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Introduction




INVESTIGATIONS ON THE SPECTRUM AND ORBIT
OF & ORIONIS:

By J. HARTMANN.

We are thus led to the assumption that at some point in space
in the line of sight between the Sun and & Orionis there is a cloud
which produces that absorption, and which recedes with a velocity
of 16km, in case we admit the further assumption, very probable
from the nature of the observed line, that the cloud copsists of
calcium vapor. This reasoning finds a distinct support in a quite




“Very few regions in the sky are
S0 remarkable as the Taurus
region. Indeed, the photograph
Is one of the most important of
the collection, and bears the
strongest proof of the existence
of obscuring matter in interstellar
space.”

E.E. Barnard (1927)

~50 deg? - or 400 pc?
(1 pc = 2x10° AU = 3x10 m)




Dust to gas ratio of approx. 1:100 by mass

Reddening of starlight from further-away stars
(depending on the grainsize distribution)

Dust collisionally coupled to the gas
(can both heat and cool the gas)

Dust acts as a catalyst for chemical reactions
(e.g., formation of molecular hydrogen)
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Low-mass stars

Mid-sized star
The Sun

Red giant
Arcturus

Pra‘__tos;tarv
V1 64% Orienis

Spica

» Red
dwarf
Proxima
Centaurl

Star-forming
nebula

@ Eagle NebUla

" Blue dwarf

Planetary
nebula

Dumbbell
Nebula

W Neutron star g

LGM-1 pulsar

-

Black hole
Cygnus X-1

White
dwarf

Sirius B Black

dwarf

Stellar evolution of low-mass (left cycle) and high-mass (right
cycle) stars, with examples in italics. Background derived from
an image by NASA's Goddard Space Flight Center.

- Massive star

High-mass stars

Red supergiant
Betelgeuse

Supernova
Keplers Star
(remnant: Crab.Nebul g)
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The multi-phase ISM
D



The interstellar medium

: Temperature Density
Fraction (volume) (K] B
Hot" fonised 30-70% 1-10 mio. 0.0001-0.01
medium
“Warm” medium 30-70% (hereof
(ionised/neutral) 10-20% neutral) 6000-10000 02-0.5
Sl Ve 1-5% 20-50 20-50
medium
Molecular <1% 10-20 100 - 1 mio
clouds




Heating Mechanisms

UV photoelectric heating
via ejecting e from grains

photoionization heating

X-ray photoelectric
heating via e from atoms

cosmic ray heating
(where UV field is shielded)

heating released in shocks

chemical heating
(e.g. H, formation)

Cooling Mechanisms

Collisionally-excited
line emission

Collisional ionization/
excitation of H

Recombination cooling of H
Thermal Bremsstrahlung

Molecular cooling at low
temperature

(non-)thermal emission
from dust grains

Since these processes
involve collisions, their

cooling rates go with n2.

(a) A small cloud

HIM

T=45x10°K
n=35x10"cm™
x=1.0

WNM

T=8,000 K 3
n=037cm
x=0.15

WIM
=8,000 K
n=0.25 em™
=().68

CNM

T=80K
n=42 cm™

=107

Tielens (2013)

p—-2.1 pe :



AR XY Hot lonised Medium T~ 106 K

“Tycho’s SN” * Supernovae warm the ISM to million of degrees

in the X-ray L .

* Associations of massive stars create “super bubbles”
* Plasma creates chimneys and the Galactic fountain

* Compressed clumps cool and rain down onto the disk

Milky Way: Filling factor: 20-70% Density: 104 — 102 cm Temperature: 10°-107 K



HIl — ionised gas

= i

(= Paschen

Balmer

- Series
limit

— Lyman

Warm lonised Medium T ~ 8 000 K

* Heavy O/B stars produce
ultraviolet radiation

* UV creates Strémgren spheres
around stars and regions of
ionized hydrogen

* Hydrogen recombines to excited
states and emits H-a radiation

Milky Way: Filling factor: 20-50% (?) Masse: > 1.6 10° Mg Density: 0.2 — 0.5 cm™ Temperatur: 8,000 K




Neutral Medium T ~ 80-8,000 K
HI — neutral gas

Milky Way: Filling factor: 10-20% Masse: > 6 10° My Density: 0.2 — 100 cm3 Temperatur: 50-8,000 K



