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ABSTRACT

The cluster Westerlund 1 (Wd1) is host to a large variety of post main-sequence (MS) massive stars.
The simultaneous presence of these stars can only be explained by stellar models if the cluster has
a finely-tuned age of 4-5Myr, with several published studies independently claiming ages within this
range. At this age, stellar models predict that the cool supergiants (CSGs) should have luminosities of
log(L/L�) ≈ 5.5, close to the empirical luminosity limit. Here, we test that prediction using archival
data and new photometry from SOFIA to estimate bolometric luminosities for the CSGs. We find
that these stars are on average 0.4dex too faint to be 5Myr old, regardless of which stellar evolution
model is used, and instead are indicative of a much older age of 10.4+1.3

−1.2Myr. We argue that neither
systematic uncertainties in the extinction law nor stellar variability can explain this discrepancy. In
reviewing various independent age estimates of Wd1 in the literature, we firstly show that those
based on stellar diversity are unreliable. Secondly, we re-analyse Wd1’s pre-MS stars employing the
Damineli extinction law, finding an age of 7.2+1.1

−2.3Myr; older than that of previous studies, but which
is vulnerable to systematic errors that could push the age close to 10Myr. However, there remains
significant tension between the CSG age and that inferred from the eclipsing binary W13. We conclude
that stellar evolution models cannot explain Wd1 under the single age paradigm. Instead, we propose
that the stars in the Wd1 region formed over a period of several Myr.
Keywords: stars: massive — stars: evolution — stars: supergiant

1. INTRODUCTION

Westerlund 1 (Wd1) is a highly extinguished cluster
located in the Milky Way, first discovered by Westerlund
(1961). We now know that Wd1 is host to a large num-
ber of both hot and cool evolved massive stars, including
Wolf-Rayet stars (Crowther et al. 2006), a luminous blue
variable (Ritchie et al. 2009), late-type supergiants (red
and yellow supergiants), as well as a magnetar (Muno
et al. 2007). Assuming this cluster consists of a simple
stellar population (SSP, i.e. single age, single star evolu-
tion), there is a narrow range of ages for which all of these
objects could coexist in a single cluster (∼4–5 Myr, Clark
et al. 2005). Indeed, there are numerous works in the lit-
erature that claim an age of 5Myr for Wd1 from various

embeasor@gmail.com
Hubble Fellow

methods. These methods include fitting the number ra-
tios of stars of different spectral types (Crowther et al.
2006; Dorn-Wallenstein & Levesque 2018), isochrone fit-
ting to pre main-sequence (MS) stars (Brandner et al.
2008; Gennaro et al. 2011; Kudryavtseva et al. 2012),
and from dynamical masses of stars in eclipsing binary
systems (Ritchie et al. 2010; Koumpia & Bonanos 2012).

At an age of 5Myr, the expectation from all stellar
evolution models is that the brightnesses of the YSGs
and RSGs in Wd1 should be log(L/L�) & 5.5 (see
e.g. Fig. 5 in Ritchie et al. 2010), which corresponds to
the empirically-derived luminosity limit for cool super-
giants known as the Humphreys-Davidson (H-D) limit
(Humphreys & Davidson 1979; Davies et al. 2018). How-
ever, to date this prediction has not been verified. Doing
so requires accurate photometry in the near and mid-IR,
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Figure 1. Left panel: 3-colour image of Wd1 using 5.6µm, 11.1µm and 25.3µm filters.Right panel: Finding chart for Wd1.

but the Wd1 RSGs in particular are badly saturated in
IR survey images of e.g. 2MASS, WISE and GLIMPSE,
making bolometric luminosity estimates of these stars
difficult.

In this paper, we present new SOFIA-FORCAST pho-
tometry for Wd1, covering 5.6 - 31.5µm, which we com-
bine with shorter wavelength photometry from the litera-
ture, and determine the first independent measurements
of Lbol for the RSGs and YSGs in Wd1 (Sect. 2). In Sect.
3 we compare these luminosities to the expectations for
a 5Myr old stellar population. Finally, in Sect. 4 we take
a critical look at previous investigations into Wd1’s age,
to try and reconcile those with the cool supergiant lumi-
nosities.

2. COOL SUPERGIANT LUMINOSITIES

2.1. Data

We obtained new mid-IR data using FORCAST
(Herter et al. 2012) on SOFIA (Young et al. 2012, Prog
ID: 05 0064, PI: N Smith) in Cycle 5, observing the clus-
ter in filters 5.5, 7.7, 11.1, 25.3 and 31.5µm. These wave-
lengths cover a crucial part of the spectral energy distri-
bution (SED) that cannot be observed from the ground.
We list the exposure times and observation dates for each
filter in Table 1. All observations were taken in the asym-
metric chop with offset nod (C2NC2) mode. The data
were reduced using SOFIA data pipeline FORCAST Redux
(Clarke et al. 2015), and in this work we use Level 3 flux-
calibrated data. As the field is not crowded in our data
(see Fig. 1) we use aperture photometry to extract the
stars’ fluxes. Aperture sizes were defined manually so as
to encompass all flux above the sky noise level at each
wavelength. To assess the level of uncertainty introduced
by aperture selection, we experimented with varying the
aperture sizes for each star. We found that the results
were stable at the 5% level. This uncertainty was then
added to the photometric errors in quadrature.

Combining these new observations with archival pho-
tometry from Gaia EDR3 (Gaia Collaboration, in prep,
2020b) and 2MASS (Skrutskie et al. 2006) we now have a

Table 1
SOFIA-FORCAST observation details.

Filter (µm) Date observed Exposure time (s)

5.6 6th August 2017 111.7
7.7 6th August 2017 599.5
11.1 6th August 2017 209.2
25.4 3rd August 2017 617.8
31.5 3rd August 2017 654.0

full bolometric SED for each of the RSGs in Wd1, shown
in Fig. 21. For most CSGs in Wd1, the 2MASS photom-
etry is somewhat uncertain due to the stars being close
to the saturation limit, resulting in photometric errors
of up to 40%. For W26, there was no usable H or K
photometry from 2MASS at all. To cover this part of
the SED for W26, we take the 2.3µm photometry from
Mengel & Tacconi-Garman (2007).

2.2. Distance

There has been a large amount of conjecture over the
distance to Wd1, discussed at length by (Aghakhanloo
et al. 2019). Most previous studies have adopted a dis-
tance of ∼4 – 5 kpc (e.g. Crowther et al. 2006; Clark
et al. 2005). Aghakhanloo et al. themselves estimate a
distance to Wd1, using the Gaia DR2 parallax distribu-
tion of all stars in the field of Wd1. These authors model
the stars in their sample as being a superposition of two
components, cluster and field, and arrive at a distance
for the ‘cluster’ component of 2.6+0.6

−0.4kpc, significantly
lower than previous estimates.

Most recently, Davies & Beasor (2019, hereafter DB19)
estimated the distance to Wd1 also using Gaia DR2 data.
In this work the sample of stars used to find the av-
erage cluster parallax are chosen based on OB spectral
types and whether or not their proper motions (PMs) are

1 While these objects have been imaged in other infrared mis-
sions (e.g. IRAC and MSX (Fazio et al. 2004; Price et al. 2001))
the photometry was often saturated or provided upper limits only.
For this reason, we utilise only our new SOFIA-FORCAST obser-
vations to cover the mid-IR region of the SED.
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Figure 2. Left: SEDs showing available photometry for the four RSGs in Westerlund 1. Right: SEDs showing available photometry
for the YSGs, as well as estimated photometry indicated by the triangle symbol. Formal photometric errors are smaller than the plotting
symbols.

consistent with the cluster average. While this leaves a
smaller sample of stars than that of Aghakhanloo et al.
(2019), the likelihood of genuine cluster membership of
the remaining stars is extremely high. DB19 find a dis-
tance of 3.87+0.95

−0.64kpc, in excellent agreement with the
distance from Rate et al. (2020) which employed a simi-
lar methodology and Gaia DR2.

