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Very massive stars
o VMS: stars with M > 100M⊙ and extremely high 

luminosities ~106 L⊙

o While few in numbers, they dominate the light, feedback, 

chemical enrichment of ISM as they lose disproportional 

amounts of mass when compared to O stars

o Top heavy IMF was found in 30Dor with observational 

evidence for stars up to 200-300M⊙

o VMS also found in the Arches cluster of the Milky Way 

with M~100M⊙ 

R136, 30Doradus region. Credit : ESO
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VMS structure and evolution
With high luminosities and masses, they evolve in proximity 

to the Eddington limit resulting in inflated envelopes and 

high mass-loss rates
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Large convective envelopes leading to chemical 

homogeneous evolution



Mass Loss of VMS  Ṁ ∝ 𝚪
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Theoretically predicted and observed kink in mass-loss rates 
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Mass Loss of VMS  Ṁ ∝ 𝚪
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New theoretical mass-loss prescription for stars above and below the 
transition point (Sabhahit et al., 2022; 2023)

Results lead to vertical evolution in HRD, reproducing the small 
observed Teff of VMS in the Arches cluster (MW) and Tarantula nebula 
(LMC).

Also a mass turnover point found in Higgins et al. (2022) for VMS at 
1.6Myrs where all Minit reach M~50M⊙
 at the TAMS.

Sabhahit et al. (2022)
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Chemical yields
o The chemical composition of galaxies relies on the production of elements in stars, which are subsequently 

released in stellar winds and supernovae. 

o This rejuvenation of galaxies over generations of stars has led us to the metal-rich environment of our own 

Galaxy, with abundant quantities of carbon (C), oxygen (O), nitrogen (N) and iron (Fe). 

o The origin of elements concerns the stellar nucleosynthesis, wind ejecta and chemical yields, of a given 

population, providing a broad perspective on galactic chemical evolution 
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Stellar nucleosynthesis
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Stellar models

o Grid of models with Mi = 50-500M☉  at Z☉ 

o Calculated from ZAMS until core O-exhaustion

o New Sabhahit et al. (2022) wind implementation for VMS above the 
transition point

o Comparison test models for VMS implementing Vink et al. (2001) 
winds 

o Large nuclear network of 92 isotopes included for relevant reactions 
until core O-exhaustion

o Chemical yields provided for both MS and post-MS evolution
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Stellar wind yields

Mass loss Surface abundance

Ejected masses (EM) of each element, 
integrated over the star’s lifetime (or a 
particular burning phase, 𝛕). The surface 
abundance of a given isotope (Xi

S) as a 
function of mass lost (Ṁ) at each timestep, 
provides the overall mass lost of each 
isotope 

Integrated over the stellar lifetime
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Net chemical yields

Alternatively, the net yield can be calculated (mi) which provides the change in a given element released back into the host 
environment. The difference is that the initial surface abundance of a given isotope (Xi

0) is first subtracted at each timestep, giving 
the net yield of each isotope. This calculation is most commonly used in GCE models and comparisons with observed chemical 
trends in stellar populations.

Change in abundance as a 
function of the initial abundance
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Stellar models

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
t (yr) £106

0

100

200

300

400

500

M
/M

Ø

100M V11
200M V11
300M V11
400M V11
500M V11
100M V01
200M V01
300M V01
400M V01
500M V01

4.64.74.84.95.05.15.2
log10 Teff

5.8

6.0

6.2

6.4

6.6

6.8

7.0

lo
g 1

0(
L/

L Ø
)

100M
200M
300M
400M
500M

E. Higgins         Nuclear Physics in Astrophysics XI, Dresden           16th September 2024

Higgins et al., (2023)
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Effects of winds 
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Difference of ~100M☉ in mass 
lost, and therefore yields

300M☉

Vink 2001 mass loss rates (right)

Vink 2011 rates; Sabhahit 2022 mass 
loss implementation (left)

Core H-burning only

Grey shaded region = H-exhausted core

Time evolution = right to left

VMS with enhanced 
(Sabhahit 2022) winds eject 
up to 10 times more H-
burning products of 14N, 
20Ne, 23Na, and 26Al than 
VMS with standard V01 
winds
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Time evolution of 
surface isotopes as a 
function of stellar mass
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Higgins et al., (2023)

Time evolution as winds 
strip outer enriched mass

During Core H-burning:

N increases, C and O 
decrease (CNO cycle)

23Na increases quickly

20Ne remains constant and 
22Ne increases at onset of 
core He-burning

26Al increases and then 
remains constant during 
H-burning
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Consequences of 
enhanced winds

Higgins et al., (2023)

During Core H-burning:

V11 models eject ~2x more H, He, N, Ne, Na and Si, and up to 
10x more Al than V01 models

A key point is that the ejected mass of 
each isotope strongly depends on which 

burning phase the mass is lost, and 
therefore where mass-loss rates are high

V01
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Chemical yields 
and ejected masses

On the MS, 95% of the total wind yields are produced, compared to just 
5% of the total wind yields which are ejected on the post-MS. 

