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Interstellar medium is
everything not Iin stars
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Interstellar medium Is

everything not in stars| - -
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AND theinterstellar medium!

A The ISM is a mixture afas, ,
and radiation distributed

between the stars in a galaxy.
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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=3 1073-10"2
T (K) 10-50 50-200 | |[5500-8500 ~ 8000 10-107
h (pC) ~ 70 ~ 140 ~ 400 ~900 >1kpc
fvolumc < 1%) H2—4% NSO%) NZO%) %50%
fmass ~20% ~40% ~30% ~10% ~1%




Multiphase ISM on a phase diagram

8 \\
A TheCNM, WNM, and are roughly in 7.
pressure equilibrium (nT = constant).
-> the classical threephase ISM model . a
=
~
A MCand WIMare overpressurized. b% n
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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 Transfer

absorption emission

Equation of radiative transfer (RT): d—; = —a, I, +j,

absorption coefficient:

emissivity 1(0) I

0y — Noy — Py

scattering



Crash Course on Radiative Transfer

absorption emission

Equation of radiative transfer (RT): d—; = —a, I, +j,

absorption coefficient:

emissivity 1(0) I

0y — Noy — Py

S
Define optical depth: Tv(s):/ Oéu(S')dS’ scattering

So

T, < 1 optically thin

T, > 1 optically thick



Crash Course on Radiative Transfer

absorption emission
Equation of radiative transfer (RT): d—" = da, I, +Hi.
S
absorption coefficient: emissivity
Qy = NOy = PKy
S
. . / / .

Define optical depth: Ty(S) — / Oéu(S )dS scattering

So

T, < 1 optically thin

T, > 1 optically thick

] ] dl, ;
Rewrite RT equation as: — =—-I,+8, , where i — i isdhece function

dr, Q.



Equation of radiative transfer (RT): — = —a [, +{j,

Crash Course on Radiative Transfer

v

ds

absorption coefficient:

emissivity

0y — Noy — Py

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

So

T, < 1 optically thin

T, > 1 optically thick

dl
Rewrite RT equation as: — = —1I, + 5, , where S, =

IS, — const.

=

jv
dr, Q.

I,(r)=1,0e™+85,(1—e ™)

absorption

emission

scattering

isdhece function



= ]

Excited State

Ground State
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Einstein AB Coefficients in
A Consider a twolevel system at local thermodynamic Ossil
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Einstein AB Coefficients

A Consider a twolevel system at local thermodynamic

equilibrium (LTE):

d
% =0 = —’n,2A21 — ’I’LQBQIJU o nlBl2Ju
As1/B
- JV - 21/ 21
n1Bi2/neBa; — 1

2hv3 1
Jy = B,(T) = 52 GhulkT

atLTE
M _ 91 hv/kT
n2 g2

Excited State

Ground State

J,=— [ I[,dS)
47
Ossila
Before After o,
E, E, ()
U/
hv
TOAVATASS Absorption T
E O E i
Ground State Excited State
E, M) E,
u - hv
Spontaneous Emission l WWSe
E, E, ()
\/
Excited State Ground State
E O E, o~
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Einstein AB Coefficients

A Consider a twolevel system at local thermodynamic

equilibrium (LTE):

d
% =0 = —’n,2A21 — ’I’LQBQIJU o nlBl2Ju
A
g 21/ Ba1
n1Bi2/neBa; — 1
2hv3 1
g Ty ey

M _ 91 /T
n2 g2

c2 ehv/kT _ 1

fh/kT <1 = 2 B1a = B

Who/kl > 1 = —

92
A21 2hl/3
Bgl 02

atLTE

Einstein relation

only need to know one of

the three (usually A,)

Excited State

1
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47
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E, E, ()
U/
hv
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Line Radiative Transfer

P
We can define the photon occupation numbei(n) = 513 Ju such that

dnl)
e = n2A21(1 o
( dt 2—>1

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

o~

ny)) and




Line Radiative Transfer

2
We can define the photon occupation numbe|(n7) - 2,‘;7.],, such that

dn
(d—l) =ngA21(1 + {n~)) and
t ) o

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

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

_ hv
Jv = 4—R2A21¢(V)
T
hv
3 — 4—(%1312 —n2B21)0(v)
v
hv n291
= - Bl
47rn1 12( nlg2)¢(’/)

hv

= Enle(l e PRI g LTE



temperature (Tg):

temperature (T):

Excitationtemperature (Tq,o:

mperatur eso |

2hv? |
B,(Tg) = 2 phv/kT,_ | =

2

c
Ta(v) = T 1 Tp = T4 in the RayleighJeans limit

n_u == g_ue_Euf/kTexc

Ty ge



Collisional Excitation

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

level population is controlled by collision:

di
dt

=|n:nokor —|[neni1kig—|n1Aig|= 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 ni neko1 ko1/k10

