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Interstellar medium Is
everything not in stars

e (Galaxies are made of stars...

.

.

e 5._L_;u5o'opc'

‘gaseous disk




Interstellar medium Is

everything not in stars

e (Galaxies are made of stars...

AND the interstellar medium!

* ThelISM is a mixture of gas,

and radiation distributed

. G | ".t-"“'b ”t' e ‘gaseous disk
between the stars in a galaxy. .2 ?,c lc o e.r.-'-_ ey . :




The Multiphase ISM

Five phases of ISM:

MM CNM LAY WIM HM |
1. Warm neutral med|u m (WN M) n (cm‘3) 10 — 10° 4-80 0.1-0.6 ~0.2 cm™ 10—°-10~%
T (K) 10-50 50-200 | |5500-8500 ~ 8000 10-107
2. Cold neutral medium (CNM b (po) ~70 | ~140 | | ~400 ~900 >1kpe
( ) foolume <1% ~2-4% ~30% ~20% ~50%
. . . fmass ~20% ~40% ~30% ~10% ~1%
3. Hotionized medium (HIM) i % Z % % |

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




Multiphase ISM on a phase diagram

8 \\
 The CNM, WNM, and are roughly in 7
pressure equilibrium ( n7' = constant).
6 o
->the classical three-phase ISM model _
R
— 5
e MC and \WIM are over-pressurized. =
o0 4
@)
L |
3 =
2" -
1

5 -4-3-2-10 1 2 3 4
loglonH[cm_?’]






Dusty clouds in the disk block

much of our galaxy’s
visible starlight.

visible li

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) it

Long-wavelength infrared images

ght Vis infrared
M\WVW\/\/%/\/\/\A (long wavelength)

show radiation from
dust particles.




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

X-rays

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

gamma rays

ma

Radio waves from molecules
trace the coldest
gas clouds.

radio
[INVAYAVA AVAVANY
(CO molecules) /]

Radio waves from H atoms
come from warmer
gas clouds.

radio MD\ﬂ
(NAVAYA /AVAVA
(H atoms) %

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




Equation of radiative transfer (RT):

Crash Course on Radiative Transier

absorption

i

E—_au V—I_jlj

. - emissivit
absorption coefficient: y

6y — NGy — PRy

S
Define optical depth: TV(S):/ a,, (s')ds’

S0

7, < 1 optically thin

7, > 1 optically thick

dl,

1»(0)

emission

scattering

Rewrite RT equation as: =—I,+S, , where S,, — J—V isthe source function

1S, — const.

=

dr, Qy

I,(r,)=1,0)e™+S,(1—e")

Iy



Einstein AB Coefficients

Consider atwo-level system at local thermodynamic

equilibrium (LTE):

atLTE

Einstein relation

% =0 = —n2A21 —_ ’I’L2.B21JV + n1312=]1/
Bl As1/Ba
n1Bia/neBay — 1
2hv3 1
Jy = B,(T) = 2 ehv/kT _
ﬂ L g_lehl//kT
ng g2
g1
If ho/kT <1 =| _-B12=Bn
A21 2h1/3
it i =

only need to know one of
the three (usually A,4)

1

Excited State

Ground State

J, = — | 1.dS)
47
Ossila
Before After wuw.ossila.comiuse
E, E, )
hv
wWwWhe Absorption T
: O E i
Ground State Excited State
E, ) E, ~
N .
Spontaneous Emission l wWWhYe
E, E, ()
\_/
Excited State Ground State
E O E, S~
" T WS
WS Stimulated Emission l 2xhv
= E, ()
-/



Line Radiative Transier

2
We can define the photon occupation number (’nﬂy) = 2;7,],, such that

dn, dm) g1
— =ngAo1 (1 +[(n)) — = —=ny|n)A
( dt )2—>1 Sl ’Y>) dt 12 P : ’Y> i

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

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

‘ h
Jv = 4—1/7?'2/421@5(’/)
T
hv
a, = —(n1B12 — n2 B2y ) (V)

