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ISM dynamics:ISM dynamics:
theoretical considerationstheoretical considerations

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

o derivation of the hydrodynamic equations
o virial theorem
o Jeans criterion (critical mass for gravitational collapse)

phenom
enology

theory
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 Star formation
   begins earlyearly
   (less than 1Gyr
    after big bangl)

 Stars form in  
   galaxiesgalaxies and 
   protogalaxiesprotogalaxies 

UDFUDF: SE bei hoher Rotverschiebung: SE bei hoher Rotverschiebung

(Hubble Ultra-Deep Field, from HST Web site)
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Antennae 
galaxy

 NGC4038/39 NGC4038/39
 distance: 19.2Mpc distance: 19.2Mpc
  visvis. . MagnMagn: 11.2: 11.2
 optical: white, green
 radio: blue

 Star formation in interacting galaxies: 

(from the Chandra Webpage)
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 Star formation in interacting galaxies: 
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Antennae Antennae 
galaxygalaxy

 Star formation
   burst in interacting
   (merging) galaxies
 Strong perturbation

   SF in tidal “tales”
 Large-scale

   gravitational motion
   determines SF
 Stars form in

   “knobs” (i.e.
   superclusters)
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 Star formation in Star formation in ““typicaltypical”” spiral:  spiral: 

(from the Hubble Heritage Team)

NGC4622NGC4622

 Star formation always
   is associated with
   clouds of gas andclouds of gas and
   dust   dust.

 Star formation
   is essentially a
   local phenomenonlocal phenomenon
    (on ~pc scale)

 HOW is star formation
   is influenced by
   globalglobal properties
   of the galaxy?
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Star forming clouds in the Milky WayStar forming clouds in the Milky Way
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fff

StarStar
formation information in
OrionOrion

We see

•• stars  stars (in optical
   light)

• atomicatomic
  hydrogen  hydrogen
  (in Hα -- red)

• molecularmolecular
  hydrogen H  hydrogen H22
  (radio -- color coded)
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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

Local star forming region: The TrapeziumLocal star forming region: The Trapezium
Cluster in OrionCluster in Orion
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 stars form 
   in clustersclusters

 stars form 
   in molecularmolecular
     clouds clouds
 (proto)stellar

   feedbackfeedback is
   important

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

TrapeziumTrapezium
ClusterCluster
  (detail)(detail) TT
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Ionizing radiation from central star
ΘΘ1C Orionis1C Orionis

Trapezium Cluster: CentralTrapezium Cluster: Central
RegionRegion

(images: Doug Johnstone et al.)

Proplyds:Proplyds: Evaporating ``protoplanetary´´ disks
around young low-mass protostars
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Futher Details: Siluette Disks in OrionFuther Details: Siluette Disks in Orion

(data:  Mark McCaughrean)protostellar disks: dark shades in front of the photodissociation
region in the background. Each image is 750 AU x 750 AU.
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  Star clusters in powers of 10: Star clusters in powers of 10: 

30 Dor:30 Dor:
~100 O-stars

NGC3603:NGC3603:
~10 O-stars

Trapezium: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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Pillars of God (in Eagle Nebula): Formation of small
groups of young stars in the tips of the columns
of gas and dust ….

Observations
at optical
wavelength

Infrared
observation
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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 ….

IR
 observation w
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S

O
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IR
 observation w

ith  E
S
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-V

LT

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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multi-w
avelength

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

• sub-mm range: dust (thermal emission)
• infrared & optical: stars
• x-rays: stars (coronae), supernovae remnants (very

             hot gas) 
• γ-rays: supernovae remnants (radioactive decay,

e.g. 26Al), compact objects, merging of neutron
stars (γ-ray burst)

How do we observe star forming clouds?How do we observe star forming clouds?

