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ISM	
  is	
  very	
  dilute,	
  far	
  from	
  LTE	
  

Because	
  the	
  density	
  of	
  the	
  ISM	
  is	
  extremely	
  low,	
  par>cles	
  have	
  a	
  large	
  
mean	
  free	
  path	
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Adop>ng	
  T=100 K, nH=1 cm-3,	
  we	
  obtain	
  about	
  1	
  collision	
  in	
  500	
  years	
  

3
2
mHv2 = kBTTypical	
  par>cle	
  velocity:	
  

The	
  collision	
  >me	
  scale	
  is	
  then:	
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Local	
  thermodynamic	
  equilibrium	
  (LTE)	
  requires	
  all	
  species,	
  including	
  ions,	
  
electrons	
  neutrals,	
  and	
  photons	
  collide	
  with	
  each	
  other	
  sufficiently	
  frequently.	
  

LTE	
  applies	
  inside	
  the	
  stars,	
  NOT	
  in	
  the	
  dilute	
  ISM	
  



The	
  mul>-­‐phase	
  interstellar	
  gas	
  

• 	
  The	
  existence	
  of	
  a	
  mul>-­‐phase	
  medium	
  
requires	
  that	
  energy	
  flows	
  through	
  the	
  system,	
  
e.g.,	
  by	
  injec>on	
  of	
  energy	
  through	
  supernova	
  
explosions	
  and/or	
  stellar	
  winds	
  

• 	
  The	
  hot	
  gas	
  from	
  SN	
  explosions	
  and	
  stellar	
  
winds	
  fills	
  a	
  large	
  frac>on	
  of	
  the	
  interstellar	
  
space,	
  compressing	
  the	
  HI	
  and	
  molecular	
  gas	
  
into	
  a	
  filamentary,	
  fractal	
  structure.	
  

(Kim	
  et	
  al.	
  1998)	
  

Distribu>on	
  of	
  HI	
  gas	
  in	
  the	
  
Large	
  Magellanic	
  Cloud	
  

• 	
  The	
  various	
  gas	
  phases	
  exist	
  in	
  pressure	
  equilibrium:	
  

n · T ≈ 103 − 104 K cm−3



Material	
  Flow	
  and	
  Energy	
  Balance	
  of	
  	
  the	
  ISM	
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Abundance	
  of	
  elements	
  in	
  the	
  solar	
  neighborhood	
  

Asplund	
  et	
  al.	
  2009	
  Hydrogen	
  

Helium	
  

C,	
  N,	
  O	
  

Fe	
  

Ni	
  

Log scale! 



Interstellar Dust 

Distribu>on	
  of	
  Stars	
  

Interstellar	
  dust	
  is	
  ``visible“	
  

•  Extinction and reddening 



Dust	
  grains:	
  physical	
  proper>es	
  

•  Abundance:  ~ 1% in mass 

•  Location: well-mixed with gas (roughly) 

•  Composition: C, Si, O, Mg, Fe 

•  Size: sub-micron, down to nm sized 
PAHs (polycyclic aromatic hydrocarbon) 

•  Shape: mostly amorphous rather than 
crystalline, can be very irregular 



Dust	
  grains:	
  ex>nc>on	
  

Aλ

mag
= 2.5 log10

�
F 0

λ
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= 2.5 log10(e
τ ) = 1.086τλ

graphite	
  

silicate	
  

(Cardelli	
  et	
  al.	
  1989)	
  

•  Absorb	
  and	
  sca\er	
  op>cal	
  and	
  UV	
  photons	
  very	
  efficiently,	
  re-­‐emit	
  
in	
  longer	
  wavelength.	
  

RV ≡
AV

AB −AV
≡ AV

E(B − V )

Color	
  Excess	
  
(Reddening)	
  

=
1

τB/τV − 1

RV	
  depends	
  on	
  dust	
  proper>es,	
  and	
  is	
  deter-­‐
mined	
  by	
  observa>ons,	
  which	
  is	
  in	
  turn	
  used	
  
to	
  constrain	
  dust	
  models.	
  

RV	
  =3.1	
  in	
  the	
  solar	
  neighborhood.	
  



Dust	
  grains:	
  ex>nc>on	
  

•  Absorb	
  and	
  sca\er	
  op>cal	
  and	
  UV	
  photons	
  very	
  efficiently,	
  re-­‐emit	
  
in	
  longer	
  wavelength.	
  

ex>nc>on	
  =	
  absorp>on	
  +	
  sca\ering	
  

(albedo	
  =	
  sca\ering	
  /	
  ex>nc>on)	
  

Ex>nc>on	
  cross	
  sec>on	
  for	
  a	
  single	
  
grain	
  (Mie	
  theory):	
  

Ex>nc>on	
  curve:	
  

σ ∝ 1/λ

λ � a

λ > a

σ ≈ πa2 for	
  

for	
  

• 	
  Contains	
  rich	
  informa>on	
  about	
  
grain	
  proper>es	
  (composi>on,	
  size	
  
distribu>on,	
  etc.)	
  

