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Motivation:
Essential Cooking: a tiny amount of spice can 
dramatically alter a dish, adding distinctive flavor
to usually used ingredients.

Star cluster cooking is not simple …



Motivation: more seriously

- What stops the star-forming cloud collapse?

- What are the leftover gas characteristics in 
young stellar clusters with a suppressed
star cluster wind?



I . Only compact and dense stellar clusters with a suppressed star cluster
wind are considered (Silich & Tenorio-Tagle 2018; 2019).

II It is postulated that the pre-stellar cloud collapse is followed by a vigorous
star formation that terminates when a balance between the turbulent
pressure and gravity and the turbulent energy dissipation and regeneration
rates is established (Norman & Silk, 1980; McKee, 1989; Matzner, 2002).

Note: there are two conditions - the mechanical equilibrium and the turbulent
energy dissipation and regeneration balance !

II. The collapsing cloud full evolution is not considered. It is assumed that the
cloud collapse results in a stellar cluster with a given mass and known
stellar density distribution and that the further star formation is altered
by the stellar feedback.

Model setup: main assumptions
.



MSC – star cluster mass

NSC – number of stars

b – core radius

Gaussian, but any other could be considered ! 

Model setup: Adopted stellar mass distribution



Turbulent energy regeneration rate:

*

Model setup: equilibrium conditions

I assume that the turbulent energy is continuously regenerated in the bow 
shock turbulent mixing layers and wakes around massive stars that move in the 
gravitational well of the cluster (bow shocks as a source of the supersonic line
broadening: Tenorio-Tagle+1993).



Turbulent energy regeneration rate:

P = ηr (Lbol /N  ) / c – the average feedback momentum 
rate per unit volume; 

ηr is a free parameter that determines the degree to which the 
feedback energy could be conserved

*

1 < ηr < 10  (McKee 1999; Mackey 2013)
In AGN outflows up to 30 (Faucher-Giguére & Quataert, 2012

also a talk by Combes)

Model setup: equilibrium conditions



Model setup: equilibrium conditions

Turbulent energy dissipation rate:

Dissipation rate (Stone+1998; Mac Low+1998; Basu+2001). ηd ≈ 1, λ -
turbulence driving scale, ρg and σ – the residual gas density and 1D 

velocity dispersion.

The value of the driving length is uncertain. I adopt that it is determined
by the distance between turbulence driving stars : λ = 4 X, where X is the 
half-distance between neighboring massive stars. In this case

N   is the number of the 
turbulence-driven stars:

*



I. The dissipation and regeneration rates balance:
in dense, compact clusters the characteristic size of the
wind-driven bubbles are much smaller than the cluster core 
radius. Therefore I assume that the energy dissipation and 
regeneration rates are balanced locally: Qdis (r) = Q (r)*

ηd

ηr
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Equilibrium gas distribution

It is easy to solve by iterations !

ηr



The residual gas velocity dispersion and SFE:

ηr

ηr



Leftover gas characteristics: molecular gas temperature

The thermal balance is determined by the turbulent, cosmic ray and X-ray heating and
the molecular gas cooling rates (Maloney+ 1996; Basu & Murali 2001; Shang+ 2002;
Pan & Padoan 2009; Papadopoulos 2010):

α, β - by iterations from Tabl. 2 of Goldsmith 2001 



NGC 5253 D1 cloud and its embedded cluster
(Turner+2000; Gorjian+2001; Turner+ 2015; Turner+ 2017; Smith+ 2020)

Input parameters:

MSC  = 1.625x10  Msol
b = 0.8pc; Z = 0.2Zsol
Kroupa IMF with Mlow = 0.1Msol and 
Mup = 120Msol
ηr = 1 or ηr = 5

ALMA CO J = 3-2 emission in color 
and contours, superimposed on an 
HST Hα image

5



Mass distribution                                 Velocity dispersion 

ηr = 5

Lo
g(

d
en

si
ty

)

1
D

 v
el

o
ci

ty
 d

is
p

er
si

o
n

 (
km

/s
)

R(pc)                                                                                R(pc)

ηr = 1

Mass waited velocity dispersion (9.3-10.4)km/sMolecular gas mass (2.4-9.5)x10   Msol4

SFE – 63%  - 87%

Stellar density

Gas density



Molecular gas temperature

R(pc)

G
as

 T
em

p
er

at
u

re
 (

K
)

High temperatures are consistent with the large 
observed CO(3-2) over CO(2-1) intensity ratio



Concluding remarks

A self-consistent model that allows one to determine the leftover gas 
distribution and other properties in young stellar clusters with a 
suppressed star cluster wind is presented. 

It is in good agreement with observed properties of the NGC 5253 
D1 cluster: 
- different stellar and gas density distributions with stellar mass more 

concentrated towards the star cluster center;
- an observed value of the velocity dispersion;



- high molecular gas temperatures;
- large star formation efficiency.

The model suggests that turbulent energy dissipation may be an 
effective energy source for the molecular gas heating in dense and 
compact strongly obscured clusters as was also suggested by Pan & 
Padoan (2009).

The equilibrium conditions used in the simulations should change 
after the onset of the SNe explosions. I anticipate two possible 
scenarios for the further leftover gas evolution: 



- the leftover gas  could be expelled out of the cluster. This is, however, 
unlikely in systems with a sharp density gradient (S. Jiménez´s talk); 

- it could collapse to form a second stellar generation after the
majority of massive stars explodes as SNe and the source of the
turbulent  energy regeneration fades. 



Thank you and …

Thank  you



Felicidades Jan !