47
)o(v)

h
- 4—Vn1812(1 . na24dgi
T nigsz

h
= ﬁ’nlBlz(l — e MRDYh(Y)  arLTE




“Temperatures” In Astronomy

2
We can define the photon occupation number () = 57—3J,, such that

dn, dm) g1
— =ngAo1 (1 +[(n)) — = —=ny|n)A
( dt )2—>1 : 21( ’Y>) . dt 12 g2 : ’Y> e

0% 1
Brightness temperature (753): B.{ln) — — I
g p ( B) V( B) C2 ehf//an_ 1 v
= |
Antenna temperature (7): Ta(v) = %71,, I's = T4 inthe Rayleigh-Jeans limit
n
Excitation temperature (7..): s = g—ue_J'r:"““‘f/kTexc

117 ge



Collisional Excitation

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

level population is controlled by collision:

dnq ny _ nckor ko1/k10
— =|ncnoko1 —|Neni1kio|—|n1Ap|=0 = — = k 1. 114 2
dt nog  NcR1o + Alo + A1p/(nckio)
collisional collisional spontaneous
excitation de-excitation decay AL B AL B LAL BN
1E . . .
- CII fine structure excitatio
. 1 — -
From detailed balance: kg1 = g—kloe Ero/kT - for n./n,=0.001
90 [
— ni 1 &e—Ew/kT f& 0.1 3 ks
— A ar : 1000K
o 14 % go < i 500K
~
Mef10 ~0.01 F -
om - .
A - ;
N | _ Ao T 0 :
Define critical density: |Ncrit = 5 "
k1o 103 :
_ N 91 _go/kT : :
If nc >> ncrlt = n_ = —¢ Boltzmann distribution! 104 LLain L—LLlru S V1 RIS E TR T T
0 90 0.1 1 10 102 108 104 108

n, (cm-3)



Collisional Excitation

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

spontaneous
decay
dnq 951
E = ng |Ncko1 |+ (n'y)g_Al(] —n [nck10 + ( (”-%))Alo] =0
0
coll.isio.nal absorption collisio.nal. st|n'1ul-ated
excitation de-excitation emission
1, _Eio/kT 10
k01 = —kqpe 10
Using go
_ 1
(ny) = chv/kTE ] 103
n 1 1 -
L _ 9L —Eio/kT 4 _ 9L —Ero/kTs :
no 14+ 7= go 1+ 2= 90 e
102
. . — A
Criticaldensity becomes: |Tlcrit = (1 + <n'y>) kllc?
If n. < nerit = radiation dominates — Boltzmann distribution at 7' P 10

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

ny nekor + <n’y>g_;A10
no ncklo -+ (1 + (7’1,7))1410

=

- HI spin excitation gas£50|0|(5 €
C T 307k (n7:55) 1
i 2000
- 1000
500
P 200
! 100
= 50
& E i
| & 20
IIIIIIII 1 IIIIIII| 1 IIIIIII| ) IIIIIIII | IIIIIII| 1 IIIIIII-
0.001 001 0,1 1 10 1072

n, lem?)



Neutral Gas (HI)

* Neutral atomic hydrogen gas (HI)

e Maintracer:the 21 cm line

g,=3 E,=587x107%eV

M A ,=2.884x10715 5!
Parallel spins: higher-energy configuration o 3 A=21.11 cm
A =S ol [ (1.42 GHz)
e clo
‘ ':do \E\D 'xo C:
o= -~ Photon, - a0 - +
(.JV wavelength = 21 cm ‘;é N
$ )
' f VY
| /.) go=1 BEy=
\

Opposite spins: lower-energy configuration



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)

/ At
{® ¥
"EV : ,«"

.,,. » I £
-

NGC 5194 (M 51)

THINGS

P

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

scale: e ——]
15,000 light years

Spitzer SINGS: Kennicutt et al. 03
GALEX NGS: Gil de Paz et al. 07



Rotation
curves in
21 Cm

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

the dark matter.

GM
* Rotation velocity v = [—

we can infer the underlying mass of the galaxy

Observations -
- from starlight

Observations f

100 -

rom

21 cm hydrogen

, SO by measuring the rotation velocity

2locity
m s-1) :
L . i ; ~
. v s o 0 Expected from
50 AR T the visible disk
2 .‘.‘{;“ : S "
e . E,
0 - 20,000 30,000 40,000 .