• 	
  Parameterized	
  by	
  RV	
  

• 	
  Of	
  crucial	
  importance	
  for	
  galac>c	
  
and	
  extragalac>c	
  observa>ons	
  

graphite	
  

silicate	
  

(Cardelli	
  et	
  al.	
  1989)	
  



Dust	
  grains:	
  emission	
  spectrum	
  



Dust	
  grains:	
  chemistry	
  

•  H2	
  forma>on:	
  

•  Recombina>on	
  and	
  grain	
  charging	
  

Direct	
  forma>on	
  of	
  H2	
  by	
  collisions	
  of	
  two	
  H	
  atoms	
  is	
  very	
  unlikely	
  (unable	
  to	
  get	
  
rid	
  of	
  the	
  excess	
  energy	
  efficiently).	
  

In	
  the	
  present	
  day	
  universe	
  most	
  of	
  the	
  H2	
  form	
  by	
  combining	
  two	
  H	
  atoms	
  afer	
  
their	
  adsorp>on	
  by	
  the	
  surface	
  of	
  a	
  dust	
  par>cle:	
  

H2	
  

grain	
  grain	
  

H	
  

H	
  
grain	
  

H	
  

H	
  

Grains	
  can	
  be	
  charged	
  by	
  colliding	
  with	
  electrons	
  and	
  ions,	
  with	
  
equilibrium	
  net	
  charge	
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�

a
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Dust	
  grains:	
  dynamics	
  

•  Transla>onal	
  mo>on	
  

•  Rota>on	
  

•  Alignment	
  of	
  charged	
  grains	
  with	
  magne>c	
  field	
  

• 	
  Gas	
  drag	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐>	
  coupled	
  to	
  the	
  gas	
  
• 	
  Lorentz	
  force	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐>	
  coupled	
  to	
  the	
  magne>c	
  field	
  

• 	
  Radia>on	
  pressure	
  -­‐>	
  Poyn>ng-­‐Robertson	
  effect	
  (grains	
  orbi>ng	
  stars	
  tend	
  to	
  spiral	
  in)	
  

	
  Grains	
  can	
  be	
  spun	
  up	
  by	
  absorp>on/emission	
  of	
  photons,	
  H2	
  forma>on,	
  etc.	
  

J J 

energe>cally	
  
more	
  favored	
  

step	
  1:	
   step	
  2:	
  
J B J B 

energe>cally	
  
more	
  favored	
  



Forma>on	
  of	
  interstellar	
  dust	
  

Interstellar	
  dust	
  is	
  likely	
  produced	
  in	
  the	
  
outer	
  atmospheres	
  of	
  red	
  giants.	
   Up:	
  IR	
  spectrum	
  from	
  the	
  atmosphere	
  

of	
  a	
  red	
  giant	
  star.	
  
Bo\om:	
  Laboratory	
  spectrum	
  of	
  
coronene,	
  a	
  type	
  of	
  PAH	
  

HD44179	
  (red	
  rectangular	
  nebular)	
  



Atomic	
  Hydrogen	
  

•  Atomic	
  hydrogen	
  comprises	
  ~60%	
  of	
  the	
  ma\er	
  in	
  the	
  ISM	
  

•  Most	
  diffuse	
  H	
  is	
  in	
  the	
  form	
  of	
  HI	
  in	
  the	
  disk	
  with	
  some	
  in	
  the	
  halo	
  

•  HI	
  gas	
  is	
  primarily	
  heated	
  by	
  photoioniza>on,	
  and	
  is	
  cooled	
  by	
  line	
  emission	
  

•  HI	
  gas	
  can	
  be	
  detected	
  either	
  by	
  UV	
  absorp>on	
  lines	
  or	
  through	
  the	
  21cm	
  line	
  



The	
  21cm	
  line	
  

•  The 21 cm line is produced when the spin of the electron relative to the 
proton in the atom’s nucleus reverses (hyperfine structure splitting) 

•  This transition is highly forbidden with a lifetime of 11 million years 

•  Still, the total number of hydrogen atom in a column of 1 cm area with 1 
pc depth is >1018, there are enough transitions.	
  

p p 

emission	
  

e- e- 

+ γ (5.87× 10−6 eV)

λ = 21 cm (radio)



Two	
  phases	
  of	
  HI	
  

•  Cold	
  neutral	
  medium	
  
(CNM)	
  

•  Warm	
  neutral	
  medium	
  
(WNM)	
  

