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Star cluster formation?
Stars don’t form alone, but in groups.

This means that the study of star formation is the study of 
star cluster formation.

There are many processes which allow the protostars to 
communicate with each other while they are still forming.

These processes could in principle affect a host of things like, 
what mass the stars end up with, whether they decide to 
continue living together, when they become visible, etc.



Star cluster formation?
Accretion heating and deuterium burning warm dust/gas on 
scales of ~0.1pc, radically changing its fragmentation 
properties (e.g. Offner+ 2009, Bate 2009).

Radiation pressure reverses inflows onto sub-clusters on 
scales of ~0.1pc (e.g. Rosen+ 2016)

Jets stir up turbulence, affecting at least the local viral balance 
on scales of ~1pc (e.g. Hansen 2012).

HII regions/winds destroy accretion flows on scales of a few 
pc, terminating cluster growth and clearing clusters of gas.



But why should I be interested?
If you are most interested in the formation of individual stars 
or protoplanetary discs, you could in principle treat all this as 
a very complicated set of boundary conditions, but you can’t 
ignore it.

Star cluster formation takes places on scales of ~10pc or so.

And we think we know what it results in - we think we know 
what the IMF and the star formation efficiencies/rates on 
these scales should be.

So, really, why would anyone interested in larger scales care 
about any of this?



Why you should be interested

Well, for one thing, our job as astrophysicists is to explain 
what’s going on in the sky. Treating star formation as a black 
box that turns gas into stars isn’t satisfying.

And in any case…

…the outcome of star formation not only tells you how many 
stars you have and what their masses are; it also tells you 
where they are and where they are going.

This matters.

(especially for the more massive ones)



Why you should be interested
On galactic scales, the dynamics of the ISM is largely driven 
by feedback from massive stars, particularly supernovae.

Unfortunately, it really matters when and where supernovae go  
off.

Slyz+ (2005), for example, modelled the turbulent ISM, 
driving turbulence with discrete supernovae.

They immediately noticed that detonating SNe ‘immediately’ 
vs introducing a 10Myr time delay after a star-formation 
‘event’ gave them completely different SFRs.



Gatto+ 2015 observe a similar phenomenon in their sub-
galactic scale simulations:

(after Gatto+ 2015, 
fig 2&3)

Model SN driving of the 
turbulent ISM with SNe 
-at density peaks
-randomly
-both

Strongly affects structure, 
and dense gas fractions - 
random driving injects 
more energy, more likely to 
trigger thermal instability.

Why you should be interested



Extragalactic studies make extensive use of massive, young 
and therefore bright clusters as beacons/quasi-standard 
candles (e.g. Adamo+ 2011)
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Understanding this process is of tremendous importance for 
modelling unresolved stellar populations (SED modelling).

Two of the most important quantities required are the 
ionisation parameter (number of ionising photons per atom) 
and the dust temperatures (Dopita+ 2005, Groves+ 2008, 
Conroy+ 2013).

These depend crucially on the relative geometry of the stars 
and the gas/dust and the leakage of photons, and thus on the 
cloud disruption/cluster-clearing timescales.

Unresolved stellar populations



Cloud/cluster disruption
Feedback has been blamed since the 70’s for the observation 
that molecular clouds stop when they’ve converted a few % 
of their gas to stars. 

This leads to long gas depletion times on galactic scales.

Likewise, the fact that most stars are born in clusters, but spend 
most of their lives in the field is usually attributed to the action 
of feedback.

Destroy the clouds and you destroy the clusters. Easy.

N-body simulations (e.g. Goodwin 2006) seem to bear this 
out.



Cloud/cluster disruption
With all due respect to the N-body community, star cluster 
formation is a hybrid hydrodynamical/N-body problem.

Young clusters are not Plummer spheres (e.g. Parker 2012).

They are not embedded in smooth gas either. 

This matters, as we will see later…



Cloud/cluster disruption
So, what does O-star feedback actually do?
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(Dale+ 2014)
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Cloud/cluster disruption

More massive clouds 
with higher escape 
velocities are more 
difficult to disrupt, 
pointed out by, e.g. 
Matzner (2002), shown 
by Dale+ (2012, 2013, 
2014), Howard+ (2016).



