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Interstellar medium Is
everything not in stars

e (Galaxies are made of stars...
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Interstellar medium Is
everything not in stars

e (Galaxies are made of stars...

AND the interstellar medium!

* TheISMis a mixture of gas,

Y

and radiation distributed

between the stars in a galaxy.

_"'.aaléc.tic 'Cel'l_ter '

~ 'gaseous disk




Five phases of ISM:
1. Warm neutral medium (WNM)
2. Cold neutral medium (CNM)
3. Hot ionized medium (HIM)

4. Warm ionized medium (WIM)
5. Molecular cloud (MC)

The Multiphase ISM

MM CNM WNM WIM HIM
n(cm™) | 104 — 10° 4-80 0.1-0.6 ~02cm™ [107°-10*
T (K) 10-50 50-200 | |[5500-8500 ~ 8000 10-107
h (pC) ~ 70 ~ 140 ~ 400 ~900 >1kpc
fvolumc < 1%) H2—4% NSO%) z20% %50%
fmass ~20% ~40% ~30% ~10% ~1%




Multiphase ISM on a phase diagram

8 T
 The CNM, WNM, and are roughly in 2 -
pressure equilibrium ( n7 = constant).
6 -
->the classical three-phase ISM model -
R
— 5
e MC and WIM are over-pressurized. =
o0 4 A
=
3 =
2 -
1 .

5-4-3-2-10 1 2 3 4
loglOnH[cm_3]






Short-wavelength infrared
Images clearly show
the Milky Way's
starlight.

These all-sky images show
the Milky Way's disk
from an edge-on
perspective.

infrared (short wavelength) a

Long-wavelength infrared images
show radiation from
dust particles.

Dusty clouds in the disk block
much of our galaxy's
visible starlight.

infrared BWM\/\/\/V\/II/\)(\/\/

visible light Vis
[“WVWW\%/\/\/\/] (long wavelength)




X-ray images show
that hot gas fills
the halo.

X-rays .
-ray
ITVAVAVA | AVAVAN

Gamma rays come from
cosmic-ray
collisions
with gas
atoms.

gamma rays

gamma

Radio waves from molecules
trace the coldest
gas clouds.

radio 3040
NNAVAYA AVAVANY
(CO molecules)

R

Radio waves from H atoms
come from warmer
gas clouds.

(H atoms) [INVVAVA | AVAVANY

Each oval image shows the entire sky
in the same way this world map shows
the surface of a globe.




Crash Course on Radiative Transier

absorption emission

0
ds

Equation of radiative transfer (RT): —oll, +

absorption coefficient:

0y — Noy — Py

Jv

emissivity

1+(0)

scattering

Iy



Crash Course on Radiative Transier

zx absorption emission
Equation of radiative transfer (RT): d—y = la,\l, 9,
S
absorption coefficient: emissivity
0y = NOy = PKy
S
Define optical depth: Ty(S) — / Ofy(Sl)dS’ scattering
S0

T, <K 1 optically thin

T, > 1 optically thick



Crash Course on Radiative Transier

zx absorption emission
Equation of radiative transfer (RT): d—y = la,\l, 9,
S
absorption coefficient: emissivity IV(O) Iy

0y — Noy — Py

S

Define optical depth: Ty(S)Z/ Ofy(Sl)dS’ scattering

So

T, <K 1 optically thin
T, > 1 optically thick

dl,
Rewrite RT equation as: —2 = —I,+ S5, , where S, = ]—U isthe source function
dTy al/



Equation of radiative transfer (RT):

Crash Course on Radiative Transier

absorption

il

g—_au l/—|_j1/

: - emissivit
absorption coefficient: y

0y — Noy — Py

S
Define optical depth: Ty(S)Z/ oy, (s')ds’'

So

T, <K 1 optically thin

T, > 1 optically thick

dl,

1+(0)

emission

scattering

Rewrite RT equation as: =—I,+S5, , where S, = ]—U isthe source function

IS, — const.

