
Matter	and	radiation	
	
ISM	is	99%		gas	(H+	He)	+	trace	elements	(Fe,C,N,O	etc.)	plus	dust	(1%	by	mass)	
	
Main	gas	phases	(in	rough	P	equilibrium)	are		
	
n molecular	(𝐻! ) at	10s	of	K	
	
n atomic	(HI)	at	100s	of	K	or	6-10	x	10!	K	
	
n ionized	(HII)	at	T	~	8000	K		
	
n coronal											at	T	~	10! −  10!	K	
	

	
No	accident	that	there	is	no	gas	at	T	~	10! −  10! 𝐾	since	these	cooling	
regimes	are	thermally	unstable	i.e.	!!!"# !""#$%& !"#$

!"
	<	0	(see	AFD)	

	
We’ll	focus	on	ionized	and	coronal	phases	because	most	important	for	
feedback	processes.	
	
A	note	on	optical	depth	
	
From	earlier,	define	the	opacity	,	𝜅, of	a	medium	at	a	given	frequency	as	being	
the	cross-section	per	unit	mass	(units	𝑚!/𝑘𝑔).		The	cross-section	may	either	
involve	absorption/emission		of	radiation	by	a	continuum	process	(i.e.	not	
discretized	at	particular	wavelengths)	or	via	a	line		(corresponding	e.g.	to	
molecular	rotational/vibrational	states	or	electronic	states	of	atoms).	The	
mean	free	path	for	radiation	𝜆!"#	is	thus	1/𝜅𝜌.	The	optical	depth	of	a	
uniform	medium	along	a	path	of	length		z	is	defined	as:	
	
𝜏 =  𝑧 𝜆!"# =  𝜅𝜌𝑧		(or	in	general	𝜏 =  𝜅𝜌 𝑑𝑧	)	

	
n Optically	thin	=>	𝜏 ≪ 1	;	emitted	radiation	is	unlikely	to	be	reabsorbed	and	

so	emitted	radiation	from	a	given	slab	of	gas		(for	fixed	T)	scales	simply	as	
the	optical	depth	of	the	slab.		If	the	radiation	source	is	behind	the	slab	then	
the	fraction	of	radiation	that	is	attenuated	by	the	slab	is	small.		

n  Optically	thick	𝜏 ≫ 1;  attenuation	of	a	radiation	source	behind	the	slab	
would	be	severe	(emerging		flux	∝ 𝑒𝑥𝑝!!).	In	the	case	of	emission	from	an	
optically	thick	medium,	implies	that	photons	are	absorbed	and	re-emitted	
many	times	before	reaching	the	observer.	This	means	that	the	radiation	
becomes	thermalized		i.e.		acquires	a	spectrum	corresponding	to	the	Planck	
function	at	the	temperature	of	the	gas.	In	the	case	of	optically	thick	line	
radiation,	its	level	is	set	by	the	Planck	function	at	the	gas	temperature	at	the	
frequency	of	the	transition.	In	these	circumstances,	the	brightness	of	the	line		
(or	continuum)	tells	you	nothing	about	how	much	emitting	material	there	is,	
but	only	about	its	temperature	(…think	about	the	Sun…).	

	



Coronal	gas	
The	radiation	mechanism	in	very	hot	gas	(e.g.	stellar	coronae,	AGN)	are	
dominated	by	relativistic	electrons	(Lorentz	factor	𝛾).	These	are	generated	in	
shocks	and	do	not	have	a	Maxwellian		energy	distribution	(hence	are	termed	
`non-thermal’).	Typically	shock	acceleration	results	in	a	power	law	distribution	
of	Lorentz	factors	(i.e.	fraction	of	electrons	with	Lorentz	factors	in	range	𝛾	
to 𝛾 + 𝑑𝛾  ∝   𝛾!!  𝑑𝛾).	
	
Relativistic	electrons	can	radiate	by	scattering	ore	a	sea	of		`soft’	(low	energy)		
photons	(frequency	𝜈)	.	Recall	that	for	scattering	between	photons	and	a	
stationary	electron	(aka	Thomson	scattering),	then	provided		 ℎ𝜈 ≪ 𝑚! 	𝑐!,	the	
energy	transferred	to	the	electron	is	a	negligible	fraction	of	h𝜈	and	hence,	in	this	
frame,	the	scattering	process	is	~	elastic	(i.e.	photons	change	direction	but	not	
frequency).		In	rest	frame	of	relativistic	electron,	it	sees	ambient	photons	as	
having	frequency	~	𝛾𝜈	which	it		scatters		isotropically	at	~	fixed	frequency	𝛾𝜈.	As	
viewed	in	lab	frame,	these	scattered	photons	have	frequency	𝛾!𝜈.	The	net	effect	
is	that	the	photon	field	is	boosted	in	energy	by		a	factor	𝛾!	by	inverse	Compton	
scattering.	(See	Ex.	Sheet	3	for	demonstration	that	power-law	electron	
spectrum	generates	characteristic	power	law	radiation	spectrum).	
	