°  Distance (light years)



Observational Evidence :

sky TXff(V>
of the Two-phase ISM 8 o

Observing 21 cm lines on and off a background source.

hv
—hv/kT
a, = —nyBi2(1 — e "/ 1) (v)
471' 3c 353 1814-863 3C 4543
3 hCAug e
~ Aue n(H I) ¢y X 1/:1-:3pin s
327 kTspin EMISSION . j‘ . ‘//\( . \M
N L ,
4 AmER TN e T N : 1
. . . . . — - 1 i, . At POk Aoord _..Av\fﬁmuf\ Ll A e
absorption is more efficient in cold gas! PR e v

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

3C 409 1610-60 3C 138

but absorptionis not.

=> discrete CNM clouds (absorption) +

b
o) EMISSION / \\
0 // \-\—J\.‘. .F—/"'/ :_\“ —

AP A 1 IS B

diffuse intercloud WNM (emission)! : . ;

A A A
A A~k — e A A e — A" e Y

ABSORPTION



Heating and Cooling Processes in the Neutral (as

—25 | IIIIIII| | IIIIIII| I IIIIIII|
. . 107 (b) R = 8.5 kpc E
Main heating processes: - - =
. N PEf-—m cu m
- FUV photoelectric effect on dust - 10 T A
7] =
- cosmic ray ionization &  Fre X
. . . 310'27 ~~~~~
- X-ray ionization <" E 7 e N\ T
L
1072 R [ Y evncesr —
Ma|n COOl.'ng processeS: g ] IIIIIIII [ A | IIIIIIII fll LA 1 IIIIIE
.01 . 1 10 100 1000
_flneStrUCture metal l|neS ([C”]158) [O|]63) 105E | IIIIIIII | IIIIIIII 1 IIIIIII 1 IIIIIII 1 IIII?O
.. R = 8.5 kpc ]
- recombination 10*E= J1o”
- Lyman alpha transition s =
__ 10 -
X =
— 2 ]
e . . 10 =
Thermal equilibrium on the phase diagram is a E
classical “S-shape” curve. 10
0 ] IIIIIIII | IIIIIIII | IIIIIIII 1 IIIIIIII 1 Illllﬁ‘lo'5
.01 . 1 10 100 1000

n (em™)



Heating and Cooling Processes in the Neutral (as

NH crit (’U,)
Bk Buk X,y T-—100K T -5000K

Ion £ U (K) (K) (pm) (cm—3) (cm—3)
Cho. P>, PSS 0 D121 15774 205%100 | 15 < 10}
it i, - B 0 2360  609.7 620 160

2Py Py 2360 644 371037 720 150
o1 ‘B, P 0 22771 63185  25x10° = 49x10°

=By Po D771 T 30657 1145 53 2.35al0Y B w10
Sill. B3, cBo . 0 41308 34814 1.0x10°  11x10
Sil. %Py P, 0 11095 12968 48510 2.7 x 10

2P P, 11095 32107 68473 99x10° 35«10

—_ —_
o o

—_
o

M nA (ergs s H")

—_
o

T (K)

|
N
2]

J
]
]

&
N

-28

)

R = 8.5 kpc

—
—

4
/
1t 111N

R

[ A
A 1 10 100 1000
| IIIIIIII | IIIIIII| | IIIIIII| | IIIIIIII | IIIII?O
R = 8.5 kpc ]
E
E

[ 10_

A

1 10
n (em™)

100

1000



Thermal Instability

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

and suffers from thermalinstability.

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)

. e Rosette nebula (NGCZZS7) '
* Young, massive (OB) starsemit UV '}':.'i ‘ Halpha(red+ ) QJ e) SII(red)

radiation energetic enough to ionize

its ambient hydrogen (>13.6 V).

* Thermal balance:
photoionization heating balancing 2

recombination cooling.

" ©3J. Drudis-A. Roig, 2018 .