Molecular cloud's



Thermodynamics of the ISM

¢ Heating from absorption and dissipation in shocks .
* Emission via collisionally excited mol. transitions
HIM " ¢ Recombination of hydrogen acts as a thermostat
=4.0X
T=45x10°K N * Approximate pressure equilibrium between phases
n=35x10"cm™
x=1.0
™
WNM IE 5
T=8,000K , S ! ' ! !
n=0.37 cm v
x=0.15 -
Q
WIM <
=8,000 K Q
-3
n=0.25 cm o
=0.68 o
CNM o
T=80K >
n=42cm™ a1 L ' L '
I{.___ 10~ © -2 ~1 0 +1 +2 +3
—2.1pe | a

ity | cm™—3
Tielens (2013) Den5|ty ogn ( )



Measurement of excitation temperature

+ Consider three lines of sights toward an H | cloud.

Tp(1) =Tp(BS)exp(—7) + Tex(1 — exp(—1))
Tp(2) = Tex(1 — exp(—7))
Tip(3) = Tr(BS)

&

1




H | clouds

« Temperature: ~80 K I ' ' '
60 [~
» Density: 10 to 100 cm3 T
£ 0 |
-
* Clumps with sizes from 1 to 100 pc = I
g 20 -
« Extended warm component with qg’ I
density of 0.5 cm™® and temperature of £ 0
8000 K. I e A
QJ |
q:: —4.0 - -
» Almost pressure equilibrium between -
the two components. 80

—40 —20 0 +20 +40 +60 +80
Velocity V. (km s1)

Stahler & Palla’s book
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COSMIC-RAY HEATING OF THE INTERSTELLAR GAS
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ABSTRACT

We present a model of the interstellar medium based on detailed calculations of heating by low-energy
cosmic rays. The model contains two thermally stable gas phases that coexist in pressure equilibrium, one
at T'= 101° K and one at T < 300° K. The hot gas occupies most of interstellar space. Gravitation in
the z-direction compresses about 75 per cent of the gas into the cool, dense phase to form clouds. By
chooging three parameters (the cosmic-ray ionization rate, the amount by which trace elements are de-
pleted in sticking to dust grains, and the magnetic-field strength), we are able to predict six previously
unrelated observational parameters to within a factor of 2.

McKee & Ostriker (1977) later introduced a dynamic third phase representing the hot (T ~ 10° K) gas that
has been shock heated by supernova explosions and, in fact, constitutes most of the volume of the ISM.



Molecular clouds in the Galaxy

« Traditionally divided according to size. Somewhat subjectively of course...

Type Av [mag] Niot [cmM ] L [pc] T K] M [Me]
Diffuse 1 500 3 50 50
Giant Molecular Cloud 2 100 50 15 10°
Dark cloud: complex 5 500 10 10 10*
Dark cloud: individual 10 108 2 10 30
Dense core/Bok globule 10 10% 0.1 10 10
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Support and lifetime of clouds



The Virial Theorem

* Generally aim to relate the kinematics of clouds (or gas in general) to the forces
acting upon it.

« As the case for the equation of radiative transfer we will end with a very “simple”
expression containing a whole lot of physics.

* Let us start with a simple expression just considering the kinematics of an ensemble
of particles acting under gravity.

Generalised moment

of inertia Total energy in thermal Magnetic energy

: i |
LIL o7 pot v w s M

2 Ot? ﬁ ﬁ

Total kinetic energy in bulk Gravitational
motions potential energy



Time-scale for free-fall

+ Let us say that there are no thermal (microscopic) or bulk motions in our cloud and
also no magnetic field, our cloud will of course just collapse under gravity...

20t 2 Ot?

75 Y 12 o p N3/
te — eff ~ 6 106 = e
f SR (105 MQ) (25pc)




Support: thermal motions

Support through the random motions of the particles in the cloud (thermal pressure)

Number of molecules

{} Gas temperature
v
U = M kg T

pHmy ﬁ}

Boltzmann constant

U M GM2N\ *
kT
W] LT B ( R )

M \N"'/ R T
— 3x107° —
- (105M®) (251:)0) (251{)

|
Q




Support: magnetic fields

Support through magnetic fields:

B 2
m =By
ST ﬁ}
ﬁ}Vqume
Magnetic pressure
M [BPR® (GM*\
w| 67 R

_ os( B (R \'( M \°
T 20uG 25 pc 105 M,



Support: bulk motions

» Random (macroscopic) motions within the clouds:

T = lMAV2

R

Speed of macroscopic motions

o\ —1
i ~ 1IV[AV2 (GM)

W] 2 R

s (_AV N (M N[ R
7 \4kms7! 10°M, 25 pe




Comparing the kinematics and gravity — w

* The ratios of the kinematical to
gravitational energies are constant
over a wide range of scales.

