
The Presence of Very Massive Stars in 
Young Massive Clusters 

Collaborators:

Angela Adamo, Varun Bajaj, Gustavo Bruzual, Daniela Calzetti, Stéphane Charlot, You-
Hua Chu, Paul Crowther, Matt Hayes, Bethan James, Anne Jaskot, Claus Leitherer, Sally 
Oey, Göran Östlin, Jenna Ryon, Elena Sabbi, Sergiy Silich, Aida Wofford

MIAPbP Workshop: Star-forming clumps and clustered starbursts across cosmic time

Munich 4-28 October 2022

Linda J. Smith 

Space Telescope Science Institute



Topics to be covered:

• Introduction to Very Massive Stars

• Observations of VMS in super star clusters

• Can stellar population synthesis models fit UV spectra of VMS?

• Implications of VMS in clusters for feedback



Very Massive Stars (VMS)

Defined as stars with initial masses > 100 M⊙

• most massive eclipsing binary: NGC 3603-A1: 116±31, 89±16 M⊙ (Schnurr+2008)

• R136 in 30 Dor contains 8 VMS with M > 100 M⊙ (Crowther+2010, 2016)

• Most massive star: R136a1 ≥ 250 M⊙, log L/L⊙ =6.86, Teff=46 kK (Brands+2022)

• But recent speckle imaging resolves R136a1 and mass of 200+/- 30 M⊙ is derived 

(Kalari+2022)

• Many stellar population synthesis (SPS) models have an upper mass limit mu= 100 M⊙

so importance of VMS on feedback and spectra is not considered



Very Massive Stars (VMS)

• VMS are close to the Eddington limit - have high mass loss rates ~ 50 * O star 
mass loss or up to a few*10-4 M⊙ /yr. 

• High mass loss produces optically thick stellar winds – spectra dominated by 

emission lines, like  core He-burning Wolf-Rayet stars but H-rich on main 

sequence. 

• Winds will be optically thick below 228 Å – no nebular He II produced

• High mass loss and ionizing fluxes dominate cluster feedback in first 3 Myr

• Studies (e.g. Vink 2022) find VMS mass loss rate has weaker dependence on 

metallicity Z so winds predicted to be stronger compared to O stars at low Z

• Stellar winds are enriched in N, He (Roy+2020)



R136

Contains most massive 
stars known 

He II 1640 emission is unique 

feature of VMS

(Crowther+2016)

Integrated HST/STIS FUV spectra for various R136 stars

Age  = 1.5± 0.5 Myr



Finding VMS in clusters in nearby galaxies

• Cluster needs to be young (< 3 Myr) and massive (> 105 M⊙) to 

populate IMF  - “super star clusters”

• Good signposts: natal gas is still present and star-forming 

region is at high pressure – massive cluster is formed

• Three known examples:

NGC 3125-A1 (Wofford+2014)

NGC 5253-5 (Smith+2016)

Mrk 71-A in NGC 2366 (Smith+2022)



GALEX image of NGC 2366

NGC 2366

NGC 2363

Mrk 71

Mrk 71

Oey+2017

WFC3 F373N, F502N, F438W 

NOEMA CO (2-1) contours: red (continuum), black – line emission

• Mrk 71 = starburst complex

• D = 3.4 Mpc, Z = 0.16 Z⊙ or 

O/H=7.89

• 2 clusters A and B, 83 pc apart

embedded
evacuated



Mrk 71-A: young and embedded

• Ultracompact H II region

• Dominant ionization source of region

• Age ≤ 1 Myr

• Cluster mass ~ 105 M⊙

• Compact molecular cloud, 7 pc in size and 

mass of ~ 105 M⊙ (Oey+17)

• Local Green Pea analog (Micheva+17)
Mrk 71-B: older

• Mass 1.4 x 104 M⊙

• Age 3-5 Myr (Drissen+2000)

• Region is evacuated

Drissen+2000: HST/FOS FUV spectroscopy of SSC A 

shows nebular features only – no trace of an underlying 

stellar population



Mrk 71-A

STIS slit

WFC3 F438W, F502N, F814W Cycle 28 GO program 16261 (PI Oey): 

• G 140L STIS spectroscopy for clusters A and B, 

• 1160-1710 Å,  deep 8.7 hr exposure

• Detect underlying stellar population in FUV

• Cluster A is resolved with radius = 0.93 ± 0.03 pc

Archival FOS spectra:

• Cycle 2 (pre-SM1: Oct 1993; ID 5246, PI Skillman)

G190H (1603-2310 Å)

• Cycle 5 ( ID 6096, PI Drissen)

G130H (1140-1603 Å)

FOS apertures



STIS G140L

FOS G130H + G190H

VMS features are
clearly present:
• He II 1640 emission
• O V 1371 weak P Cyg
• No Si IV P Cygni
• Weak C IV P Cygni
• Strong N V emission

FOS spectra show

nebular features 

similar to high-z star 

forming galaxies:

C IV, O III],

[Si III], Si III] and 

strong C III]