T ∼ 5000K

nH ∼ 0.6 cm−3

fV ∼ 0.4

T ∼ 100K
nH ∼ 30 cm−3

fV ∼ 0.01



Molecular	
  Clouds	
  

•  Associated	
  with	
  star-­‐forming	
  regions,	
  concentrated	
  in	
  the	
  galac>c	
  plane	
  

•  ~20%	
  of	
  mass	
  in	
  the	
  ISM	
  (~2×109M),	
  H2	
  being	
  the	
  dominant	
  content	
  

•  Very	
  opaque	
  due	
  to	
  the	
  dust	
  

•  Have	
  a	
  wide	
  range	
  of	
  size	
  and	
  densi>es,	
  from	
  diffuse	
  cloud	
  (AV ~ 1)	
  to	
  giant	
  
molecular	
  cloud	
  (AV ~ 20 and up to 100)	
  



Molecular	
  cloud:	
  tracers	
  

(Dame,	
  2001)	
  

Galac>c	
  CO	
  distribu>on	
  

• 	
  H2	
  can	
  not	
  be	
  easily	
  detected	
  (lack	
  of	
  permanent	
  electric	
  dipole	
  moment)	
  

• 	
  Clouds	
  are	
  most	
  ofen	
  surveyed	
  based	
  on	
  the	
  CO	
  molecule	
  (rota>onal	
  transi>on	
  
from	
  J=1	
  to	
  J=0,	
  at	
  wavelength	
  of	
  2.6	
  mm)	
  

• 	
  Other	
  methods	
  include	
  observa>on	
  of	
  sub-­‐mm	
  con>nuum	
  emission	
  from	
  the	
  dust	
  



•  Because	
  of	
  high	
  density,	
  complex	
  chemistry	
  is	
  possible:	
  

•  Giant	
  molecular	
  clouds	
  are	
  self-­‐gravita>ng	
  

•  Presence	
  of	
  magne>c	
  field	
  

Molecular	
  cloud	
  

Other	
  molecules	
  include	
  but	
  not	
  limited	
  to:	
  H2O,	
  HCN	
  (cyanide),	
  OH	
  (hydroxyl)
and	
  more	
  complex	
  molecules	
  such	
  as	
  ethyl	
  alcohol	
  (CH3CH2OH)	
  

(Larson	
  1981)	
  

Velocity	
  dispersion	
  is	
  supersonic	
  

=>	
  supersonic	
  turbulence	
  

Magne>c	
  field	
  of	
  5-­‐1000	
  micro	
  Gauss	
  from	
  Zeeman	
  splirng	
  measurement	
  

=>	
  magne>c	
  energy	
  comparable	
  to	
  the	
  turbulent	
  kine>c	
  energy	
  

Velocity	
  dispersion	
  increases	
  
with	
  cloud	
  size	
  



Molecular	
  clouds	
  are	
  clumpy	
  and	
  very	
  irregular.	
  

“PILLARS	
  OF	
  CREATION”	
  IN	
  A	
  STAR-­‐FORMING	
  REGION	
  M16	
  -­‐	
  Eagle	
  Nebula	
  

Gritschneder	
  et	
  al.	
  2010	
  



HII	
  regions	
  

•  They	
  are	
  formed	
  near	
  molecular	
  clouds	
  where	
  newly	
  formed	
  massive	
  stars	
  
ionize	
  hydrogen	
  and	
  heavier	
  elements	
  like	
  O,	
  N.	
  

•  ~20%	
  of	
  the	
  mass	
  in	
  the	
  ISM	
  

•  Heated	
  to	
  high	
  temperature	
  (7000-­‐15000	
  K)	
  by	
  photoioniza>on,	
  cooled	
  by	
  
op>cal	
  and	
  IR	
  line	
  emission,	
  as	
  well	
  as	
  free-­‐free	
  (bremsstrahlung)	
  emission	
  

•  Characteris>c	
  spectrum	
  of	
  HII	
  regions	
  are	
  strong	
  emission	
  lines:	
  

•  Line	
  fluxes	
  and	
  their	
  ra>os	
  used	
  to	
  diagnose	
  temperature,	
  density,	
  abundances.	
  

Recombina>on	
  lines:	
  radia>ve	
  recombina>on	
  to	
  upper	
  energy	
  levels	
  followed	
  
by	
  cascade.	
  Most	
  prominent:	
  H	
  balmer	
  series,	
  in	
  par>cular	
  the	
  Hα	
  line. 

