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key properties for characterizing SSC formation & 
evolution

• stellar M/L => IMF =>     stellar content?

• SFE:  Mstars/(Mstars + Mgas)    how efficient?

• enrichment.  how much/how fast?  how much dust?

• feedback. evidence for feedback/suppression?

• SF conditions within the cluster; gas temperature, density, 
ambient pressure, radiation fields. is the gas suitable for 
further star formation?



this talk

I will focus on what we can learn about the 
molecular clouds that are forming SSCs in local 
embedded SSCs

1. what kinds of galaxies host SSC formation? 

2. enrichment & its effects on internal structure

3. state of the gas within the cluster: conditions for 
continuing star formation within the cluster



what is a super star cluster (SSC) ?

Cluster Distance r log(L/Lsun) 10^51-persec Mass-104Msun Young-Age Old-Age

Westerlund-1 4.12 3.26 6.42 6.3 6.4 5 10

NGC3603 6.9 1.5 7.36 0.06 2 1 20

Sgr-B2 8 5 7 1 130

R136 48.515-200 7 4 9 1 8

NGC5253 3800 2.7 8.7 33 330 1 3.5

W49 11 9.4 5.7 0.64

W51 10.4 4.3 7 0.43



1. SSC hosts



what galaxy environments lead to SSC formation?

theory: super giant molecular clouds (SGMCs) produce SSCs (Harris 
& Pudritz 1994; McLaughlin & Pudritz 1996) 

SFE assumed is ~0.1-1%, which requires clouds of mass ~108 Msun

compare: the molecular gas mass of the Galaxy is only ~109 Msun

this implies that SSCs form in gas-rich galaxies

this is often the case

but not always



hosts of SSC formation: gas-rich mergers. the Antennae

He+22 also data from Finn+19



hosts of SSC formation: gas-rich barred spiral NGC 253

Leroy+18they derive <log(Mgas/M☉)> ~ 5; I revise this to 5.7



hosts of SSC formation: gas-rich barred spiral NGC 253

Meier+15

CO is not the 
only gas tracer

rich 
abundance of
information on 
gas conditions 
here!



molecular outflow in NGC 253:  CO, HCN, HCO+, CS

color is CO(Tpeak) and HCN(Tpeak).    white contours are Ha, Pa 

hosts of SSC formation: gas-rich spiral barred NGC 253

Walter+17
dense cloudlets entrained in magnetized winds?



hosts of SSC formation: dwarf galaxy NGC 1569



hosts of SSC formation: irregular galaxy LMC

30 Doradus. r ~ 1 pc, 

Wong+22
already a visible cluster, no longer embedded



hosts of SSC formation: dwarf spheroidal galaxy, NGC5253

SMA CO(3-2)    Turner + 15

CO(3-2) normally implies densities ~104/cc
why is this inflowing circumgalactic gas CO and not HI?

bright SSC cloud, D1



2. gas & stars interact within the SSC: 
efficiency, enrichment effects



r = 3 parsecs

scales: SSCs are concentrations of 100s to 1000s of O stars within r~0.5 pc

if 1 O star can do each of these things,
what can 1000 in this volume do?

circle  r= 3 pc
pictures to scale



star formation efficiency, ε = Mstars/(Mstars + Mgas)

the challenge: to determine ε for SSCs, one needs gas masses 
& stellar masses.

stellar masses from Nlyc: however, possibility of top-heavy IMFs

gas masses conditions in different galaxies & near SSCs make 
this difficult.  

conversion factor masses require extrapolation to CO(1-0)

optically thin (rare) masses based on [CO]/[H2] 

dust-derived masses require a gas-to-dust ratio (GTD) which 
may vary, especially near SSC



star formation efficiency, ε = Mstars/(Mstars + Mgas)

for Galaxy, ε <5%. 

long-lived clusters require higher: ε > 0.3

known efficiencies:

NGC 5253: ε >60% (Turner+15; but CO(3-2) mass unreliable)

NGC 253: ε ~50%  Leroy+18; but they used Tdust = 160K; I get ε 
=10% for Tdust = 30K.  Then <MGMC>=106 M☉

Antennae:  ~50% He+22; they used Tdust = Tgas=40-50K; 
<M>=106-7 M☉, ε~0.25-0.5 but if Tdust=20K, slightly lower



star formation efficiency, ε = Mstars/(Mstars + Mgas)

obtaining Mgas from dust is the best way

but there are issues

1. free-free contamination: ALMA studies use 870µm fluxes for 
dust.  fine for clouds without  continuum, but not for SSC 
clouds.  ALMA absolute flux calibration not good enough to 
subtract different bands.

for clouds with free-free, need shorter wavelengths for dust 
to rise above

2. dust to gas ratio: very uncertain, particularly near potential 
sources of dust enrichment



enrichment happens rapidly in an SSC: massive stars

Georgy+13 based on Ektröm+12 models

chemical structure of a single WR bubble

85 M☉

25 M☉



enrichment: thousands of O stars can rapidly enrich local gas, 
which affects gas dynamics

Tenorio-Tagle+04, 05, also Silich+04

ejected matter is 
extremely metal-rich! 

