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* 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



Defined as stars with initial masses > 100 M

« most massive eclipsing binary: NGC 3603-Al: 116+31, 89+16 M (Schnurr+2008)
* R136 in 30 Dor contains 8 VMS with M > 100 M, (Crowther+2010, 2016)
* Most massive star: R136al = 250 M, log L/L, =6.86, Teff=46 kK (Brands+2022)

* But recent speckle imaging resolves R136al and mass of 200+/- 30 M, is derived
(Kalari+2022)

* Many stellar population synthesis (SPS) models have an upper mass limit m = 100 M
so importance of VMS on feedback and spectra is not considered



« VMS are close to the Eddington limit - have high mass loss rates ~ 50 * O star
mass loss or up to a few*10* Mg /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 A — no nebular He 1l 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)
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* Cluster needs to be young (< 3 Myr) and massive (> 10°>Mg) 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-Al1 (Wofford+2014)
NGC 5253-5 (Smith+2016)
Mrk 71-Ain NGC 2366 (Smith+2022)



L]
WFC3 F373N, F502N, F438W

GALEX imag.e of NGC 2366 Mrk 71
A : . ¢ : Oey+2017 : 1" = 16.7 pc
5 -
. p ‘ evacuated ,'/ embedded,
B . et

NGC 2366

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

. . |* Mrk 71 = starburst complex
« D=3.4Mpc,Z2=0.16 Zpor
: o . O/H=7.89
*. ' | 2clusters Aand B, 83 pc apart




Mrk 71-A: young and embedded

 Ultracompact H Il region

« Dominant ionization source of region

 Age < 1 Myr

e Cluster mass ~ 10° Mg

« Compact molecular cloud, 7 pc in size and
mass of ~ 10° M@ (Oey+17)
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* Local Green Pea analog (Micheva+17)

Mrk 71-B: older

« Mass 1.4 x 10* Mg

« 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




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

Mrk 71-A

G 140L STIS spectroscopy for clusters A and B,
« 1160-1710 A, deep 8.7 hr exposure

» Detect underlying stellar population in FUV

FOS apertures * Cluster Ais resolved with radius = 0.93 £ 0.03 pc

Archival FOS spectra:

[

T STIS sit - . Cycle 2 (pre-SM1: Oct 1993: ID 5246, Pl Skillman)
G190H (1603-2310 A)

. « Cycle 5 (ID 6096, PI Drissen)
(j G130H (1140-1603 A)
E




VMS features are
clearly present:
He Il 1640 emission
OV 1371 weak P Cyg
No Si IV P Cygni
Weak C IV P Cygni
Strong N V emission
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“G130H + G190H FOS spectra show
== nebular features

— similar to high-z star
- forming galaxies:
‘- C IV, O I,
— [Si 111], Si 1Il] and
strong C Ill]

N, ~ 7500 cm™3




Ly-a absorption is unusually strong: Log N(H 1) = 22.22 cm (13x stronger than for
cluster B, 83 pc away) — suggests large amount of neutral H | gas is associated with
the cluster

Interstellar absorption lines are weak but should be saturated given high N(H 1) column
Little dust present: derive A,=0.26 or E(B-V) = 0.095 from UV continuum fit
— expected value using SMC A,/N(H I) relation gives A, = 1.26

Observe FUV photons so they must be escaping from embedded cluster associated
with molecular cloud and high N(H 1) along line of sight

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

Green Pea analog — candidate Lyman continuum emitter with [O 1lI}/[O 1l] = 23 and log
U=-1.9 (James+2016, Micheva+17)



Comparison of #5 spectrum with R136 VMS spectrum
scaled to the distance of NGC 5253
——  NGC 5253 #5
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3 central clusters — supernebula (Jean

Turner’s talk) + clusters #5 and #11

(Calzetti+2015; Smith+2020) STIS spectra of #5 shows it is 1-2 Myr old and contains VMS
(Smith+2016)
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 Many SPS models have an upper mass limit of 100 Mo
* No SPS model with M,= 100 M@ shows He Il 1640 at < 3 Myr

* To Iinclude 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 R136

MP22 models use empirical mass loss rates
for LMC VMS, tailored STAREVOL evolutionary

tracks and CMFGEN model spectra
- can match R136 FUV spectrum

BPASS models with M= 300 M@ use Vink+2001

mass loss recipe — optically thin winds
— mass loss rates are too low to produce He Il 1640

emission




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

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) 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 M, = 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-Al: CB19 Model Fit at LMC Z

CB19: Z=0.008, Mu=300Mo®

COS FUV spectrum of NGC 3125-Al is well-fitted by a CB19 model with M, =300 Mg
after 2 decades of trying to match the strength of He Il 1640 with a normal IMF (Wofford,
Smith et al., 2022, in prep)



Mrk 71-A: best CB19 fit Z=0.1 Zp, M, = 300 M@, Age = 1.5 Myr
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« CB19 models are not a good fit — He Il 1640 is too weak. Theoretical mass loss rates and
therefore wind densities appear too low in the models at 1/10 Z
« CIVandOV 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
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e R136: Q(H 1) = 7.5 x 105 51
V/Verie = 0.0, [Fe/H] = —1.0

| =
v/Verie = 0.6, [Fe/H] = —1 0 - 4 most massive VMS produce
v/ Verit = 0.0, [FB/H} 25% of ionizing flux

V/Verie = 0.6, [Fe/H
(Doran et al. 2013)
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lonizing feedback will be dominated
by VMS for first few Myr

Choi+2017: Q(H ) 2.5* higher if M, = 300 Mo



* 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 Mg star with mass-loss rate of 104 M o/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 Il region associated with NGC 5253
central clusters. Rotating O stars > 50 M ¢ can produce this level of
enrichment within 1 Myr (Smith+2016)



* VMS have been detected in integrated FUV spectra of 3 young SSCs (< 3
Myr) in the local universe via broad He Il 1640 emission and O V 1371

 Highly likely they will be seen in JWST FUV rest-frame spectroscopy of
nigh-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 5 cannot reproduce strong He Il emission in Mrk71-A —
suggests mass loss rates are under-estimated

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