Emission lines in the HII regions

Hydrogen recombination lines
- Ha (6563A4) (n=3->2)
- HP (48614) (n=4->2)
- radio recombination lines

(e.g. H1060, n=107->106)

Forbidden metal lines
-[O 1111 (4959 A, 5007 A)
-[011] (3727 A)

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

Flux (erg cm™2 s~ A™! arcsec™)

1074 2x10714

0

[om] — 1

2% 10713

10—13

0

4
—

1

Hel -1

[Arlll] — 1
[ArIIl] — L

fom - |

i

I

) |

= =

3 AN b 2

z TTE

L Ajl. " A A JL.... .t.l‘..ﬂ... P T { 2 M L

4000 5000 6000 7000 8000 9000

Wavelength (A)

(st — |




Ho IS @ widely used Star formation tracer

Ha traces HIl regions, which are

indicators of young OB stars.

optical Ha



Hot Ionized Medium

Primarilydriven byStellarfeedbaCk 10_21 I T TTTTTT T I TTTTIT I I TTTTTIT I ' TTTTIT I ' TTTITL
such as supernova blastwaves and B :
stellar winds. £ I 2=Z/Z@ ]
0
- B
Cooling is very efficient in hot gas. g 10-22
ap i
& B
2 2
No heating mechanisms can balance 2o i
= ;
cooling. =
[ ]
£,
~.10-283 i
However, transient hot gas can exist at o .
the local minimum of the cooling | 0 | | | :
function at T~ 10°-107 K. 104 10° 109 107 108 10°

T(K)



Hot Ionized Medium

Primarily driven by stellar feedback
such as supernova blastwaves and

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

function atT~10-107 K.

I I Frrrrl I LU I I.II.IIIII | I.IIIIII
i CIE Radiative Co%hl%g
— 4o
~ i
" 10-22
£
3}
)
)
— f \ ., ‘_ }./ -
g::1()_23 | ,.. ‘_ -. 1 “ ."‘l .. -
o ahi i N A 1l\){ AN [ Y -
NY D Vi ' ! A PE .
= v/l 1Y ~N AN \‘ )%T;O 7  He-"1
g ST VDA AR SRV N G N VA VR R v ST
/ .llf) / ! ‘/\T'l\j \(,(,r\.‘\ v
< a ;;;\‘{//- [y p\ﬁi_k\;”:;,*\’ N X }
(e L WTTTIRY L '\ ]
/ 'I‘fﬁ / 1"'. / i 1(( f/ / ﬁ:‘.\'\_ \\ = T
VN N R WY NV RS WAV A
0_24 I/;J"I"'l:" ||I||||.', "ll ‘.‘l\}u I/.Il‘;III LAY n,\-\i\ll\lll‘l | NN
104 105 108 107 108
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Dust

e 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)




D“St EX‘i“CliO“ “Hier ist wahrhaftig ein Loch im Himmel!”

(Here truly is a hole in the sky!)

- William Herschel




Dust Emission
LMC FIR emission

* Dustabsorbs and re-emits in . SPILZCI’ §AGE%O Mm j,& ,
HI contours »

* Emissionroughly follows a modified

blackbody radiation.

!

10.00 100.00 1,000.00

A (pm)




Molecular Clouds

* 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 Clouds

* Molecular clouds are the densest

gas where stars are formed.

e Composition: mostly molecular

hydrogen (H,)

* However, H2 cannot be directly

observed in typical conditions of

molecular clouds.



; Molecular Clouds

1500 |-
M p |
o5 , * Molecular clouds are the densest
e N—— gas where stars are formed.
1000 -
. —_— '2p e Composition: mostly molecular
h? ‘e 20 hydrogen (H,)
—J(JT+1) 2 ;
w 3
m r2 500 |- 'E“" ___ s 70 * However, H2 cannot be directly
» observed in typical conditions of
— molecular clouds.
— |0
— 28
— —_t
oL 0 X o0



€0 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,.

NGC 4321/M100 ¢ ~ NGC1672




Chemistry: HI-H, transition

o O
H

*

UV radiation from young stars

-, destruction: photodissociation -, formation: on surfaces of dust grains

Ho+h - H4+H H + H:dust - H»



Chemistry: CII-CI transition

*

UV radiation from young stars

( destruction: photoionization C formation: recombination

C+y—>Ct+e” Ct+e ->C+y



Chemistry: CI-CO transition

*

UV radiation from young stars

CO destruction: photodissociation

CO+hv - C+0

CO formation:
requires !