— —|Tle k —| T ]ﬂ — A =20 — — —
de | eroror el 1o i A0 no  nckio+ A0 14 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 = ni ncko1 ko1/k10
—— = |NNKo1 —|NeN1K10 [—|N1A10|= — —
dt no  nckio+ Ao 1+ Ao/ (nckio)
collisional collisional spontaneous
excitation de-excitation  decay

From detailed balance: ko1 = ﬂl»cloe—Elo/"fT
go

o 1_|_ Al() qgo
nekio




Collisional Excitation

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

level population is controlled by collision:

dn ni _ nckor ko1/k10
— =|nc.noko1r —|nenikio|—|n1A10|=0 = =7 A 11 A 2
dt no  Nc¢kio + Aio + A1/ (nck1o)
collisional collisional spontaneous
excitation de-excitation  decay ] e A R R
1k ) L =
CII fine structure excitatio 3
. 1 _ 3
From detailed balance: kg1 = g—kloe Ero/kT for n,/n,=0.001 |
90 i
ni 1 91 _Eio/kT o 0 E
:> e A —e€ 8:' ]
-]
~
nekio ~0.01 4
o 3
o) ]
L . Ay = ]
Define critical density: [Ncrit = —— y
klO 10 E
n 91 —FE10/ET :
If e > Nerit = ne  an Boltzmann distribution! 104 il Al ol ol sl
0 go 0.1 102 103 104 105

n, (cm-3)



Collisional Excitation

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

dn1
dt

n.ko1

_|_

collisional
excitation

g1
(nv)%z‘llo

absorption

_nl[

Spontaneous

decay

nekio H

collisional
de-excitation

(n+))A1o]

=0

stimulated

emission



Collisional Excitation

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

dn1
dt

n.ko1

_|_

collisional
excitation

g1
(nv)%z‘llo

absorption

_nl[

nekio

spontaneous
decay

(L ) Ao = 0

collisional stimulated
de-excitation emission

=

nq nekor + (ny) ‘;L;Am

no  nekio + (1 + (n,)) Ao



Collisional Excitation

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

spontaneous
decay
dnn i |+ |(ny) - A ek +< Ngll=0 = Mo ko T ), Aro
—, — No [cRo1 Ny )—Ax0|| — N1 |Jtef10 n 10]|= —
dt c g0 c 7_ no  Nekio + (14 (ny)) Ao
coII|.3|o.naI absorption coII|S|o_naI. stln_wul_ated
excitation de-excitation emission
ko1 = LkygeFio/kT
Using go
- 1
<{n")’> - ehu/kTB -1
m L 91 gt L g1 _pomr
:> e 10 +——6 10 B

no 1+ 2= g 1+ 2 go



Collisional Excitation

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

spontaneous
decay
d’nl g1
— = Mo neko1 |+ (ny)g—Am — 11 [Pekio H (ny))A10]|= 0
0
coII|.3|o.naI absorption coIIisio_naI. Stlnjul_ated
excitation de-excitation emission
104
kop = Lkyge Fro/kT :
Using go
_ 1
1 1 ¥
= mo_ nc ﬂe—Em/kT 4 —nﬂe—Elo/kTB 5
o 1+ - 90 1+ n. 90 =
102
.. . _ A
Critical density becomes: |Perit = (1 + (1)) 222
If ne € Neriv = radiation dominates Y Boltzmann distribution afg 10

If ne > nerit = collision dominates Y Boltzmann distribution atf

nq nekor + (ny) g—;Alo
=

no  nekio + (1+ (n,)) Ao

: T II_IIII]:Hls:pIiIIrlI Iél}lélcitl‘altlil(l)lﬂ T T T ITI0T T ||g|alslg5o|o|d|1|<m£_
E T, 377K (1. 55) ]
i 2000
e 1000
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P 200 |
e 100
= 50
B E 4
[ & 20
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0.001 0.01 0.1 1 10 102
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Neutral Gas (HI)

A Neutral atomic hydrogen gas (HI)

A Main tracer: the21 cmline

FER
>

Parallel spins: higher-energy configuration

‘ Photon,
-

<D

Opposite spins: lower-energy configuration

wavelength =21 cm

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

A The atomic gas is typically much
more extended than the stellar

disk in spiral galaxies .

