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ISM dynamics:
theoretical considerations

o phenomenology
o derivation of the hydrodynamic equations
o virial theorem

o Jeans criterion: critical mass for gravitational
collapse

o Bonnor-Ebert spheres: pressure-bounded
gas sphere in hydrostatic equilibrium
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Star formation in “typical” spiral:

NGC4622

o Star formation always
Is associated with

o Star formation
IS essentially a

(on ~pc scale)

o HOW is star formation
IS influenced by
properties
of the galaxy?

A{ffom the Hubble Heritage Team)
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Star forming clouds in the Milky Way

© 2000 Axel Mellinger
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Star
formation In
Orion

We see

e stars (in optical
light)

« 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)

e stars form
N

e stars form

IN

o (proto)stellar
IS
important

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




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

Vi &1 . VUV.eVvUY




Head of Column No.1 in Eagle Nabula (IR-View)
(VLT ANTU + ISAAC)

ESOER Fhawa 570,01 ¢ Docember 2001

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

1IA-0S3 Uim uoijeAlasqo |



Head of Column No.2 in Eagle Nebula (IR-View) .
(VLT ANTU + ISAAC) ' decs
+

ESOHFR Hieto 376,01 (20 Docomber 2001 2 Burapean Sachem Uhaenepan 4 .‘ : <
- . »

Pillars of God (in Eagle Nebula): Formation o
small groups of young stars in the tips of the
columns of gas and dust ....
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Taurus molecular cloud

Class 1 protostars
77 Class 2 protostars
% Class 3 protostars

@ Structure and dynamics
of young star clusters is
« coupled to structure of

, (from Alyssa Goodman) molecular cloud

k'—/ Ralf Klessen: IMPRS School, 27.09.2006

star-forming filaments in
the Taurus cloud



Taurus molecular cloud

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

o Strukture and dynamics of
Is determined

by
N thermal line
width o

e Structure and therm
dynamics of . observed
young star 5 line width Oy

: 3
clusters is = Gy >> O
coupled to
TN velocity
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o Ta Urus Vg = 7.0 km/s
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a Taurus v, -7.4kms
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TaurUS V = 8.8 km/s
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Mizuno et al. 1995 '3CO(1-0) integrated intensity map from Nagoya 4-m
. Young star positions courtesy L. Hartmann
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o gases and fluids are large ensembles of interacting particles

o — state of system is described by location in 6/N dimensional
phase space fN)(qi...qx, pr...pn)dqi...dGndp...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 f!) or (2

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 (!

4 )
O N5

ot

3f+ Vf+F V f = fc

\_ ot

Ralf Klessen: IMPRS School, 27.09.2006



lllllllll

© Boltzmann equation

fdf of . - 5 )
E—g+q V. +D- Vf
% 8t+v Vf+F Vf fc.

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

— second line: velocity @ = ¢ 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=[ m f(q,p,t)dp
— momentum:
pv = [ m¥ f(q,p,t)dp

— kinetic energy density:

= [ m@? (g, p,t)dp



o in general: the i-th velocity moment (&) (of & = mv'?) is

=~ [ & 1@ 507

with the mean particle number density n defined as

n=[f(gpt)d

o the equation of motion for (&;) is

/@{ LTV Vf}dp (€41} dp,

which after some complicated rearrangement becomes

0

—tn<fi> £k

V, (n{&d)) + nF(V, &) =

| & fedp

(Maxwell-Boltzmann transport equation for (&;))
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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
£ = md, and kinetic energy & = mv?/2.

o MB equations build a hierarically nested set of equations, as (&;)
depends on (&1 via V, (n{&)) 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.

Ralf Klessen: IMPRS School, 27.09.2006



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)

Ralf Klessen: IMPRS School, 27.09.2006



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

Ralf Klessen: IMPRS School, 27.09.2006



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

A3

Eulerian Lagrangian

consider spatially fixed volume element following motion of fluid element

Ralf Klessen: IMPRS School, 27.09.2006



o hydrodynamic equations = set of equations for the five con-
served quantities (p, pt/, pv*/2) plus closure equation (plus trans-
port equations for ‘external’ forces if present, e.g. gravity, mag-
netic field, heat sources, etc.)

Ralf Klessen: IMPRS School, 27.09.2006



o equations of hydrodynamics

dp  Op - - :
B b +7-Vp=—pV -0 (continuity equation)
40 _ 90 5 )= —1Vp— Vot V24 (C+ ) VIV -)

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

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

Ralf Klessen: IMPRS School, 27.09.2006



= *BQJrl
B dm  Am
OB - F
—tZVX(17><B>

(B-V)B (magnetic force)

(Lorentz equation)

p = density, ¥ = velocity, p = pressure, ¢ = gravitational poten-
tial, ¢ and 7 viscosity coefficients, ¢ = pt/?/2 = kinetic energy

density, 7' = temperature, s = entropy, R = gas constant, B =

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

(conservation of mass)

Ralf Klessen: IMPRS School, 27.09.2006



o transport equation for momentum — Navier Stokes equation
dv  0v
dt ot

momentum change due to

(V)T = ——vp Vo+nV2+(C + )ﬁ(ﬁ 7)

—

— pressure gradients:  (—p ! Vp)

— (self) gravity: —V¢

— viscous forces (internal friction, contains div(0v;/O0x ;) terms):
NV + (C+ 1) V(V - 5)

(conservation of momentum, general form of momentum trans-

port: Jy(pvi) = —0;lLij)

Ralf Klessen: IMPRS School, 27.09.2006



o transport equation for internal energy

de 86 ds >
iy T R
T Ve = it p Ak

— 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)

Ralf Klessen: IMPRS School, 27.09.2006



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 = ch (as RT = Cz)

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

Ralf Klessen: IMPRS School, 27.09.2006
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