Cloud/cluster disruption
The traditional picture of the expanding Strömgren sphere 
does not describe what is going on in these simulations.

This is mainly because the HII regions in these simulations 
are very leaky.

Observational work (e.g. Garcia-Segura + Mac Low 1995, Oey 
1996, Naze 2001, Dopita+ 2005) suggests bubbles expand 
more slowly than they should if they were adiabatic.
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Cloud/cluster disruption
In addition to the escape-velocity issue, the bubbles aren’t 
really bubbles - they leak:

(Dale+ 2014, 2017)
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Cloud/cluster disruption
The main disruption mechanism is not thermal pressure of 
the expanding HII region, but momentum transfer by photo 
evaporation. (Matzner 2002 pointed this out too).

Dale 2017: constructed a simple model to verify this (what’s 
the point in doing a simulation if you don’t try to explain 
what it’s doing?).

Imagine a fraction of the cloud has been swept up into a 
spherical shell, whose expansion is driven by photo- 
evaporation of fresh gas:

d

dt
(Msvs) = 2hṀiicII,
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Cloud/cluster disruption

If the cloud’s initial density profile is given by

⇢(r) = ⇢0(r/r0)
↵

the shell mass is 

Ms =

Z R

0
4⇡r2⇢(r)dr =

4⇡⇢0
(3 + ↵)r↵0

R3+↵
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Cloud/cluster disruption
Making the usual assumption that 

R(t) = kPEt
nPE

(where the ‘PE’ subscript is for ‘photoevaporation’), we get

nPE = 2/(4 + ↵)

kPE =

"
(4 + ↵)(3 + ↵)r↵0 hṀiicII

4⇡⇢0

# 1
4+↵
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Cloud/cluster disruption

After all that, does it 
work?

Dale 2017 estimated the 
expansion laws of the 
neutral gas closest to 
the most massive star 
in nine simulations 
(blue and red - different 
estimation methods).

Black lines are the 
model.
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Cloud/cluster disruption
Larger clouds aren’t much affected by (ionisation+winds), but 
some of the smaller ones are very severely damaged - what 
happens to the clusters in those clouds?

Stars already subvirial and 
sitting in a stellar-dominated 
potential before feedback 
begins (Offner+, 2009, 
Girichidis+, 2011, Kruijssen+, 
2012a).

⇒you can’t treat the gas as a 
smooth background, and then 
just turn it off.

Feedback  
enabled

Stars

Gas

Feedback OFF

Feedback ON

Stars

Gas



Cloud/cluster disruption

Feedback might do a lot of damage to the clouds, sometimes 
unbinding >50% of the gas, but it fails to unbind most of the 
stars (almost always <10%).

Low-mass protostellar feedback and magnetic fields may 
change this picture, by slowing the conversion of gas to stars  
(if you can disperse the gas while it’s still ‘gravitationally-
coupled’ to the stars, you will change the cluster dynamics).

However, it could simply that these simulations start from 
‘the wrong’ initial conditions (spherical clouds are the 
hardest to disrupt).



Star formation rates/efficiencies
Does O-star feedback actually bring star formation to a halt?

Not in my simulations. 

Star formation in the central clusters can indeed be stopped 
in the low- and intermediate-mass clouds.

There is also evidence that feedback drives turbulence in the 
cold gas (Boneberg+ 2015), helping to support the clouds 
against global collapse.

However, star formation continues (at a substantially slower 
rate) in the bubble walls.



So, does feedback do anything useful?
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Making clusters visible
Feedback can at least make clusters optically visible:

Feedback OFF Feedback ON



We can now measure the timescales on which clusters become 
visible:

Dale et al. (2015):
Choose an absolute 
magnitude, say -5, and 
ask how long after the 
O-stars are born does 
the cluster become 
brighter than this.

Depends on viewing 
angle - produces 
uncertainties ~1-2 Myr.

