ISM dynamics and
star formation

Ralf Klessen

Zentrum fur Astronomie der Universitat Heidelberg
Institut fur Theoretische Astrophysik




ISM dynamics:
theoretical considerations

o star formation on large scales
o structure of galactic disk
o phases of the ISM

Abojouswouayd

o molecular clouds

o derivation of the hydrodynamic equations

o virial theorem

Aloay)

o Jeans criterion (critical mass for gravitational collapse)
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Stars form in
galaxies and
protogalaxies

(Hubble Ultra-Deep Field, from HST Web site)
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Star formation in interacting galaxies:

(from the Chandra Webpage)

Antennae
galaxy

e NGC4038/39

@ distance: 19.2Mpc
e vis. Magn: 11.2

@

@
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Star formation in interacting galaxies:

Antennae
galaxy

@ Star formation
burst in interacting
(merging) galaxies

@ Strong perturbation
SF in tidal “tales”

e Large-scale
gravitational motion
determines SF

@ Stars form in
“knobs” (i.e.
superclusters)

HST: Whitmore & Schweizer 1997
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Star formation in “typical” spiral:

(from the Hubble Heritage Team)

NGC4622

e Star formation always
IS associated with

o Star formation
IS essentially a

(on ~pc scale)

e HOW is star formation
IS influenced by
properties
of the galaxy?
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Star forming clouds in the Milky Way

100 Axel Mellinger
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Star
formation in
Orion

We see

e stars (in optical
light)

e atomic

hydrogen
(in Ha -- red)

 molecular
hydrogen H,

(radio -- color coded)




Local star forming region: The Trapezium
Cluster in Orion

The Orion molecular cloud is the birth- place
of several young embedded star clusters.

The Trapezium cluster is only visible in the IR
and contains about 2000 newly born stars.

Orion molecular cloud

Trapezium
| cluster
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Trapezium
Cluster

(detail)

o stars form
in

o stars form

IN

o (proto)stellar
IS
important

(color composite J,H,K
by M. McCaughrean,
VLT, Paranal, Chile)




Trapezium Cluster: Central
Region

lonizing radiation from central star Proplyds: Evaporating "“protoplanetary”” disks
©1C Orionis around young low-mass protostars

(images: Doug Johnstone et al.) Ralf Klessen: Lecture 1: 27.12.2006



Futher Details: Siluette Disks in Orion

protostellar disks: dark shades in front of the photodissociation  (data: Mark McCaughrean)
region in the background. Each image is 750 AU x 750 AU.
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® 30 Dor:
~100 O-stars

NGC3603:
~10 O-stars

', Trapezium:
~1 O-star

all images are
scaled to same

: distance (LMC)
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Pillars of God (in Eagle Nebula): Formation of
small groups of young stars in the tips of the
columns of gas and dust ....
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Infrared
observation




Head of Column No.1 in Eagle Nabula (IR-View)
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Pillars of God (i agl Nebula) Formti of
small groups of young stars in the tips of the
columns of gas and dust ....
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Head of Column No.2 in Eagle Nebula (IR-View)
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ow do we observe star forming clouds?

Different wavelength give different information.

—>astronomer use the full electromagnetic spectrum

« Radio: interstellar gas
(line emission -> velocity information)

* sub-mm range: dust (thermal emission)

* infrared & optical:  stars

e  X-rays: stars (coronae), supernovae remnants (very
hot gas)

e y-rays: supernovae remnants (radioactive decay,

e.g. 26Al), compact objects, merging of neutron
stars (y-ray burst)
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Multi-wavelength Andromeda

radio IR (ISO)

(Effelsberg)

IR (IRAS)

M31 seen in different wavelengths, from radio to x-rays.
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radio continuum (408 MHz)

atomic hydrogen

radio continuum (2.5 GHz)
o0 "-_ > iy o LA

moleculgr hydrogen;
e, :5:@3{:. A

L
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Interstellar Matter: ISM

Abundances, scaled to 1.000.000 H atoms

element atomic number abundance

Wasserstoff H 1 1.000.000
Deuterium H2 1 16

Helium He 2 68.000
Kohlenstoff C 6 420
Stickstoff N 7 90
Sauerstoff O 8 700
Neon Ne 10 100
Natrium Na 11 2
Magnesium Mg 12 40
Aluminium Al 13 3