Different wavelength give different information.

astronomer use the full electromagnetic spectrum
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M31 seen in different wavelengths, from radio to x-rays.

 visible light radio
(Effelsberg)

IR (ISO)

IR (IRAS) UV (GALEX) x-rays (ROSAT)

Multi-wavelength AndromedaMulti-wavelength Andromeda
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phases of IS
M
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Abundances, scaled to 1.000.000 H atoms
element   atomic number   abundance
Wasserstoff   H     1            1.000.000
Deuterium    1H2    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

Interstellar Matter: ISMInterstellar Matter: ISM

Hydrogen is by far the most
abundant element (more than
90% in number).
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Because hydrogen is the dominating element, the classification scheme
is based on its chemical state:

ionized atomic hydrogeNionized atomic hydrogeN HII (HHII (H++))
neutraler atomic hydrogen neutraler atomic hydrogen HI (H)HI (H)
molecular hydrogen              molecular hydrogen              HH22

different regions consist of almost 100% of the appropriate phase, the
transition regions between HII, H and H2 are very thin.

star formation always takes place in dense and cold molecular clouds.

Phases of the ISMPhases of the ISM

Phasenübergang
Ionisation
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The multi-phase ISMThe multi-phase ISM
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Life-cycle of ISMLife-cycle of ISM
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Correlation between HCorrelation between H22 and H and HII

(Deul & van der Hulst 1987, Blitz et al. 2004)

Compare H2 - HI
in M33:
  H2: BIMA-SONG 

    Survey, see Blitz
    et al.

  HI: Observations with
    Westerbork Radio T.
   

H2 clouds are seen
in regions of high HI
density
(in spiral arms and
filaments)
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 Star formation in present day galaxies: Star formation in present day galaxies: 

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

M33M33

 Star formation
   is influenced by
   globalglobal properties
   of the galaxy,
   BUT:
 Star formation

   is essentially a
   locallocal
  phenomenon  phenomenon!!!!!!
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Some further Some further informationinformation

About comparable amounts of H2 and HI gas in the Galaxy
M(H2) ~ 109 M

But: Very different radial distribution

H2 is centrally concentrated, and in a molecular ring at 4-8kpc
(seen in our Galaxy, and in external ones)

HI depleted in the center and more radially extended

H2 is clumped in clouds and superclouds

Both H2 and HI have about the same velocity dispersion σg=5-10km/s
(and this holds more or less for all spiral galaxies)
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HI & COHI & CO
in M31in M31
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Radial Distribution in SpiralsRadial Distribution in Spirals

 HI versus H2:
 H2 is restricted to the optical disk
 while the HI extends 2-4 x optical 

   radius
 HI hole or depression in the centers, 

   sometimes compensated by H2
 often H2 is exponential like stars, 

   HI does not follow in most cases

HI

CO

CO

HI



Ralf Klessen: Lecture 1:   27.12.2006

Radial profilesRadial profiles
Comparison of

radial CO and HI
profiles in 7 CO-

bright galaxies
confirms the

tendency for H2 to
be more centrally

concentrated than
HI.

Wong & Blitz 2002



Ralf Klessen: Lecture 1:   27.12.2006



Ralf Klessen: Lecture 1:   27.12.2006

ISM propertiesISM properties

most important for star formation: molecular hydrogen

most important wavelength: IR and Radio emissionIR and Radio emission
(dust continuum and molecular lines: CO, NH3, 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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atomic gas



Ralf Klessen: Lecture 1:   27.12.2006

HI regions

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

    - Excitation by collisions (tc ~ 500 yr)
    - Deexcitation by radiation (tr ~ 1x107 yr)
    - (hyperfine structure transition)

Properties of  HI gas                Galactic plane                        mean density
                                                                                n ~ 1 cm-3 (~1,7x10-18 g/cm3)

envelope of MC‘s n ~ 10 ... 100 cm-3

cold clouds in disk                  Tk  >  100 K
                                                                                                 
                                dilute matter  n  ~ 0,05 ... 0,2 cm-3

between clouds     Tk  > 1000 K

Parallel spin (higher energy level)   antiparallel spins (lower energy level)

p                    e-

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

Phases of interstellar matterPhases of interstellar matter

 - forbidden transition
 - n~1cm-3, l~1pc~3x1018cm, ¾ of atoms are excited
   1018 atoms cm-2  t=1014s  104 transitions s-1cm-2pc-1

- optically thin: Iν=Bντ~const. κν~5.5x10-14 Nν/T & B~T
- T dependence cancels  directly get cm-2 column Nl
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molecular clouds
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ISM: transition HISM: transition HII to H to H22
consistent models of ISMconsistent models of ISM
dynamics require to godynamics require to go
beyond the simple models!beyond the simple models!