In this work, we use the distance obtained via the same
method as in DB19, but with the updated Gaia-EDR3
astrometry (Gaia Collaboration et al. 2020). In this
data release, as well as an improvement in astrometric
precision, there is also a better understanding of Gaia’s
zero-point parallax offset (Lindegren et al. 2020). We
select stars with known OB spectral types within 5′ of
the cluster centre, excluding known binaries. We also ex-
clude stars whose proper motions are outside ±10km s−1

of the cluster average, this limit being the approximate
virial velocity dispersion for a cluster of Wd1’s mass
(∼ 105M�) and size (∼1pc). The parallaxes (π) of the
individual stars are corrected for the zero-point offset
according to their position on the sky, brightness and
colour2. The probability distribution for the average par-
allax π̄ is determined by combining those for the indi-
vidual stars. The error on π̄ is found via Monte-Carlo
trials, in which we repeat the above but with parallaxes
randomly sampled from each star’s distribution. The av-
erage parallax we find for Wd1 is π̄ = 0.243±0.027, which
corresponds to a distance of d = 4.12+0.66

−0.33kpc. This is
slightly further than the Gaia DR2 distances of Davies
& Beasor (2019) and Rate et al. (2020), but consistent
to within the errors.

2.3. Luminosities

To obtain luminosities for the cool supergiants in
Wd1, we integrate under the spectral energy distribu-
tion (SED), as in Davies et al. (2018). By doing so, we

2 The stars in Wd1 are very red owing to the large amount of
foreground extinction, which puts the stars right at the edge of
the calibrated parameter space (Lindegren et al. 2020). Though
we apply the zero-point calibration prescription according to each
star’s brightness, colour and position, we note that the uncertainty
in the zero-point remains the major source of uncertainty, as in
DB19.

make the implicit assumption that any flux absorbed by
circumstellar material (CSM) will be either scattered at a
similar wavelength or thermally re-radiated by the CSM.
By integrating under the entire SED we will therefore
retrieve all of the flux from the star. This assumption
holds true as long as the CSM is neither optically thick
nor highly aspherical. In a study of hundreds of RSGs
in the Large and Small Magellanic Clouds, Davies et al.
(2018) found only one star (WOH G64) for which this as-
sumption appeared to break down. This star is so heavily
embedded in its CSM that it is barely detectable in the
optical, despite very little foreground extinction, whilst
it is one of the brightest objects in the LMC at mid-IR
wavelengths. Though all RSGs in Wd1 have some mid-
IR excess, the excess emission is only a small fraction
of the total flux (.10%). Hence, it seems unlikely these
stars possess a large amount of CSM dust, possibly due
to UV radiation from nearby O stars (Clark et al. 2020).
For these reasons, we conclude that asphericity in the
dust geometry of the RSGs is only a minor consideration
in calculating their bolometric luminosities. Should the
emission from the neighbouring hot stars indirectly pol-
lute the RSG SEDs, this would cause us to overestimate
the stars’ luminosities, though we expect this effect to be
minor.

Before integrating under the SEDs, we must first cor-
rect for foreground extinction. The extinction towards
Wd1 has also been discussed many times in the lit-
erature, spanning a large range (AK = 0.7 - 1.1, e.g.
Clark et al. 2005; Crowther et al. 2006; Brandner et al.
2008; Koumpia & Bonanos 2012; Damineli et al. 2016).
However, more recent work seems to be reaching a con-
sensus on the true extinction value. Andersen et al.
(2017), which supercedes similar work by the same group
(Brandner et al. 2008; Gennaro et al. 2011), focuses on
the colours of the low mass stellar content of Wd1, to
determine an extinction value of AK = 0.87±0.14. The
state-of-the-art in this respect is Damineli et al. (2016),
who determined the optical/infrared extinction law for
Wd1 from the colours of the hot stars, finding a much
steeper power law than earlier studies (e.g. Clark et al.
2005), and an average AK of 0.74±0.08. Throughout this
work we will adopt the extinction law of Damineli et al.
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Table 2
Photometry for Westerlund 1 CSGs from SOFIA-FORCAST. All photometry is in Jy.

ID 5.5µm 7.7µm 11.1µm 25.3µm 31.5µm

W237 29 ± 1 30 ± 2 93.7± 1.6 94.6 ± 1.6 64.33 ± 0.7
W20 19.6± 1.9 20.0 ± 0.42 40.6 ± 2.0 46.4± 5.2 29.4± 5.4
W26 45.38 ± 4.2 38± 3 202 ± 6 159± 14 115 ± 11
W75 16.6 ± 0.6 14.6 ± 0.8 7.7± 0.7 5.4 ± 0.7 4.1 ± 1.1

W4 3.82± 0.03 2.40 ± 0.03 1.03 ± 0.08 0.8 ± 0.1 0.25 ± 0.09
W8a 2.29 ± 0.02 2.92 ± 0.06 - - -
W32 8.76 ± 0.09 3.34± 0.02 2.2 ± 0.2 - -
W16A 3.31 ± 0.07 1.95 ± 0.03 - 0.39 ± 0.22 -
W265 3.08 ± 0.03 1.74 ± 0.02 - 0.2 ± 0.1 -
W12A 2.46 ± 0.02 1.53 ± 0.03 0.54 ± 0.1 - 0.4 ± 0.1

Table 3
Archival photometry for Westerlund 1 CSGs.

ID 2MASS-J (Jy) 2MASS-H (Jy) 2MASS-Ks (Jy) Ks (M&T07) Gaia-BP (mJy) Gaia-RP (mJy)

1.24 µm 1.65 µm 2.16 µm 2.3 µm 0.505 µm 0.772 µm

W237 14.70 ± 0.20 65.40 ± 16.20 90.90 ± 24.00 - 0.624 ± 0.016 338.0 ± 4.0
W20 4.43 ± 0.04 18.60 ± 1.30 61.00 ± 23.50 - 0.027 ± 0.002 46.9 ± 0.4
W26 29.80 ± 14.80 - - 116 ± 11.6 0.807 ± 0.04 325.0 ± 4.0
W75 2.66 ± 0.05 14.20 ± 0.30 33.00 ± 8.30 - 0.013 ± 0.002 17.0 ± 0.1

W4 5.70 ± 0.12 10.20 ± 0.20 11.50 ± 0.20 - 5.87 ± 0.06 406.0 ± 2.0
W8a 3.91 ± 0.07 - - - 2.27 ± 0.02 206.0 ± 1.0
W32 8.17 ± 0.15 - - - 2.90 ± 0.03 357.0 ± 2.0
W16a 3.60 ± 0.07 - - - 1.72 ± 0.02 206.0 ± 1.0
W265 2.91 ± 0.05 6.72 ± 0.19 8.48 ± 0.13 - 0.582 ± 0.007 119.0 ± 1.0
W12A 3.25 ± 0.05 6.69 ± 0.13 8.15 ± 0.14 - 0.776 ± 0.011 138.0 ± 1.0

(2016), though we will explore the possible effect of sys-
tematic errors arising from the extinction law in Sect.
3.2.2.

For the Wd1 CSGs, we took all of the available pho-
tometry, dereddened it, interpolated between the pho-
tometric points on a logarithmic wavelength scale, and
integrated underneath the SED using the IDL routine
int tabulated. We used a black body with tempera-
ture 3500K to estimate the flux emitted by each star at
wavelengths shorter than V. Though this is a crude ap-
proximation of the SED shape below ∼0.5µm, our tests
with model MARCS atmospheres show that < 10% of
the star’s flux is emitted at these wavelengths. This is
clearly seen from a visual inspection of RSG spectropho-
tometry (e.g. Davies et al. 2013). Furthermore, these
tests revealed that from the wavelength sampling of our
photometry, combined with a Planck-function of temper-
ature 3500-4500K to approximate the blue region of the
spectrum we can obtain bolometric luminosities accurate
to within 0.02dex. 3

To determine the errors on the luminosities, we con-
sider the uncertainties in the extinction, distance, and
the photometry itself. Of these, two have non-Gaussian
probabilities, and so the errors cannot simply be added
in quadrature. Instead, to determine the posterior prob-
ability distribution on Lbol for each star, we employ the

3 To investigate the accuracy of our method, we performed a
similar analysis on MARCS model SEDs (Gustafsson et al. 2008)
with Teff values between 3400-4500K. We convolve these model
SEDs with filter profiles for VRIJHK and FORCAST photometry,
again using a black body to estimate the flux emitted at wave-
lengths shorter than V. We then interpolated between the filter
wavelengths in log space and integrated underneath the points to
get a bolometric luminosity. We found that we were able to retrieve
bolometric luminosities for these model SEDs to within 0.01 dex.

following Monte-Carlo method. First, for each star we
randomly sample the extinction from a Gaussian distri-
bution centred on AK = 0.74 (Damineli et al. 2016) with
a standard deviation of 0.08 mags, and deredden the ob-
served SED using the corresponding extinction law. If
the extinction value of a given trial results in the dered-
dened RSG [V-K] and [V-I] colours being too blue for the
star’s spectral type, we discard the results of that trial.
Since the Wd 1 RSGs are likely to be spectroscopically
variable, we use a conservative spectral type threshold of
M0, which is several subtypes earlier than those listed by
Clark et al.. This process is repeated 104 times, which
allows us to build a posterior probability distribution for
the luminosity of each RSG in Wd1, which we show in
Fig. 3. We take the median of the distribution as the
most likely luminosity, and determine the uncertainties
from the 68% confidence intervals, analogous to the 1-
sigma errors. These errors are dominated by those in
distance and foreground extinction.