Silicium Si 14 38
Schwefel S 16 20

Calcium Ca 20 2

Eisen Fe 26 34
Nickel Ni 28 2

Hydrogen is by far the most
abundant element (more than
90% in number).
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Phases of the ISM

Because hydrogen is the dominating element, the classification scheme
Is based on its chemical state:

ionized atomic hydrogeN HIl (H*) L
neutraler atomic hydrogen HI (H) Il:?f? |sat|(?.rlla
molecular hydrogen H, asenubergang

different regions consist of almost 100% of the appropriate phase, the
transition regions between HIl, H and H, are very thin.

star formation always takes place in dense and cold molecular clouds.
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The multi-phase ISM

12 Lyman Spirzer, Jv.
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Life-cycle of ISM

Gravitational
(Planetaly

Nebulae
oo Coronal
shells
around
lan neb.

Cooling
Distuption Mere! NR COOlng
during star crging

formation

Giant Molecular
Cloud Complexes

Heating

b supernovae

eglons  Cooling after

compression
Molecular -
Clouds /=" -
erging Heating and/or
cooling

cooling by conduction
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Correlation between H, and Hi

|30 COmpare H2 - Hl
~in M33:

o H,: BIMA-SONG
Survey, see Blitz
et al.

- »
120 o

-

15,2 o HI: Observations with

o Westerbork Radio T.

300" H, clouds are seen
in regions of high Hi
density

- (in spiral arms and
filaments)

200
o\ 2*.;[.\1:)'[

(Deul & van der Hulst 1987, Blitz et al. 2004)
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Star formation in present day galaxies:

M33

e Star formation
is influenced by
properties
of the galaxy,
BUT:
e Star formation
Is essentially a

(BIMA: Blitz, Rosolowsky, Engargiola, & Plambeck, in prep.)
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O

6

Some further information

About comparable amounts of H, and HI gas in the Galaxy
M(H,) ~ 10° Mg

But: Very different radial distribution

e H, is centrally concentrated, and in a molecular ring at 4-8kpc
(seen in our Galaxy, and in external ones)

o HI depleted in the center and more radially extended

H, is clumped in clouds and superclouds

Both H, and HI have about the same velocity dispersion 6,=5-10km/s
(and this holds more or less for all spiral galaxies)
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Y offset [arcmin]

X offset [arcmin]

HI

total
neutral
gas

175um

20cm

HI & CO
in M31
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Mo/pc2

Radial Distribution in Spirals

@ HI versus H,:

23 ——

@ H, is restricted to the optical disk
e while the HI extends 2-4 x optical
radius
@ HI hole or depression in the centers,
sometimes compensated by H,
@ often H, is exponential like stars,
HI does not follow in most cases

o HI

=« RC
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20 |-

15 f
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Radial profiles

Comparison of
radial CO and HI
profiles in 7 CO-

bright galaxies

confirms the
tendency for H, to
be more centrally

concentrated than
HI.
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NGC 5457 (M 101)

@ The HI Nearby Galaxy Survey (THINGS)
F. Walter, E. Brinks, E. de Blok, F. Bigiel, M. Thornley, R. Kennicutt

NGC 3351 (M95)
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ISM properties

most important for star formation: molecular hydrogen

most important wavelength: IR and Radio emission
(dust continuum and molecular lines: CO, NH;, CS, etc. )
(more than 170 different molecules identified)

Problem: only projection along the line of sight (real 3d
structure of molecular clouds illusive)

column density from intensity of line emission

LOS velocity by Doppler shift of observed lines
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Phases of interstellar matter

HI regions

Detection with 21cm line (1420 MHz, 6x10-6 eV))