A	generically	similar	process	occurs	when		-	instead	of	there	being	a	soft	photon	
field	–	a	region	of	relativistic	electrons	is	threaded	by	a	magnetic	field.			Easiest	
to	envisage	by	considering	that	non-relativistic	photons	orbit	at	the	cyclotron	
frequency	𝜔!"! 	s.t.	𝑚!  𝑟 𝜔!"!! = 𝐵 𝑒 𝑟 𝜔!"! 		Relativistic	electrons	emit	
synchrotron		emission	which	can	be	thought	of	as	representing	scattering	of	
`virtual	photons’	(with	frequency	𝜔!"!)	and	boosting	them	by	a	factor	𝛾!.	
Synchotron	emission	therefore	also	has	a	characteristic	power	law	spectrum,	
depending	on	the	energy	spectrum	of	the	relativistic	electrons.		
	
Ionised	gas	
	
Contained	in	discrete	(HII)	regions	around	individual	massive	stars	and	also	as	
diffuse	component.		
		
Radiative	signatures:	
	
n 𝐻! 		-	emitted	by	recombination	to	an	excited	state	+	radiative	cascade	to	

ground	state	.	𝐻! 	is	in	the	optical	so	relatively	easy	to	observe.		
		
	∎	continuum	radiation	is	free-free	aka	themal1	bremsstrahlung		which	arises	
as	a	result	of	an	unbound	(free)	electron	being	accelerated	as	it	passes	an	ion.		
The	rate	of	such	encounters	per	unit	volume	scales	as	𝑛!  𝑛!"#  	(	∝ 𝑛!	if	fully	
ionized).		Thus	emissivity	(energy	p.u.t.	p.u.v)	of	optically	thin		fully	ionized	gas	
emitting	by	thermal	bremsstrahlung		can	be	written		as		𝑛!f(T)		(several	factors	

																																																								
1	This	means	that	the	electrons	and	ions	have	a	thermal	velocity	distribution	but	
does	not	imply,	unless	the	medium	is	optically	thick,	that	the	photons	produced	
are	in	thermal	equilibrium	with	the	electrons	and	ions…	



control		f(T)	which	is	a	mildly	increasing	function	of	T	).	Thus	for	volume	V	can	
write	
	
𝐿!!	=	𝑛! 𝑓 𝑇 𝑉	
	
This	is	important	because	the	rate	of	recombinations	within	a		fully	ionized	
volume	V	also	scales	as	𝑛! 𝑉	(and	is	written	as	 𝛼(𝑇)𝑛!	V	where	𝛼 𝑇 	is	the	
recombination	coefficient	whose	unit	is	𝑚! 𝑠!!).		In	ionization	equilibrium		
this	rate	of	recombinations		should	be	balanced	by	the	rate	of	emission	of	
ionizing	photons	into	volume	V,	except	there	is	a	subtlety	here:	if	recombination	
occurs	directly	to	the	ground	state	then	this	recombination		just	regenerates	an	
ionizing	photon.		Under	this	circumstance	then	it	might	be	necessary	to	track	
these	re-emitted	ionizing	photons	and	find	where	they	are	absorbed	(	a	
complicated	radiative	transfer	problem).	On	the	other	hand,	if	this	re-emitted	
ionizing	photon	had	a	short	mean	free	path	and	was	reabsorbed	locally	then	the	
net	effect	of	the	absorption	of	the	original	ionizing	photon	from	source	followed	
by	its	re-emission	following	recombination	to	the	ground	state	could	be	ignored.	
This	is	known	as	the	on	the	spot	approximation:	ionization	equilibrium	in	this	
case	involves	equating	the	rate	of	ionizing	photon	production	Φ!"#	from	source	
with	the	rate	of	recombinations	via	excited	states		(since	these	latter	do	not	
regenerate	ionizing	photons).	The	recombination	coefficient	to	n>1	states	is	
known	as	the	case	B	recombination	coefficient		𝛼! . 	We	thus	have		
	

Φ!"# =  𝛼! 𝑇 𝑛! 𝑉	
	
Consequently	𝐿!! =  !(!)