Single stars with initial masses below 80M☉ do not eject any 26Al, but VMS 
eject 10-2 to 10-3 of 26Al and could be responsible for the significant mass 
of 26Al observed in our Galaxy.

100M☉ star ejects 100 
times more 12C, 22Ne, 
23Na and 28Si, than a 
50M☉ star

Enhanced Vink 2011 rates only

EM

Net 
yields
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Production of radioisotope 26Al
o We find that the radioisotope 26Al which was 

previously thought to be produced and ejected by 

classical WRs, is mainly ejected from VMS 

o Increases by a factor of 10-100 early in MS - and 

very little 26Al remains in the WRs produced from 

VMS

o This has consequences for the enrichment of our 

Solar system which has been observed to have 

~3M☉ of 26Al which was a key heating source for 

the Earth’s early formation
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Higgins et al., (2023)
E. Higgins         Nuclear Physics in Astrophysics XI, Dresden           16th September 2024



IMF-weighted yields

Interestingly, we discover that the 
intermediate mass range of transition 
stars with Minit = 80-100M eject more 
12C and 16O than higher mass stars as 
they do not experience CHE, or do not 
lose a significant amount of 4He before 
it is processed on the post-MS.
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IMF-weighted yields

During the entire evolution of VMS yield 10 times more H-processed elements than M < 50M☉ O stars even when weighted by an 
IMF, and they yield positive amounts of 4He, 14N, 12C, and 22Ne, relative to their initial abundances when compared to O stars.
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Consequences for the 
post-MS

o New Sabhahit et al. 2022 wind prescription for 

VMS leads to He-ZAMS masses of ~32M☉ at Z☉ 

regardless of initial VMS mass
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Higgins et al., (2023)
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Thor’s Helmet Nebula, NGC2359 (Credit: ESO)

Chemical enrichment from cWRs

As these stars lose mass through strong Z-

dependent winds, they enrich their environment 

with material including freshly synthesised isotopes 

which are key tracers in galaxy evolution and star 

formation

4He

24Mg

26Al
22Ne

16O

12C
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Hydrodynamically-consistent stellar atmospheres of Wolf-Rayet winds

Sander & Vink (2020, MNRAS, 499)

Belczynski et al., 2010

o Hamman et al., (1995)
o Nugis & Lamers, (2000)
o Vink & de Koter, (2005)
o Sander & Vink, (2020)

Z 𝝰 Carbon

Z 𝝰 Iron
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Stellar yields of pure 
Helium stars or cWRs

o Grid of models with Mi = 8-50M☉

o Sander & Vink 2020 wind prescription

o Large nuclear network of 92 isotopes included 

for relevant reactions until core O-exhaustion

o Chemical yields provided for WR subtypes
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Higgins et al., (2024)
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Nucleosynthesis

o Comparison with post-MS VMS formation of 

cWRs from Paper I

o N-rich WR at He-ZAMS, but quickly stripped to 

show C-enrichment

o Ne-Na cycle shows 22Ne as the most abundant 

Ne isotope which would be observed in WRs

o These WRs (~30M☉) eject a factor of 10 more in 

mass of 12C (~3M☉) and 22Ne (~0.2M☉) through 

stellar winds than MS stars

Time evolution as winds 
strip outer enriched massH
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Higgins et al., (2024)
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Observable WR subtypes WNWC

The observable surface enrichment (and therefore 

the WR subtype) is dominated by when stars lose 

mass. 

If stars lose a significant amount of N-rich material 

during the MS, then the WR will appear as a WC 

star much earlier in the post-MS evolution. 

Here the WN star is quickly stripped to show C-

enrichment, presenting as a WC star for the majority 

of the He-burning stage.

22Ne 20Ne
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Neutron densities of cWRs

We confirm that during core He-burning, cWRs produce a 

significant number of neutrons for the weak s-process via the 

reaction

We find central neutron densities of 3.21×107cm−3 for a 

30M☉ stripped cWR model compared to Nn= 1.56×107cm−3 

from Frischknecht et al. (2016)



Conclusions

27

95% of chemical 
yields from VMS are 
lost on the MS with 

only 5% lost during the 
post-MS. So the 

majority of yields will 
be H-processed (26Al, 

N, He)

Even when weighted 
by an IMF, 100M☉ stars 

still eject 10 times 
more 

nucleosynthesised 
elements than a 50M☉ 

star

New Sabhahit et al 
(2023) enhanced 

winds for VMS change 
yields by ~100M☉

Isotopes such as 22Ne 
may be key tracers for 
cWR evolution and the 
enrichment of galaxies

Detailed 
nucleosynthesis 

provides insight into 
the progression of WR 

subtypes and their 
origins
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Thank you for your attention!
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