For completeness, we also estimate the luminosities
for each RSG using bolometric corrections to the Ks

band photometry. Since all RSGs in Wd1 are of late-
M spectral types, we adopt the bolometric correction
BCK = 3.00 ± 0.18 appropriate for such stars (Davies
& Beasor 2018). For all RSGs except W26, the photom-
etry comes from 2MASS, and as such suffers from sat-
uration effects – all have quality flag ‘D’ in the 2MASS
point-source catalogue and have photometric errors of
0.25-0.40mag. For W26, there is no available 2MASS
data and so we instead take the ks-band flux from Men-
gel & Tacconi-Garman (2007). We find all BC-based lu-
minosities are consistent to within the errors of the SED
method (see Table 4), though we note that the BC-based
luminosities of W237, W20 and W75 should be treated
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with caution due to the poor quality photometry.

2.3.1. Yellow supergiants

The luminosities for the YSGs in Westerlund 1 are
estimated following a similar method to that for the
RSGs. However, due to the higher effective temperature
of YSGs, a larger proportion of their flux is emitted at
wavelengths shorter than V -band. We therefore need to
take an extra step to ensure Lbol is not underestimated.

First, we deredden the available photometry with the
AK value for the current trial using the Damineli et al.
(2016) extinction law. For W8, W16 and W32, we
then take the intrinsic colour corrections from Koorn-
neef (1982) and Fitzgerald (1970) and create synthetic
UBHKL photometry (for the stars’ spectral types, see
Table 5). For W4, W265 and W12, we only create syn-
thetic U , B and L band photometry. Next, we again use
a blackbody to account for any missing flux shorter than
U-band (0.35µm), assuming a Teff appropriate for the
spectral types of the YSGs listed in Table 3. We again
estimated systematic errors on the luminosity from the
temperature of the blackbody by varying Teff by±2000K,
corresponding to a change in Lbol of ± 0.05 dex. We then
integrate under this total SED to determine a value for
Lbol for the current AK and distance. We then use colour
cuts to exclude any Lbol values from SEDs that are too
blue for the stars’ spectral types, as listed by Koornneef
(1983). Our YSG results are presented in Table 3. As
with the RSGs, the uncertainties onLbol are dominated
by those on distance and extinction.

The YSG luminosities found by direct SED integration
are around 0.5dex lower than previously suggested by
Clark et al. (2005). In that work, Clark et al. used the
correlation between OI 7774 and MV found by Arellano
Ferro et al. (2003) for A–G type stars, and adopted a
BCV of 0. This resulted in luminosities for the YHGs of
log(L/L�)∼ 5.7, placing the stars above the Humphreys-
Davidson limit for cool SGs, consistent with a very young
cluster age. The discrepancy with our results can be
largely explained by the bolometric correction used by
Clark et al., which was 1mag lower than that typically
found for F supergiants (Koornneef 1983). This would
cause Clark et al. to overestimate the luminosities of the
YSGs by 0.4dex. In addition, as noted by Clark et al.,
the OI line strengths of the Wd1 YSGs go beyond the
range of the calibration by Arellano Ferro et al. (2003). A
simple extrapolation of this trend would likely introduce
a further systematic shift, though we are unable to say
in which direction this would go.

3. THE HR DIAGRAM OF WD1

In Figure 5 we present the updated HR diagram for
the observed massive stars in Wd1. Also plotted in the
diagram are MIST isochrones4 for a range of ages (Choi
et al. 2016), which assume single star evolution and no
rotation. It is immediately obvious that the cool super-
giants (CSGs) in Wd1 are inconsistent with an age of
5Myr. The average luminosity of the CSGs is around
logL/L� = 5.1, which contrasts with the theoretical ex-
pectation of logL/L� = 5.6 − 5.7. We note that all

4 MESA Isochrones & Stellar Tracks,
http://waps.cfa.harvard.edu/MIST/

major single-star evolution codes predict the same CSG
luminosity at this age to within ±0.1dex.

We can also compare the CSG luminosities to the pre-
dictions of binary star evolution. For this test, we use the
Binary Population and Spectral Synthesis (BPASS) mod-
els (Stanway & Eldridge 2018), the same as those used
by Dorn-Wallenstein & Levesque (2018) to infer an age
of 5Myr from the number ratios of post main-sequence
stars. In Fig. 6 we plot BPASS H-R diagrams for two
ages, 5Myr and 10Myr, and compare to the locations of
the WRs and CSGs. As with single star models, BPASS
binary models predict that at an age of 5Myr the CSGs
should have luminosities of log(L/L�) = 5.6 ± 0.1, well
above what we observe. At 10Myr, the luminosities of the
CSGs are much more consistent. We note that neither
age isochrone, whether single star or binary, reproduces
YSGs in the numbers observed.

3.1. Formally determining cluster age from the cool
supergiants

From a simple comparison to predictions from evolu-
tionary models of both single and binary stars, it is clear
that the RSGs and YSGs are inconsistent with an age of
5Myr. Indeed, both suggest ages closer to 10Myr. In this
section, we employ an adaptation of the ‘faintest RSG’
method outlined in Beasor et al. (2019, hereafter B19)
to derive a formal age with uncertainties.

As discussed in B19, the various effects of binary evo-
lution and/or stellar rotation may affect standard age
determinations that employ model isochrones. Binarity
and rotation may increase the brightness of the main-
sequence turn-off, the brightnesses of the post-MS ob-
jects, as well as impact the relative number counts of
objects in the various post-MS phases. B19 argued that,
in a populous cluster containing numerous RSGs, the
faintest RSG should be the most likely to have evolved in
isolation, with a low rotation speed, and have arrived in
the RSG phase most recently (and so be less affected by
uncertainties in RSG mass-loss). Therefore, by compar-
ing the luminosity of the faintest RSG to that expected
from a population synthesis simulation employing single-
star non-rotating models, one may obtain an age estimate
which is least impacted by the various systematic effects
which arise from the largest unknowns in massive stellar
evolution (rotation, binarity, and mass-loss).

More recently, Eldridge et al. (2020) used the BPASS
models to test the use of RSGs as binary-independent age
indicators, using both the mean RSG luminosity and the
minimum RSG luminosity in a cluster to determine an
age. This work argued that both the mean and the min-
inum RSG luminosity are roughly the same when using
either binary or single star models (see Fig. 1 within),
with slightly better agreement between input and out-
put when the mean luminosity was employed. However,
for this method to apply directly to real clusters, BPASS
would have to accurately reproduce the luminosity evo-
lution of stars in the RSG phase (i.e. how long each star
spends at a given luminosity), something which all evo-
lutionary models disagree on. The method described in
B19 only requires models to be able to predict the lumi-
nosity of non-rotating single stars at the point they enter
the RSG phase as a function of initial mass, a quantity
which has relatively low variance from model to model.
Nevertheless, here we use both methods to estimate the
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Table 4
The bolometric luminosities for the 4 RSGs in Westerlund 1. Spectral types listed are from Clark et al. (2010).

Star RA (deg) Dec (deg) SpT log(Lbol / L�)

SED BCK

W237 16 47 03.1 -45 52 19.0 M3Ia 5.31+0.10
−0.10 5.35+0.18

−0.14

W20 16 47 04.7 -45 51 24.0 M6I 4.96+0.11
−0.10 5.17+0.22

−0.19

W75 16 47 08.9 -45 49 58.5 M4Ia 4.78+0.15
−0.12 4.91+0.18

−0.14

W26 16 47 05.4 -45 50 36.6 M5 5.44+0.11
−0.08 5.46+0.16

−0.12

Table 5
The bolometric luminosities for the 6 YSGs in Westerlund 1. Spectral types are from Clark et al. (2020).

