidner & Vink
2010; Markova & Puls 2015). A similar result was found from
an analysis of the wider 30 Dor population of O-type stars
by Sabín-Sanjulián et al. (2017). When using the Kiel diagram
(log Teff [K] and log g) to estimate masses of similar stars in the
Milky Way, they were also found to be larger than those from the
HRD at the high-mass end (Markova et al. 2018). A similar trend
was found for the most massive stars in the SMC by Castro et al.
(2018a).

The uncertainty in the gravities from the MUSE data
(Sect. 3.1) and stellar wind constraints in the grid could have
contributed to the mass differences: If the surface gravity is
incorrect, simultaneously fitting Teff and gravity can lead to
underestimates of Teff (e.g., Schneider et al. 2017). The sys-
tematic difference of approximately 0.3 dex found for the stars
present in both the VFTS and MUSE data could somewhat alle-
viate this discrepancy. That said, as similar mass discrepancies
are seen in other studies (using different observations, algo-
rithms, atmospheric models, etc.) it seems unlikely that this is
simply an artefact of the MUSE analysis. We are now explor-
ing alternative routes to improve the estimates of stellar gravi-
ties from MUSE data, such as using absorption lines from the
hydrogen Paschen series (Bestenlehner et al., in prep.).

5.3. Rotational velocities

The distribution of estimated v sin i values is shown in the
left-hand panel of Fig. 12. There is a peak at approximately
170 km s−1 for the full sample, with no clear qualitative dif-
ferences for the stars separated into the two age groups in
the main sequence. Their overall distribution resembles the
Ramírez-Agudelo et al. (2013) results for the O-type stars in
30 Dor rather than the Dufton et al. (2013) bi-modal distribu-
tion for lower-mass B-type stars. The peak of the hot O-type
star group (log Teff [K]∼ 4.6) also resembles the rotational veloc-
ity distribution found in Cygnus OB2 in the Milky Way by
Berlanas et al. (2020). There is a relative dearth of slow rota-
tors in the cooler MUSE group, but we caution that the spectral
resolution of MUSE limits us to ∆v sin i∼ 60 km s−1, and as such
we are not able to robustly probe the low-velocity end of the
distribution. We note that Kamann et al. (2020) have recently
measured rotational velocities for a total of 1400 stars of the
intermediate age cluster NGC 1846 in the LMC with uncertain-
ties of typically 10 km s−1 using MUSE. A future, more refined
analysis may allow us to investigate these results in more detail.

There appears to be a prolongation in the distribution
at v sin i∼ 370 km s−1 for the hot O-type stars (see Fig. 12),
which resembles the high-velocity tail found for apparent sin-
gle O-type stars in 30 Dor by Ramírez-Agudelo et al. (2013).
de Mink et al. (2013) proposed that rapidly rotating stars may
originate from binary interactions and mergers (de Mink et al.
2014; Schneider et al. 2016). These stars in the MUSE sample
merit further observations to test if these objects are actually
single stars as well as to investigate their physical properties in
more detail relative to the interaction and merger models. As
shown in the right-hand panel of Fig. 12, there do not appear to
be strong trends in the v sin i estimates or their location in the
sHRD.

6. Summary

Exploiting the unique observational capabilities of MUSE, com-
bined with synthetic spectra calculated with fastwind, we
have estimated physical parameters for 333 OB-type stars in
NGC 2070. The majority of these objects are analysed for the
first time here. Our main conclusions can be summarised as
follows.

– 281 stars (84% of our sample) are still in the main sequence.
They comprise a group of O-type stars with an average age
of 2.1± 0.8 Myr and a group of late O-type and early B-type
stars with an average age of 6.2± 2.0 Myr. This spread in
ages is consistent with previous studies, and we find no obvi-
ous age gradient across NGC 2070.

– We find a relative dearth of O-type stars close to the theo-
retical ZAMS between approximately 20 and 50 M�. Simi-
lar findings were reported in the Milky Way and the SMC
(Holgado et al. 2018, 2020; Castro et al. 2018a). Given the
young age of NGC 2070, this is somewhat unexpected,
although stars in R136 are omitted from our sample. The
stellar context of R136 needs to be better quantified before
further conclusions can be reached (see Bestenlehner et al.
2020). Moreover, the stars close to the theoretical ZAMS, in
the upper part of the sHRD (>50 M�), match the predicted
position of stellar mergers (Schneider et al. 2016) and/or
binary evolution products (e.g., Wang et al. 2020). However,
the temperatures for these stars have large uncertainties, and
further studies of their properties are also required.