Spiral Galaxies in THINGS — The HI Nearby Galaxy Survey

NGC 5055 (M 63)

NGC 628 (M 74)

NGC 3031 (M81) NGC 5194 (M 51)
7 A%
i®)
L -

THINGS

-
"‘l‘\

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

scale: e ——

15,000 light years
"\5/ B30

GALEX NGS: Gil de Paz et al. 07



Rotation
curves In
21 cm

A The 21 cm line allows for
direct measurement of gas
mass and rotation curves
out to large radij probing

the dark matter.

A Rotation velocity U

"OU

we can infer the underlying mass of the galaxy

100

2locity
m s-1)

. from starlight

O.bservatiohs .

—
= eanad

Observations from
21 cm hydrogen

T 25 . Expected from
' ~ the visible disk

T —

B e

—

R so by measuring the rotation velocity

40,000

v



Observational Evidence
of the Twaphase ISM

Observing 21 cm lineson and off a background source.

hv
a, — 4—n1312(1 - e_h'//kT)Gb(V)
T

3 hcAug
~ Au HI v 1 CFS in
3% R (g ocfl /T

absorption is more efficient incold gas!

Toff(v>

T (v)



Observational Evidence
of the Twaphase ISM

Observing 21 cm lineson and off a background source.

aV:_

~J
~

hv
47
3 he),
Auf ol
327 kTspin

n(HI) ¢,

n1Bia(1 — e "/*)p(v)

]-/T;spin

absorption is more efficient incold gas!

Emission is observed along every sightline,

but absorption is not.

=> discrete CNM clouds &bsorption) +

diffuse intercloud WNM Emission)!

L TE N

CENT A /\ 3c 353
EMISSION
S N\

S

hY
'F——p

1814-63

-1~
1

3C a543

Toff(v)

T (v)

A,

,S\

3C 409

o

ABSORPTION

A EMISSION

\\_J\“

Radhakrishnan et al., 197pJS 24, 15

1610-60

RS

3C 138

A A
Ao B = — e "

F . N

ABSORPTION

A
A P



Heating and Cooling Processes In the Neutral Gas

_ _ = (b) R = 8.5 kpc
A Main heating processes: . E
T - PE| -
. T B PN L
- FUV photoelectric effect on dust S 10BL T
» =
- Cosmic ray ionization &  Free X
. . . \0/10'27 I <
- X-ray lonization <™ E 7 N\ T
[Ty
1072 - T Y —
A Main COOling processes: = vl v sl ol 0nE
.01 A 1 10 100 1000
- flne StrUCture metal Ilnes ([CII]1581 [OI]63) 105 1L IIIIII| UL IIIIII| UL IIIIII| [ IIIIII| [ IIIIEO
R = 8.5 kpc

- recombination

-

T (K)
o 8 ON ou
_I_ITFITH|_I_ITI'ITH|_I_ITI'ITH|_I_ITFHT_,,"I_ITFI11H

—_
o

- Lyman alpha transition

A Thermal equilibrium on the phase diagramis a
HGCt ISRifpelWa | 2 1J10

c el vl vl vl |||||ﬁ10-5
A 1 10 100 1000

n (cm™)

o
—



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

A For a given ISM pressure, thermal
equilibrium allows 3 possible solutions P/k ﬁcm-f*K)
(F, G, HF & H are stable

and suffers fromthermal instability .

104
A Thermal instability: density decreases =>

net heating => density decreases further

(P~nTo W %xW32130W q! YUNRWI W6 WE qF

stable

7 02 » N (cm3)
A Thermal instability naturally leads to 2

stable phases (WNM & CNV)!



WIM (HII region)

il . : Rosette nebula (NGC2237‘)
A Young, massive (OB) stars emit UV cit it H alpha (red +. lue)-* (bluie

radiation energetic enough to ionize

its ambient hydrogen (>13.6 eV).

A Thermal balance: O
photoionization heating balancing g
recombination cooling. .

" ©3J. Drudis-A. Roig, 2018 .



Emission lines in the HIl regions

A Hydrogen recombination lines
- Ha (6563A) (n=3>2) TS
- Hb (4861A) (n=4>2) &
-B (IG-\ <+
5 L
- radio recombination lines S
(e.g. H106, n=107->106) L
' © F—— — + : —t —t —— +
D LN S N L L e L
5[5 fE%£EE SE2E G=gE #E|E E WIE B
0 oo [F20 S0 2 B P TZE ©
_[O 1] (4959, 5007A) 2 2t 8
=
[0 1] (3727R) S
- [N 1I] (6548A, 6584 4) ﬂ.o |
-[S II] (6716A, 6731A) B Jl
OLﬁ_‘L A ,.J.I_l..JL....u.l._A.L.Lx ia L
4000 5000 6000 7000 8000 9000

Wavelength (A)




H| Is a widely used star formation tracer

A HUtraces HIl regions, which are

indicators of young OB stars.