Making clusters visible



Synthetic observations
So, we are now into the regime of thinking not just about what 
to the simulations do, but how they look.

Some of them ‘look’ ‘rather like’ real objects:

Can we do better than this? (Koepferl+ 2016a)



Simulated 
system

Synthetic observations

Real 
system

What I want to do:
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What I just did two slides ago:
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What I should be doing:

Radiation 
in some 
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Thanks to Keopferl et al 2016a, b, c, this is now possible.

Synthetic observations

Simulated 
system

Simulated 
radiation in 

some waveband

Simulated telescope

Simulated image

A 104M⊙ turbulent cloud with 
ionisation+winds from Dale+ (2014)

HYPERION (Robitaille, 2011) dust 
radiation transport model including 
accretion heating from YSOs

Spitzer/Herschel bandpasses/PSFs + 
realistic backgrounds



Synthetic observations
IRAC, MIPS, PACS and SPIRE images:

(Koepferl+ 2016a)



So, what if we treat this fake data as though it were real and 
try applying some of the usual observational tricks to it?

Let’s start with something simple. 

Let’s try to measure the gas mass.

Synthetic observations



How do observers usually do this? In every pixel,

Synthetic observations

Assume local thermal equilibrium:

Assume everything is optically thin:
⌃B,⌫ = B⌫(Tdust)⌧⌫

Assume an opacity law:
⌃B,⌫ = B⌫(Tdust)⌫⌃dust

A dust-to-gas-ratio then tells you the gas surface density and 
knowing/assuming a distance to the target gives the mass.

⌃B,⌫ = B⌫(Tdust)[1� exp(�⌧⌫)]

⌃B,⌫ = S⌫ [1 � exp(�⌧⌫)]



To get the dust temperature, you assume that each pixel has a 
single associated temperature (!) and fit a blackbody to fluxes 
in different wavebands.

Testing the fit in each pixel using 𝜒2 tells you if there are pixels 
where this procedure has not worked well.

That’s what Christine did.

Here’s what we learned:

Synthetic observations

flux

⌫



(1) Backgrounds are a pain.

Synthetic observations



The chosen simulation is too low-mass/too faint to stand out 
against the background in the three longest-wavelength 
(SPIRE) bands.

Fitting temperatures and thus recovering masses proved to be 
impossible.

Synthetic observations



(2) If there is no background, things go much more smoothly.

Synthetic observations

1kpc 1kpc 3kpc 3kpc

worst pixel size worst pixel sizeworst beam size worst beam size

There are pixels where the fit is poor (𝜒2 >5) but not very many 
and total masses are accurate to ~10%.

The pixels where the fit is poor are generally those in which 
the emitting stars/YSOs are, so those in which the assumption 
of a single line-of-sight temperature is most likely to be 
wrong.



We showed that we can recover a very important number 
from each simulated image.

Reducing a whole image to one number is…well…rather 
reductionist.

Is there a way of comparing the structure in the images?

Synthetic observations



I gave some of the simulated images to Jim Geach and Alex 
Hocking at UH, who have expertise in machine learning.

They fed the images to an algorithm which tries to partition 
them into ‘similar-looking’ regions (so, it might colour all 
smooth regions in one colour, and all textured regions in a 
different colour, for example).

Here’s the result:

Synthetic observations



Synthetic observations

The algorithm has picked out physically-meaningful regions - 
bubble edges, the HII region, face-on ionisation fronts, etc.



Synthetic observations
What have we learned from this exercise?

Nothing, yet.

But we are now feeding the machine-learning algorithm some 
real images of real bubbles. 

We may be able to use it to do some objective comparative 
work.



Conclusions
(1) O-star feedback is important in star clusters, but it affects 

gas a lot more than it affects stars.

(2) Except in very smooth clouds, leakiness means that 
photoevaporation is likely to be more important than 
thermal pressure. 

(3) Feedback certainly is important for cluster revelation, but 
this is an anisotropic process.

(4) Synthetic observations have great, but still mostly 
unexplored potential for testing methods used by 
observers, and for figuring out how to improve 
simulations.