Parallel spin (higher energy level) antiparallel spins (lower energy level) - Excitation by collisions (t ~ 500 yr)
C

g

Properties of HI gas

N
S

0)—'._-'2
Z g — 0

\'—[‘-_[—'»T 1 T L o | | P ey e | Py ] ; ooy o I | |60 OS] ! |"r~1—|j
200 - ‘i
g C e e Tl i ' k3%
;T |
-200 'j ‘,\
J_J_L_._J_J_J__J—l—l—L I 1 I | S i 1 | | | I
18C 80 9] -90 180

1/degree

Radial velocity of 21cm radiation as function of galactic
longitute (Leiden/Dwingeloo Survey)

- Deexcitation by radiation (t. ~ 1x107 yr)
- (hyperfine structure transition)

Galactic plane mean density

N~ 1cms3 (~1,7x108 glem?)
envelope of MC's n~10...100 cm3
cold clouds in disk T, > 100K
dilute matter n ~0,05...0,2cm3
between clouds T, >1000 K

- forbidden transition
- n~1cm3, I~1pc~3x10'8cm, % of atoms are excited
2108 atoms cm=2 - t=10"4s - 10* transitions s"'cm-2pc’
- optically thin: | =B t~const. ¥ ~5.5x10-"* N /T & B~T
- T dependence cancels - directly get cm2 column NI
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ISM: transition HI to H,

Log,, [H2 column density (cm™))]

. Log,, [H2 column density (cm™)]
consistent models Of ISM 190 195 200 205 210 215 220 19 20 21 2
dynamics require to go
beyond the simple models!

- magnetohydrodynamics

(account for large-scale dynamics
+ turbulence)

- time-dependent chemistry

(reduced network, focus on few
dominant species, e.g. H,) 10 s 0

Log,, [H2 column density (cm™))] Log,, [H2 column density (cm™)]

- radiation (currently simple 2 20 21 2 20 21 22 2
assumptions)

y (pc)
y (pc)

~=2x10"3s

H2 forms rapidly in shocks / transient
density fluctuations / H2 gets destroyed
slowly in low density regions / result:
turbulence greatly enhances H2-
formation rate

y (pc)
y (pc)

(Glover & Mac Low 2006ab:)

-10 -5

0
x(pc)
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Reduced chemical network

Table 2.

Processes included in our thermal model.

Process

References

o

. H+cr. - H" +e¢

. H+e— H" +2¢

H +e—H+~

H" + e+ grain — H + grain

Shapiro & Kang (1987} (high density)

See § 2.2.1
Liszt (2003)
Abel et al. (1997)
Ferland et al. (1992)

Weingartner & Draine (2001)

here: e, H*, H, H,

In primordial gas we do:
e, H*,H, H, H,* H,, C, C*, O, O*

(Glover & Mac Low 2006ab)

Cooling:
C1t fine structure lines

Table 1. The set of chemical reactions that make up our model of non-equilibrium
hyvdrogen chemistry.
Reaction Reference
1. H + H + grain — H, + grain Hollenbach & McKee (1979)
2. H;+H - 3H Mac Low & Shull (1986) (low density),
Lepp & Shull (1983) (high density)
3. Ho+Ha — 2H + Ha Martin, Keogh & Mandy (1998) (low densit;

O 1fine structure lines

Siilfine structure lines

H: rovibrational lines
Gas-grain energy transfer’
Recombination on grains
Atomic resonance lines

H collisional ionization
H; collisional dissociation

Heating:

Photoelectric effect

H; photodissociation

UV pumping of Ha

H: formation on dust grains
Cosmic ray ionization

Atomic data — Silva & Viegas (2002}

Collisional rates (Hz) — Flower & Launay (1977}
Collisional rates (H, T < 2000 K) - Hollenbach & McKee (1989)
Collisional rates (H, T > 2000 K) — Keenan et al. (1986)
Collisional rates (e”) — Wilson & Bell (2002)

Atomic data — Silva & Viegas (2002}

Collisional rates (H, H;) — Flower, priv. comm.
Collisional rates (e”) — Bell, Berrington & Thomas (1998)
Collisional rates (H*} — Peguignot (1990, 1996)