=

dTy 87 174

I,(r)=1,0e™+85,(1—e ™)

Iy
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EInstein AB Coelficients e
T
* Consider a two-level system at local thermodynamic =
el s Before After gv§'§°!"lfg
equilibrium (LTE): B
; i “—O
TLQ i Al ik hv
i 0 = —ngA21 — neBa1Jy, + n1Biad, MV JA—— T
E () = R
= JV — A21/321 1 \/ ! Yeae
nlBl2/n2B21 T 1 Ground State Excited State
E, ) E,
/ N
Spontaneous Emission l WWSe
: £ —O
Excited State Ground State
E, O & -
" T s
TAAVATAS Stimulated Emission l 2xhv

Excited State Ground State



Einstein AB Coefficients L=

Consider a two-level system at local thermodynamic

equilibrium (LTE):

d
% =0 = —’n,2A21 — ’I’LQBQIJU o nlBl2']I/
A
g 21/ Ba1
n1Bi2/neBa; — 1
2hv3 1
s

c2 ehv/kT _ 1

tLTE
M _ 91 hv/kT i

n2 g2

Excited State Ground State

1,dS2
Ossila
Before After . ossilazcom
E, E, ()
hv
wWWhe Absorption T
E O E i
Ground State Excited State
E, M) E,
N .
Spontaneous Emission l WWSe
: =—0O
Excited State Ground State
E O E, o~
" T WS
TAATAS Stimulated Emission l 2xhv



Einstein AB Coellicients

Consider a two-level system at local thermodynamic

equilibrium (LTE):

d
% =0 = —’n,2A21 — ’I’LQBQIJU o nlBl2']I/
As /B
e 21/ B21
n1Bi2/neBa; — 1
2hv3 1
J,=B,(T) = 2 chulRT
tLTE
M _ 91 hv/kT °
no g2
g1
If w/kT <1 = g—Bw = B2
2
i T Einstein relation
v
Ifho/kT >1 =| =2 =
1// > B21 02

only need to know one of
the three (usually A,,)

Excited State

1

J,=— [ I[,dS)
47
Ossila
Before After . 0sila com/use
E, E, )
U/
hv
wWWhe Absorption T
E1 O E1 ‘e v
Ground State Excited State
E, ) E,
/ .ot N
Spontaneous Emission l WWSe
E, E, ()
\_/
Excited State Ground State
“:—O \—
" S WS
TAATAS Stimulated Emission l 2xhv
= E, ()
U/

Ground State



Line Radiative Transter

P
We can define the photon occupation number (n,),) = 2,‘;7.],, such that

dn
(d—l) =ngA21(1 + {n+)) and
t Ja s

When (n7) < 1, stimulated emission can be neglected!



Line Radiative Transiex

P
We can define the photon occupation number (n,y) = 2,37.],, such that

dnl)
— — 7’1,21421(1 —+
( dt 2—1

When (m,) < 1, stimulated emission can be neglected!

o~

Ty ) and

Absorption and emission in radiative transfer is controlled microscopically by the level population ( n; n,):

_ hv
Jv = 4—n2A21¢5(V)
T
hv
Oy = 4—(?’1,1.812 e n2B21)¢(V)
T

hv n
= 4—n1312(1 20
s ni1gs2

hv

= —mn1B12(1 — e_hy/kT)qb(V) at LTE
47




“Temperatures” in Astronomy

2h13 1
temperature (T): B, (1g) = vy — 1
o2
Antenna temperature (7): TA(V) = i I, T'B =Ty intheRayleigh-Jeans limit

Ny G
Excitation temperature (7.): — = —c¢ Eue/kToxc

Ty ge



Collisional Excitation

In the absence of external radiation (no absorption or stimulated emission),

level population is controlled by collision:

di
dt

=ncnoko1 —|Neni1kio|—|n1410/=0

collisional collisional spontaneous
excitation de-excitation  decay



Collisional Excitation

In the absence of external radiation (no absorption or stimulated emission),

level population is controlled by collision:

dnq nq ncko1 ko1/k10

. |l ko1 — c k1o |— Aig|=0 = = =
de | eroror el 1o i A0 no  nckio+ Ao 1+ Ao/ (nckio)

collisional collisional spontaneous
excitation de-excitation  decay




Collisional Excitation

In the absence of external radiation (no absorption or stimulated emission),

level population is controlled by collision:

dnq k k A 0 = n1 neko1 ko1/k10
—— =[NcNoKo1 [—|NeN1KR10 |— (N1 A10|= — —
dt no  nckio+ A0 14 Ao/ (nckio)
collisional collisional spontaneous
excitation de-excitation decay