!!(!)
 Φ!"#		which	means	that	free-free	luminosity		(emitted	

at	radio	wavelengths)	is	an	excellent	diagnostic	of	ionizing	photon	luminosity.	
This	is	important		a)		because	ionizing	luminosity	may	relate	to	presence	of	
massive	stars	and	hence	can	be	used	as	a	diagnostic	of	the	star	formation	rate	
which	is	less	subject	to		attenuation	by	dust	than	direct	detection	of	ultraviolet	
luminosity		and	b)	because		ionizing	photons	are	an	important	source	of	
feedback.	
	
Feedback		=		effect	of	input	of	momentum	or	energy	(e.g.	from	hot	
stars/supernovae/winds)	into	the	surrounding	medium.	Can	be	very	effective	in	
regulating	star	formation	by	heating/dispersing	gas	that	would	otherwise	
collapse	and	form	stars:	an	important	ingredient	in	models	for	galaxy	formation.	
On	larger	scales	AGN	can	feed	back	on	scales	of	galaxy	clusters.	Feedback	can	be	
thermal	(as	in	case	of	ionizing	radiation)	or	direct	transfer	of		momentum	(e.g.	
from	radiation	to	dust	grains	or	free	electrons).	
	
Feedback	from	ionizing	radiation	
	
We	have	shown	above	how	ionization	balance	in	a	static			medium		(fixed	
number	density	𝑛! ) allows	one	to	calculate	the	volume	of	ionized	material	given	
the	luminosity	of	the	source	and	the	ambient	density.		In	spherical	symmetry	
define	the	radius	of	the	ionized	region	as	the	Stromgren	radius		i.e.		
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𝑅!"#$% = (
3 Φ!"#

4 𝜋  𝛼! 𝑛!!
 )! !	

	
	
Putting	in	numbers:	Φ!"# = 10!" Φ!"#,!" 	based	on	a	typical	ionizing	output	of	a	
20	𝑀⊙	star	of	10!" 𝑠!!	and	𝑛!=10! 𝑚!!	(typical	star	forming	gas)	we	obtain	that	
mass	contained	in	ionized	bubble	is	4 𝑀⊙ 𝑛!!! Φ!"#,!".		Thus	a	star	of	mass	
20𝑀⊙	does	not	initially	ionize	its	own	mass	of	surrounding	gas,	while	a	100 𝑀⊙	
star	(with	100	x	more	ionizing	luminosity	ionizes	more	than	its	own	mass).		
	
N.B.	By	writing	𝑛!  𝑛!"# =  𝑛!!	we	are	assuming	that	the	bubble	is	100	%	ionized	
throughout.	It	must	however	contain	some			neutral	material	in	order	to	be	able	
to	absorb	ionizing	photons.	The	total	column	of	ionized	material	in	the	
Stromgren	sphere	is	given	by	𝑛 𝑅!"#$%	,	i.e.	10!" Φ!"#,!"

!
! 𝑛!

!
!		(atoms	per	

square	metre).	The	cross-section	for	neutral	atoms	to	absorb	ionizing	photons	is	
~	10!!" 𝑚!	so	in	order	to	absorb	all	the	ionizing	photons	need	a	column	of	
neutral	atoms	of	only	 ~10!" 𝑚!!.	This	is	~ 10!!	of	the	column	of	ionized	atoms	
and	therefore	–	for	the	purpose	of	calculating	the	recombination	rate	–	we	are	
justified	in	treating	the	bubble	as	fully	ionized.		
	
	The	effect	of	ionization	is	much	more	significant	than	the	above	calculations	
would	suggest	because	this	`initial’	Stromgren	sphere	(in	which	the	internal	
density	in	the	bubble	is	just	the	cloud	density	before	the	ionization	switches	on)		
is	out	of	pressure	equilibrium	with	its	surroundings	and	therefore	𝑒𝑥𝑝𝑎𝑛𝑑𝑠.	We	
now	define	tilde	quantities	which	are	normalized	to	their	values	in	the	initial	
Stromgren	sphere	defined	above	so	we	can	write	the	fact	that	as	the	sphere	
expands	it	must	remain	in	ionization	balance	in	the	form:	
	