Ne ~ 7500 cm-3

FUV Spectra of Mrk 71-A



• Ly-𝛼 absorption is unusually strong: Log N(H I) = 22.22 cm-2 (13x stronger than for 

cluster B, 83 pc away) – suggests large amount of neutral H I gas is associated with 

the cluster

• Interstellar absorption lines are weak but should be saturated given high N(H I) column

• Little dust present: derive Av=0.26 or E(B-V) = 0.095 from UV continuum fit 

– expected value using SMC AV/N(H I) relation gives Av = 1.26

• Observe FUV photons so they must be escaping from embedded cluster associated 

with molecular cloud and high N(H I) along line of sight

• Suggests a clumpy porous medium despite high N(H I) column

• Green Pea analog – candidate Lyman continuum emitter with [O III]/[O II] = 23 and log 

U = -1.9 (James+2016, Micheva+17)

The Puzzling Local Environment of Mrk 71-A



NGC 5253 – blue compact dwarf, young central starburst, Z=0.35 Z⊙

LEGUS

2”= 32 pc

Centre

•blue-shifted O V wind absorption
•broad He II emission
•Si IV P Cygni is absent

STIS spectra of #5 shows it is 1-2 Myr old and contains VMS
(Smith+2016) 

3 central clusters – supernebula (Jean 
Turner’s talk) + clusters #5 and #11 
(Calzetti+2015; Smith+2020)

Comparison of #5 spectrum with R136 VMS spectrum
scaled to the distance of NGC 5253



Stellar Population Synthesis Models

• Many SPS models have an upper mass limit of 100 M⊙

• No SPS model with MU= 100 M⊙ shows He II 1640 at < 3 Myr

• To include VMS it is critical to use accurate evolutionary tracks and 

atmospheric models with the correct mass loss prescription

• Martins & Palacios (2022) calculate VMS atmosphere models 

tailored to match LMC empirical VMS mass-loss rates and add 

them to BPASS models of Stanway & Eldridge (2018)



Martins & Palacios (2022) Model Fit to R136Martins & Palacios: Very massive stars at Z = 1/2.5 Z⊙

Fig. 9. Normalized UV spectrum of population synthesismodels. Black
lines are the BPASS model extending to 300 M⊙. The red line is the
combination of the BPASSmodel up to 100 M⊙and the additional con-
tribution of VMSs from our models and a Salpeter IMF slope for 100-
300 M⊙. The top (bottom) panel is for a burst of star formation after
1 (2) Myr.

According to Senchynaet al. (2021), the updated Bruzual &
Charlot models rely on the PoWR9 grids of Wolf-Rayet models
for synthetic spectra (Todt et al. 2015). Hence dedicated VMS
synthetic spectraarenot included. In particular, this implies that
the mass-loss rates and helium mass fraction used for the syn-
thetic spectra are not consistent with those of the evolution-
ary tracks of Chen et al. (2015). Nonetheless, Senchynaet al.
(2021) argued that VMSs are necessary to properly reproduce
theUV spectrum of extremestar-forming galaxies. In their mod-
els, the EW of Heii 1640 and Civ 1550 can only be matched
with VMSs. The absorption (emission) EW of line Civ 1550

(Heii 1640) in our population synthesismodels is8.6 (-4.7) Å at

1 Myr and 8.3 (-9.0 Å) at 2 Myr. From Fig. 4 of Senchynaet al.
(2021), this iseven larger than what theBruzual & Charlot mod-
elspredict, although they useaconstant formation history rather
than a burst of star formation, which partly explains the differ-
ence. The differences in mass-loss rates may also partly explain
that we predict stronger lines.

4.2. Young massive clusters

In this section we now investigate whether our population syn-
thesismodelsallow abetter fit to theobservedspectrumof young
massiveclusters.

The first direct test is shown in Fig. 10. We compare
the integrated UV spectrum of the R136 cluster in the LMC
(Crowther et al. 2016) to our simple population synthesis. We
also show the BPASSpredictions with an upper mass cut-off of
300 M⊙. Our test model matches the observed Heii 1640 bet-
ter than the BPASS spectrum. Civ 1550 is also stronger in our
model and agrees better with the observed profile. Oiv 1340

9 ht t ps: / / www. ast r o. physi k. uni - pot sdam. de/ ~wr h/ PoWR/ powr gr i d1. php

Fig. 10. Normalized UV spectrum of the R136 cluster (black) with our
population synthesis model including VMS at 1 Myr (top, red) and the
BPASS model for an upper mass cut-off of 300 M⊙ (bottom, green).
The synthetic spectra have been normalized and degraded to a spectral
resolution of 1500.

and Ov 1371 are slightly too strong in our model compared
to the spectrum of R136. The comparison of Si iv 1400 is not
straightforward without an assessment of the interstellar absorp-
tion. We note that the IMF of the 30 Dor region, of which R136
is part, may be top heavy (Schneider et al. 2018), while weused
a Salpeter mass function. Changing the IMF would increase the
contribution of VMS and strengthen someof the emission lines.
In spite of these shortcomings, we conclude that the morphol-
ogy of the spectrum including VMS is closer overall to what is
observed than the pureBPASSspectrum.