From detailed balance: kg1 = ﬂl»cloe—"f_*’lo/"“T
go

— n1_ 1 &e—Em/kT

o 1_|_ Al() qgo
nekio




Collisional Excitation

In the absence of external radiation (no absorption or stimulated emission),

level population is controlled by collision:

neko1 ko1/k10

dnq 1
— =ncnoko1 —|necnikio|—|[n1A10|=0 =
dt no
collisional collisional spontaneous
excitation de-excitation decay
: . _ 9N —FE10/kT
From detailed balance: kg1 = =—kjpe
go
ni 1 91 _FEi0/kT
Y el 1 e 10/
nekio
N . _ Ao
Define critical density: |Ncrit = ——
k10
n 91 —FE10/ET
If Me 2> Nerit = n_o — %6 Boltzmann distribution!

nekio + Ao 1+ Aq0/(nck1o)

1 _ CII fine structure excitatio _

r for n_/n,=0.001 .

—~ 0.1 _

S : 1

& i ]
= i

= 0.01 _

S :

& - ]

0 _

10-3 3 =

| ol |

10-4 T
. 102 108
n, (cm-3)

104
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Collisional Excitation

When there is external radiation (need to including absorption and stimulated emission):

spontaneous
decay

dn
T = i ko) £ Avo| = s [k (b o)1= 0
0

coUqunal absorption nal nut
excitation de-excitation emission

collisional stimulated



Collisional Excitation

When there is external radiation (need to including absorption and stimulated emission):

dn1
dt

neko1 |+

collisional
excitation

g1
(nv)%z‘llo

absorption

_nl[

spontaneous
decay

nekio (ny))A10]|=0 =

collisional stimulated
de-excitation emission

nq nekor + (ny) ‘;L;Alo

no  mekio + (14 {ny))A10



Collisional Excitation

When there is external radiation (need to including absorption and stimulated emission):

dm g1
— = Ng |N kOl + (1 _Alo
dt kol ),
coll'isio'nal absorption
excitation
1 —
ko1 = g—kloe Fro/KT
Using -
. 1
(??,7) T ehv/kTp _q
nq 1 1
= = Ne g_e Exo/kT

_nl[

spontaneous

decay

N7

collisional
de-excitation

nekio

—Elo/kTB

(ny))A10]|=0 =

stimulated
emission

nq nekor + (ny) ‘;L;Am

no  nekio + (1 + (ny))A1o



Collisional Excitation

When there is external radiation (need to including absorption and stimulated emission):

spontaneous
decay
d’nl g1
— = Mo neko1 |+ (ny)g—Am — 11 [Pekio H 1 (ny))A10]|= 0
0
coll'isio'nal absorption collisio_nal_ Stlrr.lul.ated
excitation de-excitation emission
104
1 — 5
kop = Lkyge Fro/kT :
Using go
_ 1
<n7> - ehu/szB_l 103
m L 91 gt L g1 _pomr =
= =TTttty e Y g
o 1+ - 90 1+ n. 90 =
107
- . — A
Critical density becomes: |Tlcrit = (1 + <nq/))ﬁ
If ne < neriv = radiation dominates = Boltzmann distribution at 7 10

If ne¢ > nerit = collision dominates = Boltzmann distribution at T

nq nekor + (ny) g—;Am

f— =
no ’I'Lck'l() + (]. + (?ZfY))AlO
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Neutral Gas (HI)

* Neutral atomic hydrogen gas (HI)

* Main tracer:the 21 cm line

-
l /
Parallel spins: higher-energy configuration

‘ Photon,
-

% \ wavelength =21 cm
| ;
=0
Y

Opposite spins: lower-energy configuration

g,=3

n K,

ny(gl/gO)A][]

klﬂ

(1+1)A,,

E,=5.87x1078 eV

A,=2.884x1015 5!

A=21.11cm
(1.42 GHz)



Spatially
Extended
HI DISKS

The atomic gas is typically much
more extended than the stellar

diskin spiral galaxies .

