
ISM 101
or

The 101 Faces of the ISM
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Reading	material:
Draine – Physics	of	the	interstellar	and	intergalactic	medium	(2011	book)
Cox	– The	Diffuse	 interstellar	medium	(2005	review)
Pogge - Introduction	 to	the	Interstellar	Medium	(2008	lecture	notes)
…
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Composition	of	the	ISM
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ISM:	all	the	matter	in	galaxies	except	
stars	(including	various	energy	fields).
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Multiwavelength Milky	Way
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Discrete	objects	in	the	ISM
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HII	regions	(“bright	nebulae”)

Strong	emission	 lines	+	weak	continuum
Powered	by	O&B	stars	(birth	of	stars)
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Discrete	objects	in	the	ISM
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Obscure	regions(“dark	nebulae”)

Opaque	parts	of	HII	regions

Horsehead nebula
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Discrete	objects	in	the	ISM
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Planetary	nebulae

UV	photoionized ejecta from	old	stars
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Discrete	objects	in	the	ISM
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Young	Supernova	remnants

Photoionized by	UV	synchrotron	 radiation	
from	relativistic	electrons	of		SN
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Discrete	objects	in	the	ISM
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Young	Supernova	remnants

Photoionized by	X-rays	from	SN	
mechanically	heated	cooling	 regions
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Diffuse	gas	in	the	ISM
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γ-rays

MeV particles	from	shock	
acceleration/relativistic	flows	…
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Diffuse	gas	in	the	ISM
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X-rays	(HII)	“coronal	gas”

Starlight	and	hot	(>	105 K)	gas
n~0.003cm-3

Line	emission	 from	 ionized	metals.
High	altitude	(3kpc)
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Diffuse	gas	in	the	ISM
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UV	absorption	(HI	and	H2)

Diffuse	H2 and	HI	(electronic	transition)

No	pretty	pictures	– only	spectral	lines
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Diffuse	gas	in	the	ISM
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H-α maps	(HII	diffuse	gas)

ν3→2 (Hydrogen)	 – red	visible	 light
n~0.1	cm-3,	T~8000K

Composite	 	(WHAM+	VTSS	+	SHASSA)-- Finkbeiner (2003)	
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Diffuse	gas	in	the	ISM
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Molecular	lines	(H2)

Micro-mm	wavelength.	Concentrated	in	
GMCs.	n~200cm-3 ,	T~10K,	Line	ratios	can	
fix	density	and	temperature.
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Diffuse	gas	in	the	ISM
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Infrared	emission	(HI,	H2)

IR	from	thermal	emission	of	
dust	grains
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Diffuse	gas	in	the	ISM
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Dust	and	molecules

Grain	size:	5-3000A°.	Mass~1%.	
Absorption,	 reddening,extinction,	
polarization,	 IR	emission
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Diffuse	gas	in	the	ISM
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21	cm	(cold	HI)	

Hyperfine	 transition	of	s1	level	spin	–
1.4Ghz	radio	
100K<T<8000K

Composite	 	(WHAM+	VTSS	+	SHASSA)-- Finkbeiner (2003)	
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Typical	ISM	parameters:

18

Density:	10-3 – 102 particles/cm3

Temperature:	10	– 107 K

Pressure	(@midplane):	3X10-12 dyn/cm2 or	p/kB=22000	K/cm3

Magnetic	field:	B~3μG
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Galactic	distribution
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MW	=	Sb/Sc	ordinary	spiral	galaxy

Atomic	gas	radial	dist.	– 18kpc

Molecular	gas	radial	dist.	3kpc

Thin!	75pc	for	H2.	100-300pc	for	HI

HII	and	dust	mostly	within	spiral	arms
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Kinetic	equilibrium
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Maxwellian Distribution	 of	particle	velocities

T	– kinetic	temperature
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Excitation	equilibrium
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Bolzmann equation	(for	LTE)

T	– kinetic	temperature,	gi=(2Ji+1),	ΔE	– energy	gap

Since	LTE	is	almost	never	gained,	we	define	excitation	temperature,	Texc
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Ionization	equilibrium
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The	main	ionizing	 agent	is	radiation

Γ – radiation	field	term

α(T)	– Recombination	 rate
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Radiation	equilibrium
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Peak	at	2000A° (UV)	– 104K
But	energy	density	is	2.7K!!!