We further investigated whether our improved population
synthesis model might reproduce the integrated spectrum of
the super star cluster A1 in NGC3125 better. Wofford et al.
(2014) showed that someof thestrongest UV features, including
Heii 1640, could not be reproduced by classical STARBURST99
models (Leitherer et al. 2014). A comparison with our models
is relevant since the metallicity of NGC3125 is estimated to be
close to that of the LMC (Hadfield & Crowther 2006). We re-
trieved the HST/STIS G140L spectrum of the cluster from the
MAST archive10. The spectrum has a resolution of about 1000

and coverstherange1150-1700Å. We normalized thespectrum
and cut thespectral region around Lyα because it is strongly ab-
sorbed. We show how our population synthesis models includ-
ing VMSat 2 Myr comparesto thespectrum of NGC3125 A1 in
Fig. 11. The agreement is good, with Si iv 1400 and Heii 1640
being relatively well accounted for given that we do not explore
thefull parameter space(age, IMF shape, star formationhistory).
In particular, weareableto reproducethebroad Heii 1640 emis-
sion, which wasthemain problem encounteredby Wofford et al.
(2014). N v 1240 and N iv 1486 are present in both our model
and the observation, but we predict a slightly too strong emis-
sion. Asalready discussed, thismay bedueto theadopted initial

10 ht t ps: / / ar chi ve. st sci . edu/ hst / sear ch. php

Articlenumber, page 11 of 16

BPASS models with MU= 300 M⊙ use Vink+2001 

mass loss recipe  – optically thin winds 

– mass loss rates are too low to produce He II 1640 

emission

MP22 models use empirical mass loss rates

for  LMC VMS, tailored STAREVOL evolutionary

tracks and CMFGEN model spectra

- can match R136 FUV spectrum

MP models

BPASS models

He II



Best fit is for an age of 1 Myr – confirms cluster is very young

Calzetti+2015 determine an age of 1 +/- 1 Myr from photometry

Martins & Palacios (2022) Model Fit to NGC 5253-5 at Z=0.008



Stellar Population Synthesis Models

• Martins & Palacios (2022) models have empirical mass loss rates for 
evolutionary tracks and model spectra but only for LMC metallicity

• Important to evaluate SPS models at different metallicities

• Charlot & Bruzual (2019; unpublished) calculate models with MU = 300 M⊙ for

Z =0.0001-0.04

- adopt mass loss rates of Vink+2011 – mass-loss is increased near 
Eddington limit and mass-loss-Z dependency is less steep relative to O star 
recipe

- use evolutionary tracks of Chen+2015 using PARSEC code

- model spectra based on WM-Basic for O stars and PoWR for WR stars



NGC 3125-A1: CB19 Model Fit at LMC Z

COS FUV spectrum of NGC 3125-A1 is well-fitted by a CB19 model with MU =300 M⊙

after 2 decades of trying to match the strength of He II 1640 with a normal IMF (Wofford, 

Smith et al., 2022, in prep)



Mrk 71-A: best CB19 fit  Z=0.1 Z⊙, MU = 300 M⊙, Age = 1.5 Myr

• CB19 models are not a good fit – He II 1640 is too weak.  Theoretical mass loss rates and 

therefore wind densities appear too low in the models at 1/10 Z⊙

• C IV and O V are fit reasonably well and are too strong if higher metallicity models are used

• Suggests mass loss rates are higher than models predict for VMS at 1/10 Z⊙ or model 

spectra are wrong at this low metallicity



VMS at high z? Vanzella+2020



Choi+2017: Q(H I) 2.5* higher if Mu = 300 M⊙

106 M⊙ burst

Feedback: Ionizing Fluxes

SB99 line at 1.0

• R136: Q(H I) = 7.5 x 1051 s-1 

- 4 most massive VMS produce 
25% of ionizing flux 

(Doran et al. 2013)

Ionizing feedback will be dominated 
by VMS for first few Myr



Feedback from Stellar Winds

• VMS represent a potentially important source of mechanical feedback and 
enrichment in first few Myr

- high mass loss rates near Eddington limit with weaker scaling with 
metallicity

- a 200 M⊙ star with mass-loss rate of 10-4 M⊙/yr will have lost 
half of its mass in 1 Myr

• Rotating massive O stars will show enhanced N and He abundances 
in their winds while on the main sequence at all metallicities 
(Roy+2020) 

- N is 3x enriched in giant H II region associated with NGC 5253 
central clusters. Rotating O stars > 50 M⊙ can produce this level of 
enrichment within 1 Myr (Smith+2016)



Summary

• VMS have been detected in integrated FUV spectra of 3 young SSCs (< 3 

Myr) in the local universe via broad He II 1640 emission and O V 1371

• Highly likely they will be seen in JWST FUV rest-frame spectroscopy of 

high-z star-forming galaxies e.g. Sunburst Arc (Vanzella+2020)

• Population synthesis models are now being extended to include VMS and 

can reproduce FUV spectra of clusters containing VMS at LMC metallicity

• Models at 0.1 Z⊙ cannot reproduce strong He II emission in Mrk71-A –

suggests mass loss rates are under-estimated

• VMS will dominate radiative and mechanical feedback in first few Myr