Spiral Galaxies in THINGS — The HI Nearby Galaxy Survey

NGC 5055 (M 63)

NGC 628 (M 74)

NGC 3031 (M 81) NGC 5194 (M 51)
/ f,\.}!
- y -

THINGS

color coding:
THINGS Atomic Hydrogen
(Very Large Array)
Old stars
(Spitzer Space Telescope)
Star Formation
(GALEX & Spitzer)

scale: e ——
15,000 light years

‘o [@
‘E,/ N0

Image credits:

VLA THINGS: Walter et al. 08
Spitzer SINGS: Kennicutt et al. 03
GALEX NGS: Gil de Paz et al. 07



Rotation
curves in
21 (m

The 21 cm line allows for
direct measurement of gas
mass and rotation curves
outto large radii, probing

the dark matter.

GM
* Rotation velocity v = P so by measuring the rotation velocity

we can infer the underlying mass of the galaxy

Observations -
. from starlight

Observations from

100 - " 21 ¢m hydrogen
2locity
(m s-1) :
-~ ' R
e .y 5 Expected from
N RN the visible disk
L T SR I ot

20,000 30,000 40,000

e
et -
<Y ol

vt _ Distance (light years)



Observational Evidence
ol the Two-phase ISM

Observing 21 cm lines on and off a background source.

hv
a, = E?hBlz(l - e_hy/kT)ﬁb(V)

3 he,
~ Ao ot
327 kT spin

n(H I) Gy X ]-/npin

absorption is more efficientin cold gas!

Toff(v>

divl



Observational Evidence :
of the Two-phase ISM i

Observing 21 cm lines on and off a background source.

hv

—hv /KT
a, = —n1Bi2(1 — e "/ T)p(v)
4 3C 353 1814-63 3C 4543
3 hcAue T
N o Aur n(H1) ¢y o[1/Tipin ,
321 kTspin EMISSION L //‘ . J/\_ ‘
4 -I ~ ’
- i . i o .
. . . . . -, o~ L -\VA M'vﬂv_ 1 - _.‘:_Muf\
absorption is more efficientin cold gas! e R v B

Radhakrishnan et al., 1972, ApJS, 24, 15
Emission is observed along every sightline,

3C 409 1610-60

but absorption is not.

=> discrete CNM clouds (absorption) +

diffuse intercloud WNM (emission)!

1N

o EMISSION
N

AN

3C 138

A P A

F . N

A A
Ao B = — e "

ABSORPTION

VN

A i

A
A P



Heating and Cooling Processes in the Neutral Gas

Main heating processes:
- FUV photoelectric effect on dust
- cosmic ray ionization

- X-ray ionization

Main cooling processes:
- fine structure metal lines ([CI1I]158, [O1]63)
- recombination

- Lyman alpha transition

Thermal equilibrium on the phase diagram s a

classical “S-shape” curve.

I nA (ergs s=' H)

3

10

T (K)

10?

10

O

(b)

I IIIIIII|
R = 8.5 kpc

-=F
P

PE

n (cm™)

§_ L 11l {’IIIIII 1 1 1111
01 A 1 10 100 1000
| IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIEO
E R = 8.5 kpc 7
—<10°
E E
| IIIIIII| | IIIIIII| | IIIIIII| | IIIIIIII | IIIIIE1O
1 10 100 1000




Heating and Cooling Processes in the Neutral Gas

nH,crit(u) 10_25_I IIIIIII| I IIIIIII| UL IIIIII| T T TTTHI T TTTT
Ejfk E k. XAy  T-100K T _5000K = (b) R=85kec " E
Ton l u (K) (K) (pm)  {cm ?) (em 7) ~ - e ]
€I e PO 0 DIZI 15lJr 201 s 0 T ] - ;
Cl. P, P 0 23.60  609.7 620 160 '
3P, 3P, 2360 6244 37037 720 150 2,
o1 ‘3P 2P 0 22771 63185 25510° 495 1¢¢ S
"By PPy 0 29991 30657 14553 285108 B A x 10° <
Sill 2P fRo, 0 41378 34814 10x10°  1.1x 104 -
Sil. | %P 2P 0 11095 12968 48 x 10° 20 % 107 o
3P1 3P2 11095 32107 68473 9.9 x 104 3.5 X 104 10 §_I ] IIIIII| L 111l 1 | IIIIII| {/I LI [ IIIII:=l:
01 N 1 10 100 1000
105 I IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIII?O
104E\ R = 8.5 kpc _E »
10 .
X 3
— 102 E:
10
0 ] IIIIIII| ] IIIIIII| ] IIIIIII| | IIIIIII| | IIIIIE10'5
01 N 1 10 100 1000

n (cm™)



Thermal Instability

* ForagivenISM pressure, thermal
equilibrium allows 3 possible solutions P/k Lcm'3K)
(F, G, H). F & H are stable;

and suffers from thermal instability.