WR stars lose 2/3 of 
their mass to winds 

(Georgy+12)



enrichment: thousands of O stars can rapidly enrich local gas, 
which affects gas dynamics

Tenorio-Tagle+04, 05, also Silich+04

if there are enough O stars 
losing mass simultaneously, the 
gas becomes enriched to the 
point that it can stall winds & 
even SNR... critical luminosity 

depends on enrichment & 
cluster mass (~106 M☉)



enrichment: there may also be rapid dust production?

WC7, 8 M☉ + O5 star, 20.5 M☉ periastron 1.6 AU. Fahed+11

JWST ERS image



enrichment effects: an example?

Calzetti+15

HI

Lopez-Sanchez+12
isolated galaxy

VLA 7mm free-free
1.1µm, 1.9µm

“supernebula” L ~5 x 108 L¤

Turner & Beck 04

dSph NGC 5253 is forming lots of clusters

SMA observations show
excess 870µ continuum
(Hirashita+13, Turner+15)
need to be confirmed with ALMA



NGC5253-D1:  narrow, smooth Gaussian line

smooth Gaussian CO line 

è many clumps

depending on intrinsic 
clump linewidth, implies tens to hundreds of clumps

CO gas is not uniformly being blown out of the cluster

the less smooth redshifted side + cloud appearance in this part of 
the line may indicate continuing accretion

redshifted half of 
line affected by 
neighboring cloud



consistent with individual HII region scenario

this resembles large 
Galactic HII regions 
such as W49N, SgrB2, 
which contain >~50 
UCHII regions

the view of an SSC as a 
monolithic cluster 
surrounded by a 
molecular cloud is 
incorrect



NGC5253-D1:  porous cloud

D1

there is matter escaping from the SSC cloud. N enhancement seen (Walsh & 
Roy 1989, Kobulnicky+1997)

visible clusters near SSC (Cohen+18; Smith+20) – separate clusters or subunits?

IR lines show blueshifted emission to east (Cohen+18, Beck+20)



mass from the linewidth & size, L from radio continuum

NGC5253-D1:

Δv (CO)= 22 km/s FWHM

cluster mass è

Mdyn< 2.5 x105 M¤ &   LIR~5 x108 L¤

M/L < 5x10-4

even if one assumes there is NO gas within this region (obviously not true) 
this requires è a top-heavy IMF, Mlo>~1-2 M¤ for Mhi=150M¤*

*(Turner+17; with more recent models this could be improved)

dynamical masses put strong constraint on cluster IMF



fits to linewidths only possible to ~20 
Mpc on SSC-GMC scales

Antennae SSC-GMC fits 
from He+22

He+22 obtain mostly 
upper limits because of 
difficulty fitting weaker 
lines

Mdyn ~ 106-107 M☉



3. state of the gas: conditions for continuing 
star formation within the cluster? diagnostics

molecular lines & chemistry are key 

arcsecond-subarcsecond:  ALMA, NOEMA, SMA, 
JWST



radiation environments in SSCs are extreme

massive stars, spaced on average every 0.1 pc, ~50,000 K

stripped stars? WR stars?  potentially 100 K

X-rays & cosmic rays



carbon in molecular clouds

in Galactic GMCs, C evolves in 
quiescent clouds to CO at  Av >~ 1 
(van Dishoeck & Black 88; Pineda+10)

in the densest, coolest dark clouds
(Av >~5, Pineda+10), CO freezes out 

on grain surfaces. “snow line” in protoplanetary disks.

most CO emission (most molecular emission in fact) in the ISM is 
believed to come from interface regions between molecular clouds 
& light sources, “PDRs”, which have a rich chemistry

è these statements are not necessarily true within SSCs

PDR toolbox:  Pound & Wolfire 08 



photo-dissociation regions (PDR) have CO emitting at Av ~1-6, coolish 
gas

PDR

figure adapted from Tielens 2004; needs update at ]Av >~6 where CO freezes out

all the chemical action is here, Av~1-6



X-ray dominated regions (XDRs) can be CO-rich

PDR

XDR

”H2-dark CO”!
Meijerink+2007



the SSC cloud in NGC 5253 is very weird

12CO/13CO line intensity ratio, R=40; can this be optically thin?  
elsewhere ~7 (Orionish)

Consiglio+17

SSC cloud very faint in 13CO relative 
to surrounding clouds



the high R = CO(3-2)/13CO(3-2) ratio restricts cloud properties

the region in Go-density space that fits R=40 is small & low densities are favored
X-ray dominated regions are more likely. truth is probably in between

low density

medium density

high density

PDR XDR

blue line is
R=40;
blue region 
is ±1σ



in NGC5253-D1:  HCN(1-0)/HCO+(1-0) = 0.1; also restrictive

HCO+ enhancement seen in other SSCs, although not so extreme: 
Johnson+18, Anderson+22

dense gas tracer HCO+ coexists with optically thin CO & also favors XDR



take-aways

from local SSCs we have evidence for diversity:

• feedback (NGC 253)  or  inhibited feedback (NGC5253-D1)

• embeddedness/high extinction or  porosity/winds

• fueling by stream accretion + gas-rich merger

• top-heavy IMFs
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ALMA line kinematics + chemistry can reveal the 
internal structure of a cluster, even if it is not fully 
spatially resolved

JWST will reveal mid-IR nebular line excitation at 
exquisitely high spatial resolution in young, 
embedded SSCs

diagnostics on the molecular cloud properties AND 
the stellar content are possible