Atomic data — Silva & Viegas (2002)

Collisional rates (H} — Roueff (1990)

Collisional rates (¢”) — Dufton & Kingston (1991)

Le Bourlot, Pineau des Foréts & Flower (1999)
Hollenbach & McKee (1989)

Wolfire et al. (2003}

Sutherland & Dopita (1993)

Abel et al. (1997)

See Table 1

Bakes & Tielens (1994); Wolfire et al. (2003}
Black & Dalgarno (1977)

Burton, Hollenbach & Tielens (1990}
Hollenbach & McKee (1989)

Goldsmith & Langer (1978)
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lllll I 1 lllllll 1

- Static collapse

— //” -

0.4 0.6 0.8

Mass—weighted H, fraction

0.2

1 2 9] 10 20

Time (Myr)

L =40 pc, n, =100 cm-3, B; =5.85mG, v, =0.0

(Glover & Mac Low 2006a)
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i T | T T
" turbulent flow
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L =20 pc, B, =5.85 mG, v, =10 km/s

(Glover & Mac Low 2006a)
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Phases of interstellar matter

Das molekulare Gas
H,, CO, ...

Transitions of two-atomic molecules

a) Rotational transitions (needs dipole moment)
b) Ro-vibrational transitions
c) Electronic Ro-vibrational transitions

Abbildung 7.2: Energie von (a) Hy (b)
H, als Funktion des Abstands r der
Kerne relativ zum Bohrschen Radius a,.

0

L1 1 1 1

Energie [eV]
T T

-4.47¢-....
;

<) b)
Rotationsniveaus r
Vibrationsniveaus
E=n+12)ha) i
! ]
3 ]
U Ar=-1 A=+
2 J
- 0
é
| X
Abbildung 7.3: Rotations- und 0
. . . . 2 g 2 Spektrum
Vibrationsniveaus eines zweiatomigen 3
Molekiils mit den nach den 0 1
Auswahlregeln méglichen Ubergingen. 0 0N
Niedrigste Rotations- und Schwingungsiibergénge
J=1-0 n=1-0
Frequenz Wellenldnge T Frequenz Wellenldnge T
H, 3,87 THz 77 pm 185 K 131 THz 228 um 6300 K
2Co 115 GHz 2,6mm 55K 64 THz 4,63 um  3100K
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Phases of interstellar matter

Molecular Gas

Global properties of molecular clouds

Temperature Density Radius Mass velocity gradient E o Epot
diffuse molecular clouds T=40..80K n =100 cm=3
(10 ... 50% of total H, mass)
Dark clouds/globules T=20..40K n=10%..10cm?® R=0,1..5pc 1..10 My 0,5 ... 4 km/s/pc 104...0.3
Giant molecular clouds T=10..50K n=10*..108cm3 R=10..100pc 10%...10°M, 0,1...0,2km/s/pc  104...0.1
Hot cores in MCs T=100...300K n> 107 cm-3 R<0,1pc 10 ... 100 M,

Giant molecular clouds are strongly concentrated in the galactic plane and towards the center of the Galaxy (similar holds for external galaxies)

CO Survey of Milky Way
(Dame et al. 2001)
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Data from Thomas Dame, CfA Harvard

Limit of high-quality
Leiden-Dwingeloo 21 cm survey

Predicted N(H,) (“IRAS-H1I1")
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We see

e stars (in optical
light)

e atomic

hydrogen
(in Ha -- red)

 molecular
hydrogen H,

(radio -- color coded)






Properties of Molecular Clouds

@ Spatial structure

& Velocity structure

@ Thermal structure

@ Magnetic field structure

@ Larson relations

@ The Virial Theorem applied to MC's

@ Dynamical evolution
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Taurus molecular cloud

Class 1 protostars
77 Class 2 protostars
% Class 3 protostars
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@ Structure and dynamics
of young star clusters is

« coupled to structure of
molecular cloud

star-forming filaments in
the Taurus cloud

(from Alyssa Goodman)
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- Taurus molecular cloud