104
* Thermalinstability: density decreases =>

net heating => density decreases further

(P ~nT)=>even stronger heating => ...

stable

» N (cm3)
1 102
* Thermalinstability naturally leads to 2

stable phases (WNM & CNM)!



WIM (HII region)

' .' £4% ROSette nebula(NGC2237)

* Young, massive (OB) stars emit UV
radiation energetic enough to ionize

its ambient hydrogen (>13.6 eV).

* Thermal balance:

photoionization heating balancing | ¥
recombination cooling. e i

" ©3J. Drudis-A. Roig, 2018 .



Emission lines in the HII regions

Hydrogen recombination lines

- Hao (6563A) (n=3->2)
- HP (48614) (n=4->2)
- radio recombination lines

(e.g. H106a, n=107->106)

Forbidden metal lines
-[O111] (4959 A, 5007 A)
-[011]1(3727 A)

-[N 1] (6548 A, 6584 A)
-[S] (6716 A, 6731 A)

Flux (erg cm™ s~ A1 arcsec™)

10714 2x10714

0

[OI] ~ 4

2% 10713

10713

0

b

HB-T

[OI] -
[NII] = 4

Hel -
[ArIII] — &
[OII] — 1l
[ArIII] — £

4000

Wavelength (A)

i 4
' L
| | ! |
= fZs: oF = =zRE=S S
3 875 T8 T CFEEZ o= F
Z = T
T
L Ajl. L " A 5 N JL.... .tl.l..ﬂ... i { A M [N
5000 6000 7000 8000 9000

(st — |




Ho IS @ widely used star formation tracer

Ha traces HII regions, which are

indicators of young OB stars.

optical Ho



Primarily driven by stellar feedback 10-21

such as supernova blastwaves and

stellar winds.

Coolingis very efficientin hot gas.

No heating mechanisms can balance

cooling.

However, transient hot gas can exist at

the local minimum of the cooling

function at T~ 105-107 K.

Hot Ionized Medium

2=7/Z

—_
o
|
N
n

n_ng) (erg cm® s!)

v

0

I T TTTTTL

1 102 108

T(K)

10-28 r
| | ||||||I | | ||||||| | | |||||||
04

102

10°



Primarily driven by stellar feedback
such as supernova blastwaves and

stellar winds.

Coolingis very efficientin hot gas.

No heating mechanisms can balance

cooling.

However, transient hot gas can exist at
the local minimum of the cooling

function at T~ 105-107 K.

Hot Ionized Medium

I I Frrrnri I LU I I.II:IIII | I.IIIIII
CIE Radiative Cooling
2="7g
~~
|
?10-22
£
O .
Q0 \
$-| 5
2 W .
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10723 F VAYERA\ oy E
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104 10% 108 107 108



Dust

* Solid particles consist of metals (C, Si, O, Mg, Fe, ..)
- silicate dust (e.g. Mg,SiO, )

- carbonaceous dust (graphite?)
 Contribute ~1% of the ISM by mass in the Milky Way
* Modify the radiation in two ways:

- Extinction (absorption + scattering)

- Thermal emission (FIR)




“St EXtinClion “Hier ist wahrhaftig ein Loch im Himmel!”

(Here truly is a hole in the sky!)

- William Herschel




Dust Emission
LMC FIR emission

* Dust absorbs and re-emitsin 1. SPILZCI' éAGE%O um
HI contours g \

* Emission roughly follows a modified

blackbody radiation.

1

10.00 100.00 1,000.00

A (pm)




Molecular (louds

* Molecular clouds are the densest

gas where stars are formed.

* Composition: mostly molecular

hydrogen (H,)

* However, H2 cannot be directly
observed in typical conditions of

molecular clouds.




Molecular (louds

* Molecular clouds are the densest

gas where stars are formed.