Planck	Formula
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Pressure	equilibrium

24

MyrpcTkmTcs /10sec/10 44 ≅≅

Pressure	equilibrium	is	achieved.
However,		what	contributes	to	the	pressure	???	
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State	of	equilibrium
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Kinetic	equilibrium

Excitation	equilibrium

Ionization	equilibrium

Radiation	equilibrium

Pressure	equilibrium

Short	timescales

Radiation
Long	recombination	times,	
photoelectric	effect

Thermal	(excitation,	ionization,	radiation)	equilibrium	
requires	detailed	balance.
This	is	almost	never	the	case	in	ISM.
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Energetics

26
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Hydrostatic	equilibrium

CO	emission

Lα
,	21	cm

Hα,	Pulsars
Hα,	UV	
absorption,	
Soft	X

Ferriere 2001

Vertical	distribution	of	mass
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Vertical	hydrostatic	equilibrium

• Most	of	the	pressure	(9/10)	comes	from	non-
thermal	components

3600

7200

4104.1 X

4102.2 X

P/
kB
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Magnetic	fields

• Stellar	polarimetry
• Zeeman	splitting	of	21	cm
• Faraday	rotation	of	linearly	polarized	radio
• Synchrotron	emission

M51,	HST,
MPIfR Bonn

pcl
GOB

corr 1~
)5(5.1~ µ+

B
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Magnetic	fields

• Stellar	polarimetry
• Zeeman	splitting	of	21	cm
• Faraday	rotation	of	linearly	polarized	radio
• Synchrotron	emission

pcl
GOB

corr 1~
)5(5.1~ µ+

B

33

312
26

 6.0~ 7200~

 10~
8

)105(

−−

−−
−⋅

=

cmeVcmK

cmergP
π
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Cosmic	rays

• Π0 meson	production
• Bremsstrahlung	emission
• Inverse	Compton	emission
• Cosmic	ray	chemistry
• Synchrotron	emission

3 9500~/ −cmKkP B

Local	ISM	values
(Extrapolated	
from	solar	
winds):
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Synchrotron	emission

• Depends	on	combination	of	B	and	CR
• Assuming:	
– CR	electrons	trace	pressure
– Equi-partition	between	B	and	CR
– Normalization	to	local	values

3600

7200

4104.1 X

P/
kB
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The	equipartition hypothesis

SFR,	SN

B

CR

Turb
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Vertical	model:

• The	thermal	pressure	is	about	1/10	of	the	
total	vertical	pressure

• Equipartition conjecture	between
– Turbulence
– Magnetic	field
– Cosmic	rays

• It	is	plasma	after	all	;-)
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Heating	sources

35

Ultimately,	energy	is	gravitational	+	nuclear.

Specific	mechanism	depends	on	ISM	conditions

Photoelectrons	ejected	from	dust	grains
Cosmic	ray	heating
Photoionization of	metals
X-ray	heating

hνhν 13.6ev

Envelope

HC

Dust

CR
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Heating

36

Lo
g	
n	
[c
m

-3
]

Log	T	[K]

1 2 3 4

Dust	
grain	
photo	 -
electric

-3

-2

-1

0

1

CR,X-ray

CR

Opaque	to	
starlight

No	dust,	
no	C0
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Cooling.	

37

Fine	
structure	
lines	
(metals	
only)

Line	
excitation

Bremsstrahlung

Collisional excitation	(n2)	+	decay
Cooling=	n2Λ(T)



E
qu

ili
br

iu
m

C
om

po
sit

io
n

H
ea

tin
g

&
 C

oo
lin

g
St

ru
ct

ur
e

ISM	life	cycle

38Hogerheijde 2010
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Field	(65)	cooling	instability

39
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Requirements	for	stability



E
qu

ili
br

iu
m

C
om

po
sit

io
n

H
ea

tin
g

&
 C

oo
lin

g
St

ru
ct

ur
e

Thermal	stability	of	the	ISM
Two	phase	medium

(Field,	Goldsmith	&	Habing,	1969)

• Assume	density,	Poly-
aromatic	hydrocarbon	
(PAHs)	state,	dust.

• Solve	T(n)	for	balance	
between	photoelectric	+	
CR	heating	and	radiative
cooling	+	conduction

• Construct	Pth(n)

Wolfire et	al.	2003

The	forbidden	
zone

Building	a	cold	clump	from	the	hot	phase	
takes	too	long
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Surprises	of	two-phase	models	

1. Phase	segregation	not	important
2. Thermal	pressure	might	appear	

as	pressure	equilibrium
3. Voids	(0	thermal	pressure)	

allowed
4. Magnetic	pressure	does	not	

correlate	with	density	much
5. Forbidden	n	is	actually	common
6. On	average,	heating	reduces	cold	

cloud	probability	- feedback

Wolfire et	al.	2003
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Proposed	subjects

42

1. Giant	molecular	clouds
2. Galactic	magnetic	fields
3. Nebulae	physics
4. Phase	models	of	the	ISM
5. Cosmic	radiation
6. Interstellar	dust
7. Supernovae	&	winds
8. ISM	shocks
9. Numerics of	the	ISM
10. Radiation	transfer
11.Equation	of	state	of	the	ISM
*	Each	talk	must	also	cover	relevant		observational	 techniques