Star-forming filaments in Taurus cloud
(from Hartmann 2002)

e Strukture and dynamics of
molekular cloud is determined
by supersonic turbulence

N thermal line
o Structure and width Oyperm
dynamics of . observed
= line width o
young star z tot
clusters is £ A N\
coupledto | A L NN\
structure of LS8 Al
molecular cloud velocity
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Spatial structure

@ extremely complex spatial structure
e hierarchical / fractal
@ low filling factor of dense (star forming) clumps

e mean densities ~ 100 cm=3 BUT in clumps 10* - 106 cm-3

o filling factor in volume 5% BUT in mass 50%
@ mean density inversely correlated with size: Larson relation

o p x R o=~ -1 density size relation
o x RB = 1/2 linewidth size relation

@ clump mass spectra follow power law: dN/dm « m'°

o BUT: is that really true (problems: projection and superposition
i.e. PPP vs. PPV)
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Chamaeleon 1
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Galactic Latitude (Degree)

Galactic Latitude (Degree)
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Chamaeleon 3
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Fig. 1. Positions and proper motions of the stars in Tables [1] and[2] Contours are from the IRAS 100 ym survey. The region around Cha 1 is
shown on an enlarged scale, too. Most of the new ROSAT discovered stars are either located between these two clouds or west of Cha 1. 1°
corresponds to 50 masyr'; the largest arrow in the figure (RXJ 1207.9-7555 between Cha 1 and Cha 11) corresponds to 156 mas yr

Distribution of molecular gas and young stars in the Chamaeleon

ik et al. (1998) region (only stars with proper motions from Hipparchos)
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Taurus

Distribution of molecular gas and young stars in Taurus

1T v 7 ' v T v T 7" "=aa=g
- &
b
i ol kO
-10 w ¥ =
WO
. HClass I X 1.
. % Class Il * 1
| oClassm e
#
-15 | « Byl |, g 1
L oé’ fk
L o) 9 0 £
e By, il {200
- ¢ w &
r 0 .0 c X
-20 - S 1+
N ) 5 @
180 176 170 185
Hartmann (2002) l

Ralf Klessen: Lecture 1: 27.12.2006



o Ophiuchus

1.3mm mosaic of p Oph main ¢loud
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Falgarone et al. (1992, IRAM Key Project)

db (arcsec)

Hierarchical density structure

Molecular clouds exhibit
hierarchical density distribution
and exhibit complex (possibly
fractal) structure down to the
smalles scales observable.

galactic latitude (%)

10 pe What causes this complex

structure? (mostly due to
interstellar turbulence)

b) . ,
- 1 pc ' How is it related to the velocity
5 field? (compressible turbulence)
- 9) How can it be quantified
dl (arcmin) . g
Q15 pe 1 (measured) in a statistically
Y\ < e) meaningful sense? (e.g. fractal

indices, A variance, principle
component analysis — PCA,
structure functions, etc.

< NONE OF THESE MEASURES
IS REALLY GOOD!)

0 - -100
4020 0-2040 (o] -50 40 20 0-20-46-60
di (arcsec) dl (arcsec) dl (arcsec)
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Elmegreen & Falgarone (1997)

Number of Clouds per logarithmic Interval
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Fractal denS|ty structure”?

"Loren (1989)
Ophiuchus Cloud
13¢0 (1-0)

slope ~ 2.2
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L Willams, et al. (1994)
I Rosette Cloud
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- Williams, et al, (1994) |
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Mass (Mg)

Attempts to fit power laws to
the observed size distribution
(clump-size spectrum) reveal
varying (and non-integer)
slopes.

Related to Hausdorff definition
of fractal index.

However:

- what is really measured?