Star RA (deg) Dec (deg) SpT log(Lbol / L�)

W4 16 47 1.42 -45 50 37.1 F3Ia 5.05+0.13
−0.21

W8a 16 47 4.79 -45 50 24.9 F8Ia 4.74+0.13
−0.18

W32 16 47 3.67 -45 50 43.5 F5 5.22+0.14
−0.24

W16a 16 47 2.21 -45 50 58.8 A5 4.96+0.15
−0.26

W12a 16 47 6.61 -45 49 42.1 F1 4.89+0.15
−0.20

W265 16 47 6.21 -45 49 23.7 F1 4.89+0.19
−0.21

Figure 3. The luminosity probability distributions obtained for each RSG in the cluster.
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Figure 4. The luminosity distributions obtained for each YSG in the cluster.
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Figure 5. HR diagram for stars in Westerlund 1. The red circles represent the RSGs and the yellow squares represent the YSGs for
which the luminosities have been determined in this work. As we do not know the effective temperatures of the stars they are offset from
each other for clarity. The grey region shows the typical temperature range for RSGs. We also show data from Aghakhanloo et al. (2019),
whereby the luminosities of the hot stars (originally from Crowther et al. 2006; Fenech et al. 2018) have been corrected for the distance
used here. Overplotted are MIST isochrones (Dotter 2016; Choi et al. 2016).

age of Wd1.
For the current study, we make one adjustment to the

B19 method. In Wd1, the lowest luminosity RSG is
W75 at Lbol=4.77+0.14

−0.12. However, the extinction map
in Damineli et al. (2016) suggests that W75 sits in an
area of high foreground extinction. Indeed, the SED of
W75 appears reddened at 1µm, as shown in Fig. 2. This
reddening is unlikely to be caused by circumstellar ma-
terial as the lost flux does not appear to be re-emitted
in the mid-IR. Due to the uncertainty around the true
luminosity of W75, we adapt the ’faintest RSG’ method
of B19 to instead estimate the age from the 2nd faintest
RSG. That is, we use population synthesis to estimate
the most likely luminosity of the 2nd faintest RSG in a
cluster of single non-rotating stars, and compare to the
luminosity of the 2nd faintest star in Wd1 (W20). We
note that an anomalously high extinction for W20, which
would bias our analysis to an older age, can be ruled out
by the star’s colours. Specifically we place an upper limit
on W20’s extinction of AK = 0.76 based on its optical
photometry under the assumption that its spectral type
was later than M0 at the time of observation (see also
Sect. 2.3).

As the number of RSGs in a cluster is low (on the or-
der of ∼10), the ‘2nd-faintest RSG’ method is subject
to stochastic errors. For this reason, we employ a prob-
abilistic methodology in order to estimate the magni-
tude of these errors. We utilise the MIST grid of stellar
isochrones (Choi et al. 2016) and for each age we iso-

late the RSG phase (defined as where Teff ≤ 4500K and
log(Lbol/L�) ≥ 4). From this we determine the mini-
mum and maximum mass of star in the RSG phase and
generate a sample of 500 synthetic stellar masses follow-
ing a Salpeter IMF (Salpeter 1955). We then take a
random subsample of 4 RSGs (to match the number of
RSGs in Wd1) and take the second least luminous RSG,
L2min. This process is repeated 1000 times, from which
we determine a relation of most likely L2min vs isochrone
age. This is then compared to the Lbol of W20. To take
into account the errors on W20’s Lbol, we randomly sam-
ple from the luminosity distribution of that star (shown
in Fig. 3) and repeat for 1000 trials, generating a PDF
of possible ages shown in Fig. 7. From the median of the
PDF, we arrive at an age for Wd1 of 10.4+1.3

−1.2Myr, corre-

sponding to an initial mass for the RSGs of 17+3
−2M�. We

emphasise that this age estimate incorporates the uncer-
tainties due to distance, extinction, as well as stochastic
effects arising from a small sample size.

For completeness, we also take the mean of the loga-
rithmic luminosities of RSGs in Wd1, log(L/L�) = 5.1,
and use the BPASS relation of mean RSG luminosity as a
function of age (see Table 2 within Eldridge et al. 2020).
We find an age of 11 ± 1Myr, consistent with what one
would expect from visual inspection of Fig. 6, and within
the errors of our estimate above.

One possible source of systematic error in this method
is the evolutionary state of W20. The B19 technique in-
herently assumes that the faintest (or in this case, the
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Figure 6. The HR diagram for Wd1, showing the locations of the RSGs (red triangles), YSGs (yellow squares), WNs (blue crosses), and
WCs (magenta stars), in comparison to the predictions of BPASS binary population synthesis, for two ages: 5Myr (left panel) and 10Myr
(right panel). The model predictions are plotted as 2-D histograms of stellar density, in arbitrary units.

2nd faintest) RSG will be relatively unevolved. Whilst
W20 has no apparent maser emission (Fok et al. 2012),
which is thought to be a signpost of an evolved evolution-
ary state (Davies et al. 2008), it does have some mid-IR
excess indicative of a sustained period of cool-wind mass-
loss (see Fig. 2). In principle, the non-zero likelihood
of the fainter RSGs in a cluster being advanced in their
evolution is reflected in the probability distribution func-
tion on the cluster age. However, if the RSGs in Wd1
were all closer to the end of the evolutionary track than
would be expected on average, this would cause the age
estimate described above to be systematically underesti-
mated, making the cluster older than 10Myr.

As was already clear from a simple qualitative compar-
ison to model predictions, the age inferred from Wd1’s
cool supergiants is significantly older than previous es-
timates (discussed in Section 4), which tend to clus-
ter around 5 Myr. Quantitatively, the B19 method ex-
cludes ages younger than 6Myr at the 99.9% confidence
level. If the faintest RSGs are more evolved than would
be expected from a simple random sampling of a stel-
lar isochrone, as indicated by their maser emission, this
would make the disagreement with previous works even
worse. Other possible sources of systematic error which
may reduce this disagreement are discussed in the next
section.

3.2. Can systematic effects reconcile our observations
with previous age estimates?

3.2.1. Variability

RSGs are well-known to be variable, with the level of
variability being wavelength dependent. In extremes, the
variability in the V , R, K and mid-IR seems to have an

Figure 7. Probability distribution function (PDF) for the age of
Wd1 (solid blue line). The blue dashed line shows the age found
in this work employing the faintest RSG method, while the red
dashed line shows an age of 6 Myr.

amplitude of around 1, 0.5, 0.25 and <0.1 mags respec-
tively (Levesque et al. 2007; Yang et al. 2018; Ren et al.
2019). It is not clear whether this variablity is bolomet-
ric (i.e. synchronised across all bands), or whether it is
a manifestation of atmospheric temperature changes at
constant luminosity.

In this section, we investigate the possibility that the
RSGs in Wd1 are on average much brighter than our
estimates here, due to the epochs of our photometry co-
inciding with the minimum state of their photometric
variability. To do this, we perform a Monte-Carlo (MC)
experiment in which we determine the probability that
we have caught the RSGs in Wd1 in a minimum state.
For the purposes of this experiment, we make the extreme
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assumption that RSGs vary bolometrically at a level of
1.0 mags. We also assume that the RSGs in Wd1 have
a time-averaged luminosity consistent with the expecta-
tions of a 5Myr old cluster, which according to BPASS
models (see Fig. 6) is log(L/L�) = 5.6 ± 0.1. First, we
randomly sample four luminosities from a Gaussian dis-
tribution centred on log(L/L�) = 5.6 with a standard
deviation of 0.1dex. Next, we assume that each star
varies in luminosity sinusoidally, with an amplitude of
0.5mags (i.e. a variation in luminosity of dLvar = 0.2dex,
or a difference of 0.4dex in luminosity between the mini-
mum and maximum states), and randomly sample from
that distribution. As in Section 2.3, we then randomly
sample from the probability distributions for extinction
(for each of the four stars) and for distance (applying the
same randomly generated distance to all objects in that
trial). Finally, we repeat 105 times and record the pos-
terior probability distribution of the average luminosity.

To compare to the results of our MC experiment, we
generate a second probability distribution, this time for
the median observed RSG luminosity. We take each
star’s probability distribution on luminosity (shown in
Figs. 3-4), and perform a separate MC simulation where
we sample from these distributions 105 times and deter-
mine the mean of the two middle luminosities (i.e. the
median in the case of an even-numbered sample size).

The results of our MC experiment are shown in Fig. 8.
The peak of the observed distribution, and that of the
expected distribution for a 5Myr old cluster, are obvi-
ously well separated. The width of the expected distri-
bution is determined mostly by the level of variability of
the RSGs. In the extreme case discussed here (bolomet-
ric variability of ±0.5 mag, or ±0.2dex in luminosity),
the probability that we have caught all RSGs in a low
state such that the average luminosity is ∼0.4dex below
the median state can be calculated from the overlapping
region of the two histograms. Specifically, we find this
probability to be 2%.