optical HU



Hot lonized Medium

Prlmarllydrlven by Ste”ar feedbaCk 10_21 I T TTTTII I T TTTTTIT T T TTTTIT ! I TTTTIT T T TTTITL
such assupernovablastwavesand B :
stellar winds. - ; R=2/Z, :

n

- K
Cooling is very efficient in hot gas. 5 10-22

o))

o

&
No heating mechanisms can balance L

s

cooling. a

a

However, transient hot gas can exist at

0
| S| IIIIIII || IIIIII| | IIIIIII| - IIIIII| I T I |

102 108 107 102 10°
T(K)

the local minimum of the cooling

functionat T ~ 16 71 107 K. 1

A/
o
2
le LT T 1T



Hot lonized Medium

Primarily driven by stellar feedback
such assupernovablastwavesand

stellar winds.

Cooling is very efficient in hot gas.

No heating mechanisms can balance

cooling.

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

functionat T ~ 16 71 107 K.

I I LA I L I I.II:IIII I I.IIIIII
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104 105 108 107 108
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Dust

A Solid particles consist ofietals(C, Si, O, Mg, Fe, ..)

- silicate dust (e.g. M§IQ,)
- carbonaceous dust (graphite?)

A Contribute ~1% of the ISM by mass in the Milky Way

A Modify the radiation in two ways:
- Extinction(absorption + scattering)

- Thermal emission (FIR)




DUSt Eth nCtlon fHier ist wahrhaftig ein LochimHi mme |l ! 0

(Here truly is a hole in the sky!)

- William Herschel

.o S ‘.A._ }:,'Q"
R DL et
YOANEY e ERCR B
. 27 . >
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Dust Emission

A Dust absorbs and re-emits in

A Emission roughly follows a modified

blackbody radiation.

10.00 100.00

A (pm)

1

1,000.00

LMC FIR emission
Spitzer éAg}E%O um

HI contours iy




Molecular Clouds

A Molecular clouds are the densest

gas where stars are formed.

A Composition: mostly molecular
hydrogen (H)

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

molecular clouds.




Molecular Clouds

A Molecular clouds are the densest

gas where stars are formed.

A Composition: mostly molecular
hydrogen (H)

A However, H2 cannot be directly

observed in typical conditions of

molecular clouds.
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Molecular Clouds

A Molecular clouds are the densest

gas where stars are formed.

A Composition: mostly molecular
hydrogen (H)

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

molecular clouds.



CO as an observational tracer for 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..

: 9L
A . N
NGC 4321/M100 . . NGC 1672




Chemistry: HH, transition

o O
H

*

UV radiation from young stars

- destruction: photodissociation =, formation: on surfaces ofdust grains
Ho+hv - H+H H + H:dust — Hj



Chemistry: &l transition

*

UV radiation from young stars

C destruction: photoionization Cformation: recombination

C+y—>Cr+e Ct+e  —->CH+y



Chemistry: CIO transition

*

UV radiation from young stars

~ C*+Hy — CHy + hv

ion: : P JI. CH+H (25%)
CO destruction: photodissociation CO f.ormanon_ 1 oo sl onm G
requires ! C+H+H (63%)

CO+hyr - C+0

- CH+0O —- CO+H



Chemistry: CIO transition

H H,
AV AW WA We
UV radiation from young stars C
C+
_H2 — CHj + hv
' iati R CH+H (25%)
photodissociation CO f_ormatlf)n. ] CH;H_%{ SRR
CO+hy — C+0 requires H.! C+H+H (63%)
_ CH4+0 - CO+H



Structure of the photodissociation region
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The Ca»-H, Conversion factor

A The CO(J=10) line is usually highly optically
thick (t k1), i.e., we can only see the surface

of the cloud.

A 1f so, how do we know how much Klis behind

the surface?



The Ca»-H, Conversion factor

The CO(J=90) line is usually highly optically
thick (t k1), i.e., we can only see the surface

of the cloud.

If so, how do we know how much Klis 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 = - |
< S
= ! T, (= Tif LTE)
v [km/sec]
N
Xco= —2 =2 x 102 cm~2 (K km s~ 1)~
Wio



P Ut |t a” togeth er Spectral energy distribution of a typical staforming galaxy

A WNM&CNM: HI 21 cm and FIR fine
b ql eAagel JWiRUWUY Weia9f f AWlag8f e AlWB b

Galliano+ 2018

A WIM(HII regions): recombination
lines (Ha, Hb, ), optical lines ([NII],
A8ff e dllaE f-dtréc@idlimesA W[ f AlWn RUIJ
([ol)

A Dust: FIR continuum and extinction

A Molecular clouds: CO rotational lines

. Xray