(limited dynamic range of
tracer molecule)

- 2D projection of real 3D
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Kramer et al. (1998)
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Clump mass spectra

Clump mass spectra exhibit
power-law behavior:

dN/dM ~ M-1:°

Two main schemes:

- gaussclump (gaussian
decomposition)

- clumpfind (identification of
connected regions)

BUT: problems with projection
render clump mass spectra
“meaningless” or at least
extremely difficult to interpret
physically. (see examples)

Fig. 6. Clump mass spectra of the eight data sets we
analyzed. All spectra are fitted by a power law func-
tion dN/dM o M ™" The straight line represents
the best linear fit over the range of masses spanned
by the line. The resulting indices « lie in the range
1.59 to 1.79. The minimum possible mass M./ ",
given by the resolution limits and the rms noise. is
denoted by a dashed line for each data set.
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Kramer et al. (1998)

Gaussian decomposition
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Fig. 1. Orion B South. a The original map of integrated “CO(2—1) intensities. b2 to b20 The maps after subtraction of 2 to 20 clumps by
GAUSSCLUMPS (stiffness parameters: so = 5. s. = s. = ). The spatial (not deconvolved) FWHMs of the last two clumps subtracted are shown.
¢ Integrated intensity of the first 20 clumps identified by the algorithm. The range of integration is 0 to 20 kms ™' and contours are at 5.7 (=80).
12 by 6 to 60 Kkms ™', The dashed contour in ¢ is 5% of the maximum. The tiny clump in panel b18 is due to a single channel spike in the
corresponding spectrum and is ignored by the follow up analysis of clumps fitted.

Gaussclump by Stutzki et al. (1990)
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Search for connected PPV regions

See drawing on black board

Clumpfind by Williams, deGeus, & Blitz (1995)
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Problems with clump mass spectra

Ballesteros-Paredes & Mac Low (2002)

F1G. 6.—Physical and velocity space maps for *CO (1-0) and (2-1) inrun MC41 (L = 1,k = 4, and B = 0.1). Clumps in physical space (A, B, and C,
panel) do not necessarily correspond to clumps in the observed velocity space. Observed clumps in velocity space (D. botrom left panel) are not nec
formed by emission [rom a single region in physical space.

Projection problem:
deconvolution PPV - PPP

“clumps” identified in PPV may
correspond to several real physical
gas clumps in PPP

Radiation transfer problem:

only tracer molecules observed
(limited dynamic range in density)

12 _I T T T I T T T T I T T T T I T T T I_
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s )
~
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E L .
= - .
Z o4 . ]
g C ]
g L ] A _
= o o R —
0 —I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I.—
0 1 2 3 4
logz(k)

Ralf Klessen: Lecture 1: 27.12.2006



Velocity Structure of MC's

@ Supersonic linewidth on all scales (except maybe on the
smallest)

@ Associated kinetic energy equals (even may exceed) self-
gravity

@ Supersonic turbulence - velocity determines density

@ QUESTION: What causes interstellar turbulence?

@ Observed linewidths increase with size of measured
region = Larson relation

@ Supersonic turbulence is driven on large scales
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Linewidth size relation (example)

g [km/s]

] T 1
: Linewidth size relation for the Polaris Flare :
1.0 ~
0.1 -
i 1l i ol |

10 104 10° 104 10°

Ossenkopf & Mac Low (2002)
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Thermal Structure of MC’s

@ Approximate energy balance between heating (cosmic
rays) and cooling (molecular lines) processes lead to
roughly constant temperature of ~ 10K.

Magnetic Fields in MC's

@ Magnetic field structure and its importance for our under-
standing of molecular cloud evolution will be discussed in
the next lecture.
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L arson Relations

@ Larson (1981) found the following relations between
linewidth and size and mean density and size:

p « R® o=~ -1 density size relation (1)
ocxRPF  B=1/2 linewidth size relation (2)

@ In virial equilibrium: a= -1, p= %

@ Molecular clouds appear gravitationally bound. (3)

@ Values:
o 0=(0.72+0.07) km/s (R/pc)2-5#0.05  (Solomon et al.)
e 0 =0.55km/s (R/pc)?->1 (Caselli & Myers)

o (Ny)= (1.5£0.3)x10%2 cm-2 (R/pc) 9-0:0-1 (Solomon et al.)