—

~ Ct4+H; —» CHy +hv

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

- CH4+0 - CO+H



Chemistry: CI-CO transition

H [fH,
UV radiation from young stars C
C+
—H2 — CHy + hv
hotodissociation ion: CH+H (25%)
P CO ermzla_l’c|?n. ~ CH;+e-_>{ C+Hy (12%)
requir ! 6
CO+hy - C+0 equires H, C+H+H (63%)
_ CH+0 - CO+H
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The CO-to-H, Conversion factor

Since CO is usually optically thick, we can CO spectrum:
only see the surface of the cloud. *
g ) . A
If so, how do we know how much H, is behind < B >
= Or .
the surface? T, = Tif LTE)
Assuming clouds are in virial equilibrium: >
' v [km/sec]
oy = /GM/5R
The CO linewidth gives us an estimate of the
cloud mass! Ny
Xco=— =2 x10%cm ?Kkms !

10



Put It all together

WNM & CNM: HI 21 cm and FIR fine-

structure lines ([CII, [OI], ...)
«  WIM (HIl regions): recombination
lines (Ha, HB, (1), optical lines ([NII],

[Ol1], [SI], ...), FIR fine-structure lines
([Ol])

e  Dust: FIR continuum and extinction

* Molecular clouds: CO rotational lines

© HIM: X-ray

Monochromatic luminosity, vL, (Lg)

Spectral energy distribution of a typical star-forming galaxy

I 1
Aromatic features

S FIEH

Aliphatic feature
Silicate features

[O1m1]

[o1]

10°

Thermal dust

108 =HT]
emission

107

108

10°

10*

[ =
o3 oo
E = 10 Extinction, p/t Emission, P/I
MNO
-]
10% By 5
58 E, LB, E, /B,
1 1 paal 1 L1
107! 10° 10! 102 103

Wavelength, 1 (um)

Galliano+ 2018

Submillimeter
excess?

104




Mulllwavelengln view ol the ISM

A s B R
HST/WFC3 438-814nm AsthaF_/UVIT:,148nm




Lifecycle of the Interstellar Medium

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

the galactic disk. * ........................
y & " Gas in the disk
.y gradually cools and
Fig. 15.6 e forms molecules.
4 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 99
o \ A — | ?6‘3 ‘ T " Gravity makes stars from
. - i ela:u" u1s;)r112|n EHEElE) L ' molecular hydrogen gas.
¢ ig. 15.

A
seessestree
-
"
o0

Supernovae and

stellar winds return

gas and new elements -

to interstellar space.  F S .
MR T

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




Liiecycle of the Interstellar Medium

1 .

_5 —

4-3-2-10 1 2 3 4
loglonH[cm_3]

l0g10ZH [Mo pc?]




summary of the multiphase ISM

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

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

- thermal instability -> two stable phases

Warm ionized medium (WIM): HIl regions around massive stars

N

- recombination lines (Ha, HB, ...) and forbidden lines ([Olll], [SHl]) =
o

Lol

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

- 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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WIM (HIl region

HIll regions

Visible (NOAD)

Fe

| Infrared IRAC - MIPS

Trifid Nebula/Messier 20

NASA / JPL-Caltech / J. Rho (SSC/Caltech)

Spitzer Space Telescope * IRAC + MIPS

ssc2005-02a



CNM

21cm emission is observed along every line of sight, but 21cm absorption is not.

Spectrum with '
Spectrum absorption line Emission line
A

Light source Light source
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extinction
(72, pP*] /Ny [cm? H™

Dust composition

* We can inferthe composition of dust from the features (bumps) of the extinction curve!

- Total Extinction

- Silicate features .
10722 . 3

: 2175A bump / \ ;
IU—ZE- 3 -
1{}—24 ] 1 1 1 ] ! Lo . . . ] 1 Lo ! 1

0.1 0.5 1.0 5.0 10.0 40.0

A |pm
uv 0] R

wavelength
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