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Star formation relations

• Is there a one-to-one relation between gas density and star 
formation?

• If (really) yes, what does it mean? What does it tell us about the 
physical processes that govern stellar birth? What does a slope of 
2, 1.5, 1.0, or 0.8 tell us?

• What may be the hidden parameters that the typical KS plot does 
not reveal?

(Clark et al. 2011b, Science, 331, 1040)(Clark et al. 2011b, Science, 331, 1040)(Clark et al. 2011b, Science, 331, 1040)

Origin of turbulence
• What drives the supersonic ISM turbulence?

• Can we measure that? How can we distinguish 
observationally between different mechanisms?

• What are good statistical measures to characterize turbulent flows 
in the ISM?

19
59
Ap
J.
..
12
9.
.2
43
S



Ringberg
25.06.2013

(Clark et al. 2011b, Science, 331, 1040)(Clark et al. 2011b, Science, 331, 1040)(Clark et al. 2011b, Science, 331, 1040)

Importance of feedback
• Processes

- protostellar outflows

- H2 regions

- radiation pressure

- supernovae

• How important is feedback for cloud evolution and dynamics? 

- On what scales / evolutionary phases are they important?

- Why do SF cloud look identical to non-SF clouds?

• Is SF really self-regulated? 
(accelerated SF vs. slow equilibrium evolution)

SN1987A
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(Clark et al. 2011b, Science, 331, 1040)(Clark et al. 2011b, Science, 331, 1040)(Clark et al. 2011b, Science, 331, 1040)

Importance of cooling and heating
• Do we appreciate the importance of the thermodynamics in the 

ISM sufficiently?

• Dust? Do we understand how dust works? Dust acts as thermostat 
for high-density gas.

• What are good measures for the age / evolutionary state of clouds?

Energy balance in the ISM
• Competition between may different processes

- turbulent kinetic energy density

- magnetic energy density

- thermal energy density

- cosmic rays! (largely neglected!)

444 J. Ballesteros-Paredes

(e.g. Spitzer 1978; Shu 1991; Lequeux 2005; Stahler & Palla 2005,
and references therein), maybe as a consequence of the old idea that
in the ISM, ‘all forces are in balance and the medium is motionless,
with no net acceleration’ (Spitzer 1978, chapter 11), in which ‘the
observational evidence’ seemed to be consistent with the expec-
tation that interstellar ‘clouds tend towards pressure equilibrium’
(Spitzer 1978).

The possible inapplicability of these assumptions has been men-
tioned in passing in some previous papers (e.g. Ballesteros-Paredes
et al. 1999a; Shadmehri, Vázquez-Semadeni & Ballesteros-Paredes
2002; Ballesteros-Paredes 2004a) but no attention has been paid in
general to its implications. Thus, in this paper the applicability of
those assumptions for molecular clouds and their cores is discussed
in detail. In Section 2, the VT for fluids in its Lagrangian and Eu-
lerian forms is given explicitly. In Section 3, the six more common
assumptions of the VT and their validity in a turbulent environment
are discussed. In Section 4, I explain why even though clouds are
not in VE, they appear to be in energy equipartition, and argue that
asymmetries in the line profiles are the evidence for clouds out of
VE. Finally, in Section 5, the main conclusions are drawn.

2 T H E V I R I A L T H E O R E M

The VT can be derived from the momentum equation, by dotting
it by the position vector x and integrating it over the volume of
interest. Although it is usually written in its Lagrangian form, that
is, by following the mass (see e.g. Spitzer 1978; Shu 1991; Hartmann
1998), it can also be obtained in its Eulerian form, that is, by fixing
the volume in space (see e.g. Parker 1979; McKee & Zweibel 1992),
obtaining

1
2

d2 IE

dt2
= 2(Ekin + Eint) − 2(τkin + τint) + M + τM − W

−
1
2

d"

dt
(1)

1
2

d2 IL

dt2
= 2(Ekin + Eint) − 2τint + M + τM − W , (2)

where I =
∫

V
ρr 2 dV is the moment of inertia of the cloud

(subindexes E and L in equations 1 and 2 stand for Eulerian
and Lagrangian, respectively), Ekin = 1/2

∫

V
ρu2 dV and τkin =

−1/2
∮

S
xiρui u j n̂ j dS are the kinetic energy of the cloud and the

kinetic stresses evaluated at the surface of the cloud, respectively,
Eint = 3/2

∫

V
P dV is the internal energy, τint = −1/2

∮

S
xi Pn̂i dS

is the pressure surface term, M = 1/8π
∫

V
B2 dV is the magnetic

energy, τM = 1/4π
∮

xi Bi B j n̂ j dS is the magnetic stress at the sur-
face of the cloud, W =

∫

V
xiρ ∂φ/∂xi dV is the gravitational term,

with φ being the gravitational potential and " =
∮

S
ρuir

2n̂i dS is
the flux of moment of inertia through the surface of the cloud. In the
previous equations, ρ, ui , Bi , P and n̂ are the density, the ith compo-
nent of the velocity u, the ith component of the magnetic field B,
the pressure and a unitary vector perpendicular to the surface S that
surrounds the volume V, over which the integrals are performed,
respectively. In the above notation, the Einstein convention is used,
where repeated indexes are summed.

3 T H E C O M M O N A S S U M P T I O N S

Various assumptions for the terms involved in equations (1) and (2)
have been made in the literature. Some of them, indeed, have been
converted into myths, since their applicability to interstellar clouds

is not only not demonstrated, but also not even questioned, either in
textbooks or in research papers.

3.1 First assumption: the kinetic energy is generally a term
of support

It is almost universally considered in the literature that the turbulent
(or kinetic) energy, Ekin = 1/2

∫

ρu2 dV , provides support to clouds
against collapse. While this is true for a system of particles, and
partially valid if the kinetic energy is in the form of large-scale
expansion and/or rotation, it is by no means certain that all the
kinetic energy available will help against collapse in a system where
turbulent fragmentation can occur, as discussed below.

This idea has its origin in Chandrasekhar (1951), who proposed
that in the analysis of the gravitational instability the turbulent ve-
locity field should be included. In his description, an effective sound
speed is introduced, given by

c2
eff = c2

s +
1
3

u2
rms, (3)

where cs is the sound speed and urms is the velocity dispersion of
the turbulent motions (see e.g. Klessen et al. 2000; Mac Low &
Klessen 2004, for a review). This description is valid only if (i) tur-
bulent motions are confined to scales much smaller than the size of
the cloud (Ballesteros-Paredes et al. 1999a) and (ii) such motions
do not produce new, smaller-scale Jeans-unstable density enhance-
ments. The first hypothesis disregards one of the main features of
turbulent flows in general (e.g. Kolmogorov 1941; Lesieur 1990),
and of interstellar clouds in particular (Larson 1981), namely, that
the largest velocities occur at the largest scales. An attempt to in-
clude this fact has been proposed by (Bonazzola et al. 1987), who
suggested including the value of the rms velocity dispersion at each
scale l ∝ 1/k, that is,

c2
eff(k) = c2

s +
1
3
〈u(k)〉2, (4)

where k is the wavenumber corresponding to the scale l, and 〈u(k)〉
is given by the energy spectrum E(k) = Ck−δ as