Collisionally	
  excited	
  lines:	
  collisions	
  with	
  electrons	
  excite	
  meta-­‐stable	
  levels	
  
resul>ng	
  in	
  forbidden	
  line	
  transi>ons	
  such	
  as	
  [OIII]5008Å	
  in	
  op>cal,	
  and	
  fine-­‐
structure	
  lines	
  in	
  mid-­‐far	
  infrared	
  



The	
  Orion	
  nebula	
  



Visible Infrared 

The	
  gas	
  in	
  Orion	
  glows	
  because	
  it	
  is	
  ionized	
  by	
  4	
  hot	
  stars:	
  HII	
  region	
  



Strömgren	
  sphere	
  

•  The	
  size	
  of	
  the	
  HII	
  region	
  can	
  be	
  es>mated	
  by	
  considering	
  the	
  requirement	
  
of	
  ioniza>on-­‐recombina>on	
  equilibrium	
  

Let	
  Q	
  be	
  the	
  rate	
  of	
  ionizing	
  photons	
  (E>13.6eV or	
  λ<912Å)	
  
produced	
  by	
  the	
  O	
  and	
  B	
  stars.	
  They	
  will	
  all	
  be	
  absorbed	
  by	
  
H	
  in	
  the	
  region.	
  

Rate	
  of	
  ioniza:on	
  =	
  Rate	
  of	
  recombina:on	
  

H � H
+ + e

− RS 

Primarily H+, e-
 

Primarily 
neutral H/H2 

O	
  star	
  

Strömgren	
  radius	
  

Recombina>on	
  rate	
  per	
  volume:	
  

ṅrecomb = αnenp

Q = α(T )n2
e ×

4π

3
R3

S

As	
  long	
  as	
  equilibrium	
  is	
  not	
  reached,	
  the	
  size	
  of	
  the	
  region	
  will	
  grow.	
  

In	
  HII	
  region,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (fully	
  ionized)	
  ne ≈ np ≈ nH 



•  At	
  characteris>c	
  temperature	
  T~8000K,	
  

•  For	
  massive	
  O6	
  star,	
  Q ≈ 1049 s-1 	
  	
  

•  Typical	
  number	
  density	
  in	
  HII	
  region:	
  	
  

Strömgren	
  sphere	
  

Strömgren	
  radius:	
  	
  RS =
�

3Q

4πα

�1/3

n−2/3
H

α ≈ 3.1× 10−13cm3s−1

ne ≈ nH ∼ 103cm−3

⇒ RS ≈ 0.7 pc

•  Q	
  very sensitively depends	
  on	
  effec>ve	
  temperature	
  =>	
  only	
  very	
  massive	
  
stars	
  (spectral	
  type	
  O	
  and	
  B)	
  possess	
  large	
  HII	
  regions	
  

•  The	
  boundary	
  of	
  the	
  Strömgren	
  sphere	
  exhibit	
  as	
  (thin)	
  transi>on	
  region	
  
called	
  the	
  photoioniza>on	
  front.	
  

Note:	
  



Hot	
  gas	
  in	
  galaxies	
  

M82,	
  blue:	
  X-­‐ray;	
  green:visible;	
  red:	
  IR	
  

• 	
  Hot	
  gas	
  (T>106K)	
  is	
  produced	
  by	
  fast	
  stellar	
  winds	
  and	
  by	
  blast	
  waves	
  from	
  
novae	
  and	
  supernovae,	
  and	
  fills	
  a	
  large	
  volume	
  of	
  the	
  Galaxy.	
  	
  

• 	
  The	
  hot	
  gas	
  produce	
  X-­‐ray	
  radia>on	
  
by	
  free-­‐free	
  emission	
  
(bremsstrahlung),	
  which	
  is	
  the	
  major	
  
cooling	
  mechanism.	
  	
  

• 	
  Hot	
  gas	
  is	
  ejected	
  into	
  the	
  halo	
  
(galac>c	
  fountains),	
  or	
  leaves	
  the	
  
galaxy	
  in	
  a	
  galac>c	
  wind.	
  



Magne>c	
  fields	
  

• 	
  Generated	
  by	
  galac>c	
  dynamo,	
  with	
  typical	
  
strength	
  in	
  the	
  Galaxy	
  1-­‐10	
  µG 

• 	
  Exert	
  magne>c	
  pressure,	
  comparable	
  with	
  
(actually	
  larger	
  than)	
  gas	
  thermal	
  pressure!	
  

• 	
  Observed	
  by	
  polarized	
  emission	
  due	
  to	
  
synchrotron	
  /	
  grain	
  alignment	
  

• 	
  Confine	
  charged	
  par>cles	
  to	
  Galac>c	
  disk:	
  

M51	
  with	
  B	
  field	
  

For	
  protons	
  moving	
  in	
  3	
  µG field,	
  we	
  find	
  



Cosmic	
  rays	
  

• 	
  Collec>ons	
  of	
  energe>c	
  protons,	
  
electrons,	
  and	
  nuclei	
  

• 	
  Energy	
  density	
  comparable	
  with	
  
other	
  ISM	
  components!	
  	
  

• At	
  low	
  energies	
  confined	
  to	
  the	
  
Galaxy	
  

• 	
  Important	
  source	
  of	
  ioniza>on	
  

• Detected	
  via	
  air	
  showers	
  