@ Only two of the three statements (1,2,3) are independent.
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Figure 5. The average density, defined as the density of a sphere of mass M and diameter L, of all the
regions shown in Figs 1 and 3 plotted versus region size L. The dashed line represents equation (5), and
is derived from equations (1) and (2).
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L arson Relations

@ Only ONE of the two Larson
relation appears real (in the
sense that it exists for the
real 3D clumps)

@ Density size relation is likely
not to exist in 3D data, but is
only observed in projected
data due to limited dynamic
range of tracer molecules
(corresponding to a roughly
constant column density)

@ Velocity size relation may
exist in real 3D data (but may
only be marginal).
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L arson Relations

Linewidth size relation
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FiG. 10.—Velocity dispersion-size relationships for run HC8-256 in
physical space (top) and observational space (middle and bottom), using CS
(1-0) and 3CO (1-0), respectively. The dotted line has a slope of £, the
expected value for a turbulent medium dominated by shocks (see, e.g.. Viz-
quez-Semadeni et al. 2000). The solid line is the least-squares {it to the data
points, with a slope m, and its uncertainty shown in each frame.

Ballesteros-Paredes & Mac Low (2002)
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Fi1G. 9.—Mean density-size relationship for physical clumps in physical
(top) and simulated observational clumps in observational coordinates
(middle and bottom). The dotted line has a slope of o = —1. In physical
space we {ind no correlation, verifying the results by VBR97, but neverthe-
less the simulated observations show such a correlation, as found by Larson
(1981) and many others. The selection of two diflerent density tracers was
chosen to show that the apparent correlation does not depend on the selec-
tion of the density threshold.
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Magnetic fields

@ big controversy in star formation theory:

HOW IMPORTANT ARE
MAGNETIC FIELDS?

@ determining field strengths is essential!

o Zeeman effect

@ polarisation of dust emission

@ diffuse ISM: mass-to-flux ratio subcritical

@ dense H, gas: (slightly) supercritical
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DR21(OH)
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DR21(OH)
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DR21(OH)

1. CO polarization:

n(H,) ~ 102, B, =~ 0.01 mG

pos

2. Dust polarization & CN Zeeman:
n(H,) ~ 10°, N(H,) = 3 x 10%3
Bpos = Bjos = 0.7 mG, 7\C ~ 1.1

Combining 1 and 2, B o« p045
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o gases and fluids are large ensembles of interacting particles

o — state of system is described by location in 6N dimensional
phase space fN)(qi...¢x, pr...pn)dq...dgxdp...dpy

o time evolution governed by ‘equation of motion’ for 6 N-dim
probability distribution function fV)

o fN) — £ by integrating over all but n coordinates —
BBGKY hierarchy of equations of motion (after Born, Bogoli-
ubov, Green, Kirkwood and Yvon)

o physical observables are typically associated with 1- or 2-body
probability density £ or f)

o at lowest level of hierarchy: 1-body distribution function de-
scribes the probability of finding a particle at time ¢ in the vol-
ume element dq at ¢ with momenta in the range dp at p.

o Boltzmann equation — equation of motion for f()

4 )
df—%—{%—q Nf+7-V.f
_of
L 6‘t+ N f+F-Vf= fc
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© Boltzmann equation

(df of . = )
%—54‘(] V.f+7D Vf
_af
+ ¥ Vf+F Vf fc
\_ ot

— first line: transformation from comoving to spatially fixed
coordinate system.

— second line: velocity v = ¢ and force F =

— all higher order terms are "hidden’ in the collision term f.
o observable quantities are typically (velocity) moments of the
Boltzmann equation, e.g.
— density:

p=[ mf(qpt)dp
— momentum:
pv = [ m¥ f(q, p,t)dp

— kinetic energy density:

= [ m&? f(q,p,t)dp



o in general: the i-th velocity moment (&) (of & = m7 ") is

=~ [ & 13507

with the mean particle number density n defined as

n=[f(gpt)d

o the equation of motion for (&;) is

/a{ £ 0N+ BN = [ {fe} dp.

which after some complicated rearrangement becomes

0
ot

(Maxwell-Boltzmann transport equation for (&;))

n{&) + V, (n(&d)) + nF(N &) = [ & fedp
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o if the RHS is zero, then &; is a conserved quantity. This is only
the case for first three moments, mass & = m, momentum
¢&1 = mu, and kinetic energy & = mv?/2.

o MB equations build a hierarically nested set of equations, as (&;)
depends on (&,11) via V, (n{&7)) and because the collision term
cannot be reduced to depend on &; only.