Whilst low, the above-derived probability is not con-
clusive insofar as it is not outside 3σ. However, we reit-
erate that our experiment employed an extreme assump-
tion for RSG variability, and that all RSGs in Wd1 were
variable at this level. Furthermore, since the photome-
try we used to define each star’s SED was collected non-

contemporaneously, we have effectively made another ex-
treme assumption that each RSG was caught in a low
state in every photometric epoch. These factors consid-
ered, we consider the 2% probability we estimate here to
be an extreme upper limit, and so conclude that stellar
variability cannot explain the disagreement between the
luminosities of Wd1’s RSGs and the expectations for a
5Myr old cluster.

3.2.2. Extinction law

Throughout this work we have utilised the extinction
law determined by Damineli et al. (2016), which cov-
ers wavelengths between 0.4 – 8.0µm. However, there
are a number of different extinction laws presented in
the literature. To assess the systematic impact our
choice of extinction law choice on the luminosities of the
CSGs, we repeat the above analysis using relations from
Cardelli et al. (1988), Nishiyama et al. (2009) and Hosek
et al. (2018), still assuming an AK value of 0.74±0.08
(Damineli et al. 2016). The Nishiyama et al. and Hosek
et al. (2018) laws cover spectral ranges 1.2 – 8 µm and
0.8 – 2.2 µm respectively, and so for shorter wavelengths
we splice the relations with that of Cardelli et al. (1988).
In doing this, we find the effect of different extinction
laws causes only a modest change in luminosity, by a
maximum of 0.1 dex. The star for which the different ex-
tinction laws have the largest systematic effects on Lbol,
W20, has a maximum luminosity of log(L/L�)= 5.02
when using the Damineli et al. law, and a minimum
luminosity of log(L/L�)= 4.93 when using the Cardelli
et al. law. Indeed, the Damineli et al. (2016) relation
has the steepest AV/AK, and thus results in the highest
Lbol values out of all the extinction discriptions investi-
gated. We therefore conclude that varying the extinction
law cannot raise the CSG luminosities enough to allow
them to be consistent with an age of 5 Myr.

Interestingly, the most recently derived extinction law
in the sightline of Wd1 by Hosek et al. (2018) also sug-
gests an age >5Myr for this cluster may be likely. These
authors note that the precise nature of their extinction
law depends upon the assumed age and distance for Wd1.
To break this degeneracy, the Hosek et al. use the dis-
tance estimated from the eclipsing binary system W13
(3.9 ± 0.4 kpc Koumpia & Bonanos 2012, , consistent
with the distance we use in this study). Ultimately,
Hosek et al. find this result favours an age for Wd1
&7Myr (see Fig. 16 within).

4. A CRITICAL LOOK AT PREVIOUS AGE ESTIMATES

In the previous section, we have shown that the lumi-
nosities of the cool supergiants in Wd1 are inconsistent
with a cluster age of 5Myr. Furthermore, we have argued
that this tension cannot be solved by systematics in our
analysis. In this section, we take a detailed look at the
other age estimates for Wd1 in the literature, to see if
they can be reconciled with our own.

4.1. Stellar diversity

We first consider estimates which use the variety of
massive stars present in the cluster as an age constraint.
Clark et al. (2005) suggest an age between 3.5 - 5 Myr,
constrained by the presence of both WR stars and O
stars. Under the paradigm of single star evolution, Clark
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et al. argued the presence of WCL stars puts a lower
age limit on the cluster of 3.5 Myr, while the O super-
giants suggest a maximum age of 5 Myr (Clark et al.
2005; Meynet & Maeder 2003). Crowther et al. (2006)
detailed a census of the WR population of Wd1 using
near-IR photometry and spectroscopy. Using the ob-
served ratio of WR stars to RSGs and YSGs, they favour
an age of 4.5-5 Myr, though they note that neither single-
star nor binary evolution models are able to reproduce
the WN/WC ratio at any age. More recently, Dorn-
Wallenstein & Levesque (2020) use Wd1’s number ra-
tios various stellar classes (e.g. WR/RSG) and compare
to predictions from BPASS, finding a most-likely age of
5Myr.

As we have already shown in Figs. 5 and 6, 5Myr
isochrones substantially overestimate the luminosities of
CSGs in Wd1. Indeed, both single star and binary evo-
lution models require that the age of Wd1 is closer to
10Myr to be able to fit the CSG luminosities. This leads
us to conclude that single-age evolutionary models are
incapable of simultaneously reproducing Wd1’s relative
number counts of post-MS objects and the luminosities
of the YSGs and RSGs.

In general, any method which employs the ratios of star
counts in different evolutionary phases as the age diag-
nostic is fundamentally limited by how well the adopted
evolutionary model can reproduce the evolution of stars
through those phases. For example, in the case of Dorn-
Wallenstein & Levesque (2020), the accuracy of their in-
ferred age depends on the ability of BPASS to model
stars’ luminosities, effective temperatures and surface
abundances as a function of time. These factors, which
are extremely sensitive to binarity, rotation, and mass-
loss, ultimately govern which stars become WRs and
RSGs (as defined by BPASS, see Dorn-Wallenstein &
Levesque 2020) and for how long. This in turn deter-
mines the ratio of WRs to RSGs as a function of time.
This ultimately means that it will be extremely challeng-
ing for any stellar evolution model to use number ratio
of WR/RSG as a precise age diagnostic. The strength of
the B19 method is that it only requires the evolutionary
model to predict the minimum expected luminosity of a
cluster’s RSGs (which corresponds to that of the main-
sequence turn-off) as a function of time for non-rotating
single stars, which most evolutionary codes seem to agree
on.

4.2. Isochrone fitting

The time a star takes to contract to the main-sequence
is a strong function of its mass. By estimating the bright-
ness of the pre-MS – MS transition region, the luminosity
(and hence mass) of star to have recently arrived on the
MS can be deduced. The pre-MS contraction time of
that star is then assumed to be the age of the cluster.
Therefore, isochrone fitting to this region of the cluster’s
colour-magnitude diagram (CMD) can be used to esti-
mate the age.

The first such work on Wd1 was done by Brandner
et al. (2008), which was later updated in Gennaro et al.
(2011). In the latter paper, the authors argued for an
age of 4±0.5 Myr. However, the authors do not perform
a formal fitting procedure to determine the best-fit age,
instead they identify by eye the most likely combination
of distance and age to match the observed CMD, see

Fig. 5 within. The error bar they quote on the age
is half the spacing of their isochrone grid, rather than
a formal description of the probability distribution. The
same group studied Wd1 again in Andersen et al. (2017),
though in that work no formal age estimate was provided.

A similar study was presented in Kudryavtseva et al.
(2012, hereafter K12). Here, the authors used high-
precision proper-motion measurements to identify high-
probability cluster members, in order to minimise the
considerable errors that can be introduced by field star
contamination (which we will discuss again later). These
authors found an extremely narrow peak in the proba-
bility distribution at 5Myr. This led them to argue for
an upper limit to any age spread of 0.4Myr. As we will
argue below, this small uncertainty on age is misleading
as there are several potential sources of systematic error
which will likely dominate the formal fitting errors.

4.2.1. A re-analysis of Wd1’s pre-MS stars

Here, we re-investigate the pre-MS age of Wd1. We be-
gin with the dataset of K12, which is an astrometrically-
cleaned sample of stars from Wd1. We fit the CMD
with isochrones from Haemmerlé et al. (2019), interpo-
lated onto an age resolution of 0.02dex, though we find
no systematic differences when the FRANEC isochrones
employed by K12 are adopted. We use the extinction law
of Damineli et al. (2016) to determine the reddening per
unit extinction in the J −K/K plane, and the distance
derived in Sect. 2.2, both of which are slightly different
to those employed by K12 (see Sect. 4.2.2).

One further difference between K12 and our analysis
is how the errors on each photometric point are treated.
In K12, the errors are assumed to be the formal photo-
metric errors (hereafter the instrumental errors), which
depend on the photon shot-noise and/or the background
variance. In high quality data, such as that presented
in K12, these errors can be very small compared to the
distance in CMD-space of any point from the best-fitting
isochrone (see left panel of Fig. 2 in K12). This leads to
anomalously low un-normalised likelihoods for the best
fitting model, and large differences between the likeli-
hood of the best-fit model those of the neighbouring mod-
els. This in turn leads to very small formal errors, as the
best-fit model has a likelihood which is overwhelmingly
better than any other model in the grid.