- magnetohydrodynamics
  (account for large-scale dynamics
  +  turbulence)
- time-dependent chemistry
  (reduced network, focus on few
  dominant species, e.g. H2)
- radiation (currently simple
  assumptions)

(Glover & Mac Low 2006ab:)

t=2x1013s t=4x1013s

t=6x1013s t=8x1013s

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

(Glover & Mac Low 2006ab)

here: e-, H+, H, H2
in primordial gas we do: 
e-, H+, H, H-, H2

+, H2, C, C+, O, O+ 
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L = 40 pc, n0 = 100 cm-3,  B0 = 5.85 mG, vrms = 0.0

no UV

643

1283

2563

no gravity

Static collapse

(Glover & Mac Low 2006a)
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L = 20 pc, B0 = 5.85 mG, vrms = 10 km/s

643

12832563

turbulent flow

5123

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

Das molekulare Gas
H2, CO, ...

Transitions of two-atomic molecules

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

Niedrigste Rotations- und Schwingungsübergänge
                   J = 1 – 0                                                  n = 1 - 0
                  Frequenz        Wellenlänge    T               Frequenz        Wellenlänge    T
H2              3,87 THz           77 µm        185 K         131 THz            2,28 µm       6300 K
12CO          115 GHz           2,6 mm       5,5 K          64  THz            4,63 µm       3100 K

c)                                  b)                              a)
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Molecular Gas

Global properties of molecular clouds

    Temperature         Density                    Radius  Mass            velocity gradient         Erot/Epot

diffuse molecular clouds T = 40 ... 80 K       n = 100 cm-3

(10 ... 50% of total H2 mass)

Dark clouds/globules T = 20 ... 40 K      n = 103 ... 104 cm-3        R = 0,1 ... 5 pc       1 ... 10 M❤ 0,5 ... 4 km/s/pc        10-3... 0.3

Giant molecular clouds        T = 10 ... 50 K      n = 104 ... 106 cm-3        R = 10 ... 100 pc    103 ... 106 M❤ 0,1 ... 0,2 km/s/pc     10-4... 0.1

Hot cores in MCs  T = 100 ... 300 K  n > 107 cm-3                       R < 0,1 pc              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)

Phases of interstellar matterPhases of interstellar matter
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posterposter

Wall posters available from authors : Thomas Dame :Wall posters available from authors : Thomas Dame :
tdametdame@@cfacfa..harvardharvard..eduedu
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wavelengthswavelengths
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We see

•• stars  stars (in optical
   light)

• atomicatomic
  hydrogen  hydrogen
  (in Hα -- red)

• molecularmolecular
  hydrogen H  hydrogen H22
  (radio -- color coded)
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molecular clouds
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Properties of Molecular CloudsProperties 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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 Structure and dynamics
    of young star clusters is
    coupled to structure ofstructure of
   molecular cloud   molecular cloud

Taurus molecular Taurus molecular cloudcloud

star-forming  filaments in
the Taurus Taurus cloud
(from Alyssa Goodman)
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(from  Hartmann 2002)

Taurus molecular cloudTaurus molecular cloud
Star-forming filaments in Taurus Taurus cloud

 Structure and
   dynamics of
   young star
   clusters is
   coupled to
   structure ofstructure of
  molecular cloud  molecular cloud

 Strukture and dynamics of
   molekmolekular cloud ular cloud is determined
   by  supersonic turbulencesupersonic turbulence

in
te

ns
ity

velocity

thermal linethermal line
width width σσthermtherm

observedobserved
line width line width σσtottot

σσtot tot >>>>  σσthermtherm
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Spatial structureSpatial structure

extremely complex spatial structure
hierarchical / fractal

low filling factor of dense (star forming) clumps
mean densities ~ 100 cm-3  BUT  in clumps 104 - 106 cm-3

filling factor in volume 5% BUT in mass 50%

mean density inversely correlated with size: Larson relation
ρ ∝ Rα          α≈ -1        density size relation
σ ∝ Rβ       β≈ 1/2    linewidth size relation

clump mass spectra follow power law: dN/dm ∝ m1.5

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

Distribution of
molecular gas
in the
Chamaeleon
region

Mizuno et al. (2001)
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Chamaeleon 2Chamaeleon 2

Distribution of
molecular gas in
the Chamaeleon
region sampled in
different velocity
bins.