—— need for a closure equation
— in hydrodynamics this is typically the equation of state.
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assumptions

o continuum limit:
— distribution function f must be a ‘smoothly’ varying function
on the scales of interest — local average possible

— stated differently: the averaging scale (i.e. scale of interest)
must be larger than the mean free path of individual particles

— stated differently: microscopic behavior of particles can be
neglected

— concept of fluid element must be meaningful
o only ‘short range forces’:

— forces between particles are short range or saturate — col-
lective effects can be neglected

— stated differently: correlation length of particles in the system
is finite (and smaller than the scales of interest)
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limitations

o shocks (scales of interest become smaller than mean free path)
o phase transitions (correlation length may become infinite)
o description of self-gravitating systems

o description of fully fractal systems
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the equations of hydrodynamics

o hydrodynamics = book keeping problem
One must keep track of the ‘change’ of a fluid element due to
various physical processes acting on it. How do its ‘properties’
evolve under the influence of compression, heat sources, cooling,
etc.”?

o Eulerian vs. Lagrangian point of view

t+

Eulerian Lagrangian

consider spatially fixed volume element following motion of fluid element
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o hydrodynamic equations = set of equations for the five con-
served quantities (p, p¥/, pv*/2) plus closure equation (plus trans-
port equations for ‘external’ forces if present, e.g. gravity, mag-
netic field, heat sources, etc.)
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o equations of hydrodynamics

dp Op  _ = - - :
== B +v-Vp=—pV -0 (continuity equation)
dﬁ_gUJr(fU V)7 ———V Vo + V%+<C+ )6(6 V)

dt Ot = 4 ® i 3
(Navier-Stokes equation)
d = d -

d; = gz s Ve=T d—j — ;V (energy equation)
V2 =4nGp (Poisson’s equation)
p=RpT (equation of state)
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—

- - B? 1
Fog=—-V—+4+—

b v87T—|_47T
5B - 3
- =N @x B

(B-V)B (magnetic force)

(Lorentz equation)

p = density, v = velocity, p = pressure, ¢ = gravitational poten-

tial, ¢ and 7 viscosity coefficients, ¢

= pU'?/2 = kinetic energy

density, ' = temperature, s = entropy, R = gas constant, B =

magnetic field (cgs units)
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o mass transport — continuity equation
dp  dp _ = =
dt ot

(conservation of mass)
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o transport equation for momentum — Navier Stokes equation
dv  0v L - -
— = 2+ (V)i = ——vp Vo+nV2+(C + ) V(V-7)

momentum change due to

—

— pressure gradients:  (—p ' Vp)

— (self) gravity: —V¢

— viscous forces (internal friction, contains div(dv;/0x ;) terms):
NV + (C+ 1) V(V - 5)

(conservation of momentum, general form of momentum trans-

port: O(pvi) = —0;11;;)
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o transport equation for internal energy

de  Oe ds >
a5y S5 B LA
- st V=T pv

— follows from the thermodynamic relation de = T'ds—p dV =
T ds + p/p*dp which described changes in ¢ due to entropy
changed and to volume changes (compression, expansion)

— for adiabatic gas the first term vanishes (s =constant)
— heating sources, cooling processes can be incorporated in ds

(conservation of energy)
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o closure equation — equation of state

— general form of equation of state p = p(T), p, ...)
— ideal gas:  p="RpT

—» special case — isothermal gas: p = ¢*T (as RT = ¢?)

Note:
@ in reality, computing the EOS is VERY complex!
@ depends on detailed balance between heating and cooling

e these depend on chemical composition (which atomic
and molecular species, dust)

@ and on the ability to radiate away ,.cooling lines“ and
black body radiation
--> problem of radiation transfer
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