  𝑛! 𝑅! = 1	
	
Also,	the	bubble	interior	remains	at	fixed	T	of	10!	K	so	𝑃  = 𝑛	and	consequently	
𝑃 = 𝑅!! !.	Since	there	is	a	pressure	discontinuity	between	the	hot	bubble	
interior	and	the	ambient	medium	a	shock	is		driven	outwards	through	the	
medium.	The	total	mass	over-run	by	the	shock	when	it	reaches	any	radius	is	just	
equal	to	the	mass	of	gas	that	was	originally	located	within	that	radius	in	the	
static	cloud	(because,	by	definition,	material	that	is	being	over-run	by	a	shock	
has	no	advanced	notice	of	its	arrival	in	the	form	of	pressure	disturbances	and	is	
therefore	static	when	over-run).		The	mass	when	the	shock/ionization	front	is	at	
normalized	radius	𝑅	is	then	4𝜋 3  𝑛!𝑚!  𝑅 𝑅!"#$%

!
.	Hence	can	write	Newton’s	

2nd	law	as:	
	
P 𝑃!"#$% 4 𝜋 (𝑅𝑅!"#$% )!	=	 !

!"
 (4𝜋 3  𝑛! 𝑚!  𝑅 𝑅!"#$%

! 𝑅!"#$%  !!
!"

  )	
	
substituting	𝑃  = 𝑅!! !		we	obtain:	

3𝑃!"#$%
𝑅!"#$%!  𝑛 !  𝑚!

 𝑅!.! =  
d
dt (R

!  
dR
dt   )	



	
It’s	then	convenient	to	define	dimensionless	time:	
	

𝜏 =
𝑡

(𝑅!"#$%
! 𝑛! 𝑚!
3 𝑃!"#$%

)! !
	

	
Note	that	the	denominator	is	~	the	sound	crossing	time	of	the	initial	Stromgren	
sphere	(𝑡!.)	Thus	we	need	to	solve:	
	
𝑅!.! =  !

!!
 (𝑅!  !!

!!
 )	with	𝑅(0)=1	

	
Try	𝑅 = (1+ 𝑏𝜏)!		and	equate	powers	of	1+b𝜏	to	yield	a=4 7	
	
Numbers:	For	𝑀∗ = 20 𝑀⊙,Φ!"#,!" = 1,𝑛! = 1 =>  𝑅!"#$% = 0.4 pc , 𝑡! ~ 3 ×
 10! yrs ≪  𝑡!"  ~ 9 Myr.		Can	show	by	substitution	that	b	~	1	(actually	7 6)	so	

b𝜏 ≫ 1	for	most	of	star’s	life	so	can	write	𝑅 ~ 𝜏! !		i.e.	!!
!"

  ∝  τ!! !	so	
𝑑𝑅
𝑑𝑡  ~  

𝑅!"#$%
𝑡!

  (
𝑡
𝑡!
)!! !	

	
When	t=	𝑡!"	find	speed	is	~	600	m/s.	This	is	much		larger	than	the	sound	speed,	
𝑐!,	in	the	neutral	medium	(	~	200	m/s)	so	the	front	propagates	as	a	shock	
throughout	the	whole	main	sequence	lifetime	of	the	star.	The	final	extent	of	the	
bubble	is	therefore	not	set	by	counter-pressure	from	the	ambient	medium	but	by	
the		finite	stellar	lifetime.		The	final	bubble	size	(at	end	of	main	sequence	
lifetime)	is	𝑅! ~ R!"#$%(

!!"
!!
)! !		and	the	total	mass	swept	up	is	that	initially	

contained	within	a	sphere	of	radius	𝑅!	which	turns	out	to	be	~	the	mass	of	an	
entire	Giant	Molecular	Cloud	from	a	single	20	𝑀⊙	star!	
	
Feedback	from	stellar	winds	
	
Stellar	winds	are	often	driven	by	radiation	acting	on	opacity	sources:	can	be	line	
driven	or	continuum	driven	(acting	on	metallic	species	or	dust	respectively).	
Here	we	focus	on	interaction	between	winds	and	ambient	medium.	
	
Can	understand	this	by	considering	the	wind	and	the	medium	as	analogous	to	
collisions	between	a	light	and	a	heavy	object	–	v.	little	k.e.	is	transferred	to	the	
heavy	object	as	a	result	of	the	collision.	If	however	the	light	object	were	to	
rebound	many	times	between	a	pair	of	heavy	objects	then	there	is	an	energy	
transfer	on	each	collision	and	ultimately	a	large	fraction	of	the	light	object’s	k.e.	
can	be	transferred	(over-all	momentum	is	conserved	because	the	two	objects	
move	off	in	opposite	directions).	Returning	to	the	wind	case	–	energy	can	be	
efficiently	transferred	to	a	surrounding	medium	if	the	k.e.	of	the	wind	is	
`thermalised’	within	a	bubble	–	much	more	efficient	than	direct	momentum	
transfer	between	the	wind	and	the	medium.		
	