Mizuno et al. (2001)
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Chamaeleon 3Chamaeleon 3

Distribution of molecular gas and young stars in the Chamaeleon
region (only stars with proper motions from Hipparchos)

Frink et al. (1998)

5 x 10 pc
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TaurusTaurus
Distribution of molecular gas and young stars in Taurus

Hartmann (2002)

20 pc
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ρρ Ophiuchus Ophiuchus

Motte, Andre, & Neri (1998)

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

What causes this complex
structure? (mostly due to
interstellar turbulence)

How is it related to the velocity
field? (compressible turbulence)

How can it be quantified
(measured) in a statistically
meaningful sense? (e.g. fractal
indices, Δ variance, principle
component analysis – PCA,
structure functions, etc.
 NONE OF THESE MEASURES
IS REALLY GOOD!)
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Fractal density structure?Fractal density structure?
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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Clump mass spectraClump mass spectra
Clump mass spectra exhibit
power-law behavior:

dN/dM ~ M-1.5

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)
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Gaussian decompositionGaussian decomposition
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Gaussclump by Stutzki et al. (1990)
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Search for connected PPV regionsSearch for connected PPV regions

See drawing on black board

Clumpfind by Williams, deGeus, & Blitz (1995)
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Problems with clump mass spectraProblems with clump mass spectra
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)
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Velocity Structure of MCVelocity Structure of MC’’ss

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



Ralf Klessen: Lecture 1:   27.12.2006

Linewidth size relation (example)Linewidth size relation (example)

Ossenkopf & Mac Low (2002)

Linewidth size relation for the Polaris Flare
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Thermal Structure of MCThermal Structure of MC’’ss

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

Magnetic Fields in MCMagnetic Fields in MC’’ss

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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Larson RelationsLarson Relations

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

      ρ ∝ Rα          α≈ -1        density size relation        (1)
      σ ∝ Rβ       β≈ 1/2          linewidth size relation     (2)

In virial equilibrium: α≈ -1, β≈ ½

Molecular clouds appear gravitationally bound.      (3)

Values:
 σ = (0.72±0.07) km/s (R/pc)0.5±0.05      (Solomon et al.)

 σ = 0.55 km/s (R/pc)0.51                              (Caselli & Myers)

〈NH〉= (1.5±0.3)x1022 cm-2 (R/pc) 0.0±0.1 (Solomon et al.)

Only two of the three statements (1,2,3) are independent.
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LarsonLarson
RelationsRelations
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Larson RelationsLarson 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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Larson RelationsLarson Relations

Ballesteros-Paredes & Mac Low (2002)

Linewidth size relation density size relation
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Magnetic fieldsMagnetic fields

big controversy in star formation theory:

       HOW IMPORTANT ARE
    MAGNETIC FIELDS?

determining field strengths is essential!
Zeeman effect
polarisation of dust emission

diffuse ISM: mass-to-flux ratio subcritical

dense H2 gas: (slightly) supercritical



Ralf Klessen: Lecture 1:   27.12.2006

DR21(OH)

Vallee &  Fieg e (2005)

Lai et al.
(2003)
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Bpos ≈ 0.7 mG Blos = 0.4, 0.7  mG
Lai et al.
(2003)

Crutcher et al.  (1999)

DR21(OH)
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1. CO polarization:
 n(H2) ~ 102, Bpos ≈ 0.01 mG

2. Dust polarization & CN Zeeman:
n(H2) ~ 106, N(H2) ≈ 3 × 1023

Bpos ≈ Blos ≈ 0.7 mG, λc ≈ 1.1

Combining 1 and 2,      B ∝ ρ0.45

DR21(OH)
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Hydrodynamics
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Note:
 in reality, computing the EOS is VERY complex!
 depends on detailed balancebalance between heatingheating and coolingcooling
 these depend on chemical compositionchemical composition (which atomic

   and molecular species, dust)
 and on the ability to radiate away „cooling lines“ and

   black body radiation
   --> problem of radiation transferradiation transfer
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Jeans condition
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Bonnor-E
bert

spheres
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Alves, Lada, Lada (2001)
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thanks