– We find 52 stars, the rest of the analysed sample, with tem-
peratures beyond the theoretical TAMS from Köhler et al.
(2015) at log Teff [K]< 4.3. In the SMC study by Castro et al.
(2018a), a similar group of stars nearly all displayed sig-
natures of Balmer emission. This sub-sample in NGC 2070
could similarly be emission-line stars and/or nebular contam-
ination, where the analysis tools give incorrect results given
the limitations of the data and the atmospheric models, but
we need further observations to test this suggestion.

– The HRD and sHRD are in good qualitative agreement for
the late O-type and early B-type stars in the main sequence,
but there are differences for the more massive O-type stars.
Masses estimated from the sHRD compared to the evo-
lutionary tracks are larger than those inferred from the
HRD, which becomes severe (a factor of two to three) at
M > 40 M�. This may be related to the uncertainty in the
surface gravities estimated from the MUSE data (Sect. 3.1).
However, Sabín-Sanjulián et al. (2017) found similar prob-
lems at M > 70 M� in 30 Dor, and a comparable trend was
also found by Castro et al. (2018a) in the SMC (from obser-
vations of the more classical blue-visible range, albeit still at
R∼ 3000).

– The projected v sin i distribution for the MUSE sample
peaks at 170 km s−1. We find a group of rapidly rotating
O-type stars (with 300< v sin i< 450 km s−1) that resembles
the high-velocity tail found for the wider population of O
stars in 30 Dor by Ramírez-Agudelo et al. (2013). Compar-
isons of our results with the bi-modal distribution for the
B-type stars from Dufton et al. (2013) are unfortunately lim-
ited by the velocity resolution of the MUSE data.

– We used the He i λ4921/He ii λ5411 equivalent-width ratio to
estimate spectral types for our sample stars, calibrated using
a subset of stars that overlap with the VFTS. In general, the
effective temperatures estimated from the model-atmosphere
fits follow a clear trend of decreasing temperature towards
late spectral types.
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Fig. 11. HRD for the MUSE sample with log Teff [K]> 4.3 (left panel). Right: sHRD (L ≡T 4
eff
/g, Langer & Kudritzki 2014) for the sample

indicating the difference in inferred mass between the sHRD and HRD approaches; each hexabin shows the mean value of all stars within it.
Evolutionary tracks in both plots are those from Köhler et al. (2015). Stars outside of the evolutionary tracks are not included in the mass analysis.

Fig. 12. Distribution of projected rotational velocities (v sin i) for the two samples identified in the main sequence (left panel). Right: sHRD
(L ≡T 4

eff
/g) for the total sample, with v sin i average in each bin, and overlaid on the rotating evolutionary tracks from Köhler et al. (2015). Each

hexabin shows the mean value of all stars within it.

The next step beyond the current sample is analysis of the W-
R and other He ii emission-line stars in NGC 2070 to complete
the distribution in the sHRD. Additional analyses to improve the
quoted surface gravities and overcome the limitations of basing
the stellar gravity on Hβ are also desirable. We are exploring the
Paschen lines as possible additional constraints for the gravity
(Bestenlehner, in prep.). Furthermore, as with the rapidly rotat-
ing O-type stars identified by Ramírez-Agudelo et al. (2013), the
comparable group from the MUSE data (Fig. 12) are interesting
in the context of possible post-interaction or merger products,
and multi-epoch spectroscopy of this subgroup would be partic-
ularly valuable. As shown by Giesers et al. (2019), multi-epoch
MUSE observations are indeed uniquely capable of detecting
spectroscopic binaries in star clusters.

Finally, we note that the commissioning of the MUSE
Narrow-Field Mode with adaptive optics support has added a
new capability for integral field spectroscopy from the ground
with angular resolution close to that from the Hubble Space

Telescope. We have already secured data for NGC 2070 in this
mode and will soon report on results in the most crowded regions
of R136 (Castro et al. 2021).

In conclusion, integral field spectroscopy with MUSE has
been demonstrated to be a powerful tool for the quantitative
spectroscopy of stars in crowded fields. Studies of this kind have
only begun to scratch the surface of what is expected to become
an indispensable tool, in particular in view of the upcoming gen-
eration of extremely large telescopes and the next generation
of integral field spectrographs (e.g., the BlueMUSE concept;
Richard et al. 2019).
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