In reality, it is very unlikely that the instrumental er-
rors are the dominant source of uncertainty on any data-
point. This can be seen at the bright end of the CMD
in K12’s Fig. 2, where the dispersion of the photometry
around the isochrone is far in excess of what would be
expected from the photometric errors (indicated on the
left-side of that plot). The probable cause of this is the
presence of differential extinction, which is unlikely to be
correlated with object brightness.

From a simple calculation of the standard deviation
of the brightest stars in the K12 sample, we estimate
that the error due to differential extinction on colour is
±0.115mag. To determine the error on AK , we assume
that the error on colour is the quadrature sum of those
on AK and AJ , with AJ = 3.23AK (following Damineli
et al. 2016). This gives an error on AK due to differential
extinction of 0.034mag. For each data-point, we then
assume that the total error is the quadrature sum of the
instrumental error and that from differential extinction.
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Figure 9. Results of fitting the K12 pre-MS photometry. Top:
the χ2 solution plane of our analysis. The shaded contours indicate
the 1, 2 and 3σ confidence regions, while the star symbol indicates
the best-fit solution. Note that the probability distribution does
not account for the uncertainty in distance, which we treat as a
systematic error. Bottom: The K12 photometric points (yellow),
overlaid on the model isochrones which fall within the 95% confi-
dence limits. The errors on the photometry, which include that on
extinction, are shown on the right of the panel. The dotted circle
identifies the ‘bridge’ stars discussed in the text.

To find the best fitting model isochrone, we perform
a free two-dimensional fit on age and extinction. For
each isochrone age and extinction pair in our grid, we
determine the shortest linear distance in CMD-space of
each photometric point i from the model isochrone in
units of σ, where sigma is the quadrature sum of each
photometric point’s error on magnitude and colour. For
each age and extinction, we then determine the quantity
χ2 =

∑
i σ

2
i , and identify the best-fitting age-extinction

combination to be that with the lowest χ2. We de-
termine the 68% and 95% confidence limits (analagous
to 1-2σ error bars) from the points in the grid with
χ2 < χ2

min + ∆χ2, where ∆χ2 = 2.30 and 6.18 re-
spectively (Avni 1976). Finally, we adopt a distance of
4.12kpc, and treat the uncertainty on distance as an ex-
ternal systematic error.

The results of our analysis can be seen in the panels of
Fig. 9. Our best-fit mean extinction AK = 0.740± 0.015
is consistent with theAK = 0.74±0.08 found by Damineli
et al. (2016). We note that our error is the error in the
mean; we have already assumed an intrinsic dispersion on
the mean AK of 0.034mag. Neglecting the error on dis-
tance, we find a best-fitting age of 7.2±0.2Myr, which we
plot in CMD-space in the bottom panel of Fig. 9. While
the 1σ errors are quite small, we note that the proba-
bility distribution is somewhat flared (see Fig. 9, bottom
panel), with the 95% confidence intervals extending from
6-9Myr.

We emphasise that the results above do not include
any uncertainty on distance. To estimate the systematic
error due to distance, we simply repeat the analysis using
distances at the 68% confidence limits of 3.79kpc and
4.78kpc. In doing so, we find an additional distance-
based systematic error on our best-fit age of +1.1

−2.3Myr.
The effect of other sources of error are discussed in Sect.
4.2.3.

4.2.2. Differences from Kudryavtseva et al.

Our best-fit age differs from that of K12 for several rea-
sons. Firstly, the extinction law we use (Damineli et al.
2016, , AJ/AK = 3.23 ) differs substantially from that
used by K12 (Rieke & Lebofsky 1985, , AJ/AK = 2.52).
The extinction law determines the angle of the vec-
tor along which a model isochrone will be displaced
across the CMD – the steeper extinction law of Damineli
et al. (2016) results in a smaller downward shift of the
isochrone in CMD space at fixed colour shift, the latter
being well-constrained from the position of the MS. This
then results in older isochrones, which have an intrinsi-
cally fainter pre-MS/MS transition point, being required
to fit the data. If we repeat our analysis using the Rieke
& Lebofsky extinction law, we find an age of 5.2+0.2

−0.6Myr,
consistent with K12’s measurement of 5.0± 0.2Myr.

4.2.3. Sensitivity of the pre-MS age to systematic errors

The above analysis leads to an age estimate which
seems overly-precise, with a formal error on the age of
just±0.2Myr when the uncertainty in distance is ignored.
However, implicit in this analysis is the assumption that
every data-point in the CMD is randomly scattered away
from the best-fitting isochrone according to its experi-
mental errors alone. In reality there are a host of sys-
tematic errors which could affect any data-point, for ex-
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ample: unresolved binarity (which would make a star ap-
pear abnormally bright); anomalously high/low extinc-
tion (which would make the object too red/blue and to
faint/bright); or imperfect foreground decontamination
(which would remove the data-point from the CMD all
together).

Furthermore, certain stars in the CMD have substan-
tially greater leverage over the best-fit solution than oth-
ers. The brighter stars in the K12 sample with K < 14.5
have almost zero diagnostic power over the inferred age,
as the pre-MS is always fainter than this for all but very
young ages (.3Myr). Similarly, the fainter, redder stars
(K & 15.5) are consistent with all ages younger than
∼20Myr. In fact, almost all leverage over the cluster age
in K12’s data comes from two stars just above the peak
of the pre-MS region at (J − K,K) ' (1.8, 14.8) (here-
after the ‘bridge’ stars, denoted by the dotted circle in
the bottom panel of Fig. 9). In this Section, we explore
the effect of systematic errors on the best-fit age and
its uncertainty, with particular emphasis on the ‘bridge’
stars.

Anomalous extinction— In our analysis, we have assumed
that the dispersion of the photometry about the best-
fitting isochrone is dominated by inhomogeneous extinc-
tion, which we quantify by measuring the standard de-
viation of the colours of the bright stars. We have then
applied this uniformly to all stars, though in reality it is
unlikely to affect all stars the same. If instead we allow
the error on extinction to be larger for just the ‘bridge’
stars, such that for these two stars dAk = 0.06mags (cf.
the error on the average cluster in AK Damineli et al.
2016), the leverage these stars will have over the best-fit
solution will be reduced for the following reason: when
the errors on these points are small, their location on the
CMD can only be explained by a bright pre-MS; but,
when the errors are larger, they could just as easily be
MS stars randomly scattered to a redder colour. The
consequences of this can be seen when we repeat our
analysis with the larger errors for the ‘bridge’ stars. The
best-fit age becomes 7.4+1.6

−0.4Myr; slightly older, but with
a much broader probability distribution since the con-
straining power of the ‘bridge’ stars is reduced.

Anomalous foreground contamination— Next, we investi-
gate the effect of treating the ‘bridge’ stars as foreground
contaminants. Removing one star from the analysis, the
best-fit age remains the same, but the errors increase as
age constraint is loosened, with older ages becoming pos-
sible (7.2+1.4

−0.2Myr). Removing both stars results in an age

of 7.6+1.8
−0.6Myr; marginally older, but with larger errors.

Unresolved binarity— Finally, we repeat the analysis but
with the assumption that just one of the ‘bridge’ stars
is an unresolved equal-mass binary, and replace the star
with two of similar colour but half the brightness. Now,
the probability distribution is pulled dramatically to
older ages, the best-fit solution becoming 9.0+1.2

−0.6Myr.

4.2.4. Pre-MS fitting: summary

In our re-analysis of the K12 data, we have found
that updating the extinction law to that measured by
Damineli et al. (2016) moves the best-fit age from ∼5Myr
to ∼7Myr. The formal 68% confidence limits (+1.1

−2.3Myr)

are dominated by the uncertainty in the distance to Wd1.
However, despite the K12 data containing over 40 puta-
tive cluster members, we caution that this best-fit age
is strongly leveraged by just two data-points in the MS
– pre-MS transition region. Including extra sources of
small systematic error to these two data-points can have
a profound impact on the best fit age, and in all cases
makes the age older and more imprecise.

As a final note on this topic, in our discussions on
systematic errors in pre-MS fitting we have not men-
tioned the absolute level of accuracy that is possible from
this type of analysis. The ages derived from the pre-MS
(∼7Myr) and the luminosity of the CSGs (∼10Myr) are
completely independent of one another in terms of the
relevant stellar physics. For these measurements to be
in tension with one another, each would require an abso-
lute level of accuracy and precision of 10-15%. In the case
of pre-MS stars, it has been shown from nearby young
clusters and associations that discrepancies in the theo-
retical mass-radius relation and/or synthetic photometry
make this level precision extremely challenging (e.g. Nay-
lor 2009; David et al. 2019)

Consequently, we conclude that while Wd1’s pre-MS
population indicates an age of 7Myr, ages older than
10Myr cannot be definitively excluded, and so any ten-
sion between the pre-MS and CSG ages is weak.