* Composition: mostly molecular

hydrogen (H,)

* However, H2 cannot be directly

observed in typical conditions of

molecular clouds.



co Ho

; Molecular Clouds

1500 |-
N p |
25 , * Molecular clouds are the densest
_— — 4 gas where stars are formed.
1000 =
. —_— 124 * Composition: mostly molecular
2 T, —_—
€ hydrogen (H,)
Q 2
JJ+1) = — ,
m r2 500 [~ léjp-; s 7 ¢ However, H2 cannot be directly
» observed in typical conditions of
S molecular clouds.
— 0
J— 28
— —
oL 0 B

X'g* v=0 x'Tg v=0



(0 as an observational tracer ior H,

H, does not emit efficiently in

molecular clouds (too cold).

Observationally, we need a tracer for

H, to infer its existence.

Carbon monoxide (CO) is the most

widely used tracer for H,.

NGC 4321/M100




Chemistry: HI-H, transition

o O
H

*

UV radiation from young stars

1, destruction: photodissociation H, formation: on surfaces of dust grains

Ho+h - H+H H + H:dust - H»p



Chemistry: CII-CI transition

*

UV radiation from young stars

( destruction: photoionization ( formation: recombination

C+y—>Cr+e Ct+e  —->CH+y



Chemistry: (I-CO transition

*

UV radiation from young stars

CO destruction: photodissociation

CO+hyr - C+0

CO formation:
requires !

—

~ C*+Hy — CHy + hv

CH+H (25%)
CHf +e~ —»{ C+Hy (12%)
C+H+H (63%)

- CH+0O —- CO+H



Chemistry: CI-CO transition

H H,
UV radiation from young stars C
C+
_H2 — CHj + hv
hotodissociation ion: CH+H (25%)
P CO f.orm?:l“?n‘ ~ CH;'+e"—>{ C+Hy, (12%)
r r ! 0
CO+hy — C+0 equires , C+H+H (63%)
_ CH+0 = CO+H
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The CO-to-H, Conversion [actor

e The CO(J=1-0) line is usually highly optically

thick (t x1), i.e., we can only see the surface

of the cloud.

* Ifso, howdo we know how much H, is behind

the surface?



The CO-to-H, Conversion 1actor

The CO(J=1-0) line is usually highly optically
thick (t x1), i.e., we can only see the surface

of the cloud.

If so, how do we know how much H, is behind

the surface?

virial equilibrium to the rescue!

ov = /GM/5R

The CO linewidth gives us an estimate of the

cloud mass!

CO spectrum:

g . R A
= Oy
T, (= T if LTE)
v [km/sec]
N
Xco= —2 =2 x 10%° cm~2 (K km s~ 1y~!

Wio



Put 1t all together

c WNM & CNM: HI21 cm and FIR fine-

structure lines ([CII, [O1], ...)
«  WIM (HIlregions): recombination
lines (Ha, HP, (1), optical lines ([NII],

[Oll], [SIl], ...), FIR fine-structure lines
([Oli])

* Dust: FIR continuum and extinction
* Molecular clouds: CO rotational lines

© HIM: X-ray

Monochromatic luminosity, vL, (Lg)
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Multiwavelength view of the ISM
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Lilecycle ol the Interstellar Medium

Fig. 15.11, lower right Fig.15.9
Interstellar gas clouds fill 3

the galactic disk. * .........................
3 “Gas in the disk
Ly gradually cools and
Fig215.6 forms molecules.

atomic hydrogen clouds

hot bubbles molecular clouds

Returning gas cools
and then blends into

atomic hydrogen Star-Gas-Star

clouds. Cycle
returning gas star formation
Fig. 15.5 =
Culs \ o , * Gravity makes stars from
e K nuclear fusion in stars molecular hydrogen gas.
Fig. 15.12

Supernovae and

stellar winds return .
gas and new elements S Ui :
to interstellar space.  * = . '“ SO . -

Fusion in the cores
of stars makes new
elements from hydrogen.




Lilecycle ol the Interstellar Medium
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summary ol the multiphase ISM

Warm neutral medium (WNM) and cold neutral medium (CNM):

- main tracer: HI 21cm line, FIR fine-structure lines ([ClI] & [OI])

- thermal instability -> two stable phases
Warm ionized medium (WIM): HII regions around massive stars
=

o
ion
Molecular clouds (MC): site for star formation %0

- recombination lines (Ha, HP, ...) and forbidden lines ([OllI], [SII])

- H, most abundant but invisible -> traced by CO rotational lines

- driven by strong shocks (stellar winds or supernovae)

Dust: convert UV to FIR
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