» The typical clouds have velocities
that are close to the virial velocity:

1/2
Vvir — (G_M) .
R

+ Relatively few magnetic field
measurements — but those imply a
similar constancy with gravity.

log T/|W|

+2

+1

-1

-2

Diameter log L

(pc)




Larson’s law

* Good correlation between velocity

dispersion and size of cloud over 15 | |
wide range of scales, following h=05
power-law: - L A
iy .
L n _é .. o:.c ’
AV = AV, | — ; SRR '.-.,..’_.'.: < i
LO {U]) . “'k‘. :'.]. c.?n. .
8 I
. s | o e maiat e 1
- At smaller scales the velocity 2 IR At 2
- o . " . .
decreases until it reaches the g 05 L v P} f i
thermal sound speed. z P CR I
7 3RT L, "
therm — 0 ! ! ! | |
lJ» A‘/OQ 05 1.0 15 2.0 2.5
T Diameter log I (pc)
= 0.1 pc | —=
10 K



Photo-dissociation regions



e “Photon-dominated regions” or

“photo-dissociation regions”, either one works

e Broadly speaking regions where radiation impinges on molecular
cloud, but specifically regions where UV radiation impinges

Orion.B segh with Hers!:hel at 70
um (green) and 25(fum red)




Hollenbach & Tielens 1997, ARA&A

“Dark™ molecular gas
(~30% mass fraction;
Wolfire et al. 2010)

Photodissociation Region

* UV Flux
E H" H,
5 y— C'/C/ICO CO
w%x
5 0/0,
©
T
P L TAK T,.=10'-10'K T =10-10'K
|
AA,<0.1 A, (magnitudes) 10
|
N,.{qu} 2X10%




Selt-shielding of Ho

* Ho UV absorption lines leading to dissociation
become very optically thick at small depth into the
cloud: this is called self-shielding

* H> molecules at the edge of the cloud absorb all
available photons at specific wavelengths, so that
molecules lying deeper in the cloud “see” virtually
no photons at all and are not dissociated



| | | I [

X

1 1 ¢
B =
3 _ <
E I N O N SN S O A R e .
T

2
c?ﬂl

§ £
5 §
°

o

(&)

Hollenbach & Tielens 1997



“Tycho’s SN”
in the X-ray

The physics of shock waves




From Alyssa Goodman's

201b course at Harvard NON-RADIATIVE RADIATIVE
(no radiative cooling post-shock) | (treats cooling of post-shock gas)

a fictitious, truly
“adiabatic” poorly named!
“viscous” shock Sisothermal™ B - Tl

shock shock shock
continuity equation used W W W v
(conservation of mass)
conservation of
momentum equations used v v v v
conservation of energy v v X X
equations used
entropy conserved
(“isentropic” conditions) x v x x
energy loss via radiative X X v v
cooling
This is
a “strong” impossible! The “isothermal”
shock is one Shocks are  part refers to the .
. . - cooling due
Comments of these where irreversible post-radiative- >
. _ to radiation
Mach# >>| processes, so cooling T = to
entropy will go original T.
up.




Magnetic precursors

/2

e VA ~ 0% => Alfven speed for decoupled ion-electron fluid can be
much larger than Alfven speed for coupled neutral-ion-electron fluid:
B
Va = Vase :ﬁ
: n,/ng v IZOmH "
» Typically Cs < van < Vg < Vaje ~ 50 km/s 0= o I

» |lon-electron plasma sends information ahead of disturbance to
“iInform” pre-shock plasma that compression is coming: magnetic
precursor

« Compression is subsonic and transition is smooth and continuous:
C-shock

» |lons couple by collisions to neutrals
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- AN very weak B, 1

- magnetic precursor/) Va J-type ]

- v/ ]

0 - (a) viscous subshock _
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- magnetic precursof*\\ >v“ J-type .

Schematic : 4 :
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Grain sputtering

3
=

 Primarily in C-type shocks

» Electrons accelerated,
attach to grains, grains
accelerated, stream past
neutral gas

grain fractional abundance
3

60

G

» J-type shocks: thermal
sputtering only

velocity (kms ')

0 - ———

1 10 100 1000 10"

Flower & Pineau des Foréts 2003 tw




Questions...
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