4.3. Eclipsing binaries

There are a handful of known eclipsing binary systems
in Wd1, from which it is possible to estimate an age.
This method requires measurements of the radial veloc-
ities (RV) and photometric light curves, from which dy-
namical masses can be determined provided an inclina-
tion (i) is known. An upper limit to the cluster’s age is
then determined from the expected lifetime of the most
massive component in the system. This method has the
advantage of being independent of distance, though it
is extremely sensitive to the inclination i of the binary
system.

Of the four massive eclipsing binaries in Wd1, of partic-
ular interest are WR77o and W13, the two most massive
systems. WR77o is a single-lined eclipsing binary where
only one component, a WR, can be directly observed.
For the invisible component, Koumpia & Bonanos (2012)
determine a mass of ∼40M� and propose this is a post-
mass transfer system. However, we note that Koumpia &
Bonanos advise that their mass estimates for the compo-
nents of WR77o should be taken with caution given the
significant residuals in their best fits to the light curves,
such that the authors themselves authors chose not to
speculate further on the nature of the system.

A second high mass eclipsing binary, W13, has been
studied in both Ritchie et al. (2010) and Koumpia &
Bonanos (2012), with both authors finding similar mass
estimates for the two components (23M� and 33M�).
Ritchie et al. argue that the system is post mass-transfer,
meaning that the initial mass of the more massive com-
ponent was even greater than it is now. This would place
a lower limit on Wd1’s age of ∼5Myr, roughly the life-
time of a 33M� star.

Looking again at the data and its modelling in Ritchie
et al. (2010), there are two possible sources of systematic
error. Firstly, Ritchie et al. measure the radial velocity
variations in W13 by simple Gaussian fitting to spec-
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tral lines, rather than spectral deconvolution of the two
components. Since the temperatures of the two stars in
the system appear to be similar, one with lines in emis-
sion and one with lines in absorption, the two sets of
spectral lines may cancel out, causing the radial veloc-
ity variations to appear smaller than they are. Secondly,
Ritchie et al. obtain the key parameter of the system in-
clination by fitting the eclipse seen in the lightcurve of
Bonanos (2007). As noted by Ritchie et al., the eclipse is
very weak (0.15mags), and is comparable to the intrinsic
variability of stars similar to those in W13, which the
authors do not factor in to their analysis. If included
as an extra source of Gaussian noise on each photomet-
ric point in the light curve, it is likely that this would
increase the error on the inclination, but also shift the
best-fitting inclination to a lower value. This would sys-
tematically shift the masses of both stars in W13 higher,
whilst also increasing the uncertainty. Therefore, It is
unlikely that these effects would bring the W13 masses
into better agreement with the cool supergiants.

4.4. A summary of Wd1 age estimates, and the nature
of Wd1

To summarise our discussion in this section, we have
studied all previous age estimates of Wd1 in detail, fo-
cusing on their systematic errors, to attempt to resolve
the tension with the cool supergiant age of 10.4+1.3

−1.2Myr
presented in this paper. Our conclusions are:

• Age estimates from stellar diversity are unreliable.
No evolutionary model (single star or binary, rotat-
ing or non-rotating) is able to simultaneously ex-
plain the presence of various post-MS objects and
reproduce the luminosities for the cool supergiants.

• We have re-analysed the pre-MS photometry of
Wd1 from K12, finding an age slightly older than
that inferred by those authors, 7.2+1.1

−2.3Myr. The
primary cause of this shift is our adoption of the
Damineli extinction law. The formal errors are
dominated by the uncertainty on distance. How-
ever, we find that almost all the leverage on age
comes from two data-points close to the pre-MS –
MS transition region. We have shown that system-
atic errors on these two stars could substantially
flare the probability distribution to the extent that
ages above 10Myr move well within the 68% confi-
dence limits.

• Upper limits on Wd1’s age inferred from the life-
times of stars in eclipsing binaries are also likely
subject to systematic errors. However, the system-
atics we discuss here are all likely to push the mass
estimates higher, and hence pull the ‘eclipsing-
binary’ age lower. Specifically, the most massive
component of the eclipsing binary W13 seems to
place a hard upper limit on Wd1’s age of 5Myr.
This of course assumes that the more massive star
is the mass-loser in the W13 system, which we do
not discuss here.

So, in terms of age estimates, the only substantial ten-
sion remaining is that between the brightnesses of the
cool supergiants and the masses of the stars in W13.

The presence of these objects in the same cluster can-
not be explained by stellar evolution theory under the
assumption that Wd1 is a single-age star cluster.

Before going further, it is worth discussing Wd1 in con-
text with other massive young star clusters. In particu-
lar, there is one other cluster in the Milky Way that has
a similar mass and age to Wd1, namely RSGC1. The
only age estimates in the literature for RSGC1 are based
on the luminosities of the RSGs. Though the faintest-
RSG method yields a similar age for the two clusters, the
stars in RSGC1 appear to be systematically brighter than
those in Wd1 (Davies et al. 2008; Beasor et al. 2020),
while RSGC1 has no known WR stars. An extensive
spectroscopic study of the bright stars in RSGC1 found
only early-B dwarfs, with one blue supergiant (Davies et
al., in prep). This is in line with what one would expect
from single-star evolutionary theory for a cluster of this
age, but is in stark contrast to Wd1 which is host to many
WRs and luminous hot supergiants. This suggests that
stellar models are able to explain at least some clusters in
this age range. Therefore, perhaps it is the ground-level
assumption typically made when modelling star clusters,
that of a single-age stellar population, which must be
revisited in the case of Wd1.

R136 in the LMC is another massive young clus-
ter/association in which CSGs are known to co-exist with
WRs and hot, massive post-MS stars (Schneider et al.
2018, and references therein). Schneider et al. present
a detailed study of around 500 hot stars in R136 and
the larger surrounding association of NGC 2070, reveal-
ing a large spread of ages ranging from 1-6Myr within
18pc of the cluster core. In addition to the hot stars,
there is one confirmed RSG within this zone (identified
by Britavskiy et al. 2019, as Mk9 ≡W61 7-8), which has
a luminosity of log(L/L�) = 5.15. Across the broader
30 Dor region surrounding R136, there are dozens more
cool supergiants and CSG candidates, all of which have
log(L/L�) < 5.2 (Britavskiy et al. 2019). Hence, the si-
multaneous presence of hot, luminous post-MS massive
stars and less luminous cool supergiants well below the H-
D limit seen in Wd1 does have precedent in R136, though
over a slightly larger spatial scale – the projected spatial
extent of Wd1 is around 4pc at an assumed distance of
4.12kpc. In R136/NGC 2070, this stellar diversity is eas-
ier to explain as there is compelling evidence for an ex-
tended, multi-peaked star-formation history (Schneider
et al. 2018).

Therefore, from the similarity to NGC 2070, combined
with the disimilarity to RSGC1, we propose that Wd1
is the product of a sustained starburst lasting several
Myr. In this scenario, our RSG-based age defines the
older end of the age range (∼10Myr), while the eclips-
ing binary W13 sets the younger limit (∼5Myr). With
a potential age spread of 5Myr, we caution against us-
ing Wd1 as a benchmark object for calibrating stellar
evolution models.

5. CONCLUSIONS

In this paper, we have derived bolometric luminosi-
ties for the four Red Supergiants (RSGs) and six Yellow

5 We estimate the luminosity of W61 7-8 from its K-band mag-
nitude, a distance modulus of 18.5mags, a bolometric correction of
BCK = 2.85 (Davies et al. 2018), and an extinction of AK = 0.19
(Davies & Beasor 2018; Britavskiy et al. 2019)



The age of Wd1 15

Supergiants (YSGs) in the cluster Westerlund 1 (Wd1)
using a combination of archival photometry and new
mid-IR imaging with SOFIA+FORCAST. We have then
compared these luminosities to the predictions from evo-
lutionary models for a putative cluster age of 5Myr. Our
findings can be summarised as follows.

• The luminosities of the RSGs and YSGs strongly
disfavour an age of 5Myr, as these stars are on av-
erage 0.4dex fainter than would be expected for a
cluster with this age. Formally, using an adapta-
tion of the faintest RSG method, we find a cluster
age of 10.4+1.3

−1.2Myr, with ages younger than 6Myr
excluded at the 99.9% confidence level.