In	what	follows	we	assume	that	the	`mechanical	luminosity’	of	the	wind	
(𝐿!"#! =  1 2  𝑀!  𝑣!!  )	is	transferred	to	the	ISM.	In	this	case	(neglecting	the	
thermal	counter-pressure	of	the	medium)	the	two	parameters	of	the	problem	are	
𝐿!"#!	and	𝜌!	(ISM	density).	Since	there	are	no	combinations	of	these	parameters	
with	the	dimensions	of	[L]	or	[T]	there	are	no	characteristic	length	or	timescales	
of	the	problem	–	i.e.	expansion	of	wind-blown	bubble	is	self-similar.	Can	(cf	
treatment	of	Sedov	solution	for	supernova	expansion)	obtain	scaling	by	
dimensional	analysis.		
	
𝑅 ~ (!!"#!

!!
)! ! 𝑡! !  

 The coefficient isn’t exactly unity but will be of order unity because it doesn’t 
involve any fundamental constants. 
 
 We’ve already seen (distribution problem II) how the effect of multiple 
supernovae within a star cluster can be modeled as an approximately constant 
mechanical luminosity source. The lifetime of the wind source is then ~ 40 Myr 
(=lifetime of lowest mass stars that undergo supernovae). This is one factor that 
may set the maximum size to which a bubble can grow. Another factor is that 
eventually the bubble expansion will fall to ~ 𝑐! (sound speed of external 
medium) and so the counter-pressure of the medium becomes important. We 
can determine the bubble size at this point by setting !"

!"
= 𝑐! or take a short-cut 

and find a combination of 𝐿!"#! ,𝜌! and 𝑐! with dimensions of [L].: 
 

𝑅! = (
𝐿!"#!
𝜌!

)! !  𝑐!
!!

!  

 

i.e. 𝑅!  ∝  𝐿!"#!
!
!  

 
Problem: 
 
Given that the spectrum of cluster membership number (𝑁∗) follows a power law 
distribution i.e. number of clusters with 𝑁∗ in the range 𝑁∗ + d𝑁∗ is  𝑑𝑁 ∝
𝑁∗
!!  d𝑁∗, what is the expected size distribution of the resulting (super-)bubbles 

if they spend most of their lives at scale 𝑅!? We can assume 𝐿!"#!  ∝ 𝑁∗ 
so !"

!!!"#!
 ∝  𝐿!"#!

!! => dN ∝ d 𝐿!"#!
!!!  ∝ d 𝑅!!!!! ∝ 𝑅!

!!!!  d𝑅! so expected 
size spectrum is 
 

𝑑𝑁
𝑑𝑅!

 ∝  𝑅!
!!!!  

 
Can therefore check whether the size distribution of super-bubbles is consistent 
with this expectation given the observed spectrum of cluster membership (it is). 
 
 
The importance of feedback on galactic scales 



Is Star Formation Rate  (SFR) in Galaxy consistent with  Giant  Molecular Clouds 
GMCs collapsing and turning into stars on their free fall timescale?  Estimate 
𝑡!! = Gρ !! !.  Average  cloud density ~ 10! m!!, implies 𝑡!! ~ 1Myr  so 
SFR would then be no. GMCs (~ 4000) x typical GMC mass (~ 2×10!  𝑀⊙ )/𝑡!! ~ 
800 𝑀⊙  𝑦𝑟!! whereas actual SFR in Milky Way is a few 𝑀⊙ 𝑦𝑟!!. This means 
that star formation is `inefficient’ compared with its maximum (dynamical) rate.  
Feedback may explain this. For example have seen that final Stromgren sphere of 
a 20 𝑀⊙ star is on scale of whole GMC. For a canonical IMF, each 20 𝑀⊙ star is 
accompanied by around ~ 1000 𝑀⊙ of lower mass stars. Suggests may only be 
able to turn ~ 1% of cloud into stars  before cloud is ionized – efficiency roughly 
right cf observations. But many caveats: combination of different feedback 
processes , role of magnetic fields, role of cloud inhomogeneity (tends to 
suppress effect of feedback as energy is deposited in low density regions and 
may leave densest star forming gas relatively unaffected: see slides). 