• We have discussed two sources of systematic error
on our luminosity estimates; photometric variabil-
ity of the RSGs and YSGs, and uncertainties in
the extinction law. We find that neither is able
to explain the discrepancy with the expected lu-
minosities for a 5Myr cluster. Furthermore, possi-
ble systematic errors in the ‘faintest RSG’ age all
serve to make Wd1 older, and therefore make the
discrepancy worse.

• In light of our results, we have re-evaluated previ-
ous age estimates for Wd1 in the literature. We
argue that ages derived from stellar diversity (e.g.
ratios of numbers of Wolf-Rayet stars to those of
RSGs) are subject to large systematic errors and
as such should be treated with caution. In addi-
tion, we have revisited the issue of isochrone fits to
the pre-main sequence population of Wd1. When
we apply the Gaia EDR3 distance of 4.12+0.66

−0.33kpc,
the Damineli et al. (2016) extinction law, and in-
corporate differential extinction into the photomet-
ric errors, we find a pre-MS age of 7.2+1.1

−2.3Myr,
though we have also shown that systematic errors
could easily push this age older to within 1σ of the
‘faintest RSG’ age. However, we can see no way to
reconcile the tension between our results and those
from eclipsing binary studies. Specifically, the up-
per age limit inferred from the most massive com-
ponent of the W13 binary system is significantly
younger than the age inferred from the RSG/YSG
luminosities.

From the above evidence, we conclude that Wd1 can-
not be explained by either single-star or binary stellar
evolutionary models when a single age is assumed. In-
stead, we propose that Wd1 is the product of an ex-
tended star-forming period spanning several million years
rather than an instantaneous burst. We identify the
R136/NGC 2070 association as a Wd1 analogue, which
contains a similarly diverse array of post-MS massive
stars (Wolf-Rayets, blue/red/yellow supergiants), with
RSGs of similar brightness to those in Wd1, but for which
there is mounting evidence for a star-forming epoch last-
ing >5Myr.

We thank the referee for their careful reading of our
manuscript, and for their suggestions which improved
our paper. Based in part on observations made with

the NASA/DLR Stratospheric Observatory for Infrared
Astronomy (SOFIA). SOFIA is jointly operated by the
Universities Space Research Association, Inc. (USRA),
under NASA contract NNA17BF53C, and the Deutsches
SOFIA Institut (DSI) under DLR contract 50 OK 0901
to the University of Stuttgart. Financial support for this
work was provided by NASA through award # 05 0064
issued by USRA. ERB is supported by NASA through
Hubble Fellowship grant HST-HF2-51428 awarded by the
Space Telescope Science Institute, which is operated by
the Association of Universities for Research in Astron-
omy, Inc., for NASA, under contract NAS5-26555. This
work makes use of the IDL software and astrolib. RDG
was supported by NASA and the United States Air Force.

REFERENCES

Aghakhanloo, M., Murphy, J. W., Smith, N., et al. 2019, arXiv
e-prints. https://arxiv.org/abs/1901.06582

Andersen, M., Gennaro, M., Brandner, W., et al. 2017, A&A,
602, A22, doi: 10.1051/0004-6361/201322863

Arellano Ferro, A., Giridhar, S., & Rojo Arellano, E. 2003,
RMXAA, 39, 3. https://arxiv.org/abs/astro-ph/0210695

Avni, Y. 1976, ApJ, 210, 642, doi: 10.1086/154870
Beasor, E. R., Davies, B., Smith, N., & Bastian, N. 2019,

MNRAS, 486, 266, doi: 10.1093/mnras/stz732
Beasor, E. R., Davies, B., Smith, N., et al. 2020, MNRAS, 492,

5994, doi: 10.1093/mnras/staa255
Bonanos, A. Z. 2007, AJ, 133, 2696, doi: 10.1086/518093
Brandner, W., Clark, J. S., Stolte, A., et al. 2008, Astronomy &

Astrophysics, 478, 137
Britavskiy, N., Lennon, D., Patrick, L., et al. 2019, Astronomy &

Astrophysics, 624, A128
Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1988, ApJ, 329,

L33, doi: 10.1086/185171
Choi, J., Dotter, A., Conroy, C., et al. 2016, ApJ, 823, 102,

doi: 10.3847/0004-637X/823/2/102
Clark, J., Negueruela, I., Crowther, P., & Goodwin, S. 2005,

Astronomy & Astrophysics, 434, 949
Clark, J. S., Ritchie, B. W., & Negueruela, I. 2010, A&A, 514,

A87, doi: 10.1051/0004-6361/200913820
—. 2020, A&A, 635, A187, doi: 10.1051/0004-6361/201935903
Clarke, M., Vacca, W. D., & Shuping, R. Y. 2015, in

Astronomical Society of the Pacific Conference Series, Vol. 495,
Astronomical Data Analysis Software an Systems XXIV
(ADASS XXIV), ed. A. R. Taylor & E. Rosolowsky, 355

Crowther, P. A., Hadfield, L., Clark, J., Negueruela, I., & Vacca,
W. 2006, Monthly Notices of the Royal Astronomical Society,
372, 1407

Damineli, A., Almeida, L. A., Blum, R. D., et al. 2016, MNRAS,
463, 2653, doi: 10.1093/mnras/stw2122

David, T. J., Hillenbrand, L. A., Gillen, E., et al. 2019, ApJ, 872,
161, doi: 10.3847/1538-4357/aafe09

Davies, B., & Beasor, E. R. 2018, Monthly Notices of the Royal
Astronomical Society, 474, 2116

Davies, B., & Beasor, E. R. 2019, MNRAS, 486, L10,
doi: 10.1093/mnrasl/slz050

Davies, B., Crowther, P. A., & Beasor, E. R. 2018, Monthly
Notices of the Royal Astronomical Society, 478, 3138

Davies, B., Figer, D. F., Law, C. J., et al. 2008, The
Astrophysical Journal, 676, 1016

Davies, B., Kudritzki, R.-P., Plez, B., et al. 2013, The
Astrophysical Journal, 767, 3

Dorn-Wallenstein, T. Z., & Levesque, E. M. 2018, ApJ, 867, 125,
doi: 10.3847/1538-4357/aae5d6

—. 2020, ApJ, 896, 164, doi: 10.3847/1538-4357/ab8d28
Dotter, A. 2016, The Astrophysical Journal Supplement Series,

222, 8
Eldridge, J. J., Beasor, E. R., & Britavskiy, N. 2020, MNRAS,

495, L102, doi: 10.1093/mnrasl/slaa067
Fazio, G., Hora, J., Allen, L., et al. 2004, The Astrophysical

Journal Supplement Series, 154, 10
Fenech, D. M., Clark, J. S., Prinja, R. K., et al. 2018, A&A, 617,

A137, doi: 10.1051/0004-6361/201832754

https://arxiv.org/abs/1901.06582
http://doi.org/10.1051/0004-6361/201322863
https://arxiv.org/abs/astro-ph/0210695
http://doi.org/10.1086/154870
http://doi.org/10.1093/mnras/stz732
http://doi.org/10.1093/mnras/staa255
http://doi.org/10.1086/518093
http://doi.org/10.1086/185171
http://doi.org/10.3847/0004-637X/823/2/102
http://doi.org/10.1051/0004-6361/200913820
http://doi.org/10.1051/0004-6361/201935903
http://doi.org/10.1093/mnras/stw2122
http://doi.org/10.3847/1538-4357/aafe09
http://doi.org/10.1093/mnrasl/slz050
http://doi.org/10.3847/1538-4357/aae5d6
http://doi.org/10.3847/1538-4357/ab8d28
http://doi.org/10.1093/mnrasl/slaa067
http://doi.org/10.1051/0004-6361/201832754


16 Beasor et al.

Fitzgerald, M. P. 1970, A&A, 4, 234
Fok, T. K. T., Nakashima, J.-i., Yung, B. H. K., Hsia, C.-H., &

Deguchi, S. 2012, ApJ, 760, 65,
doi: 10.1088/0004-637X/760/1/65

Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2020,
arXiv e-prints, arXiv:2012.01533.
https://arxiv.org/abs/2012.01533

Gennaro, M., Brandner, W., Stolte, A., & Henning, T. 2011,
Monthly Notices of the Royal Astronomical Society, 412, 2469,
doi: 10.1111/j.1365-2966.2010.18068.x

Gustafsson, B., Edvardsson, B., Eriksson, K., et al. 2008,
Astronomy & Astrophysics, 486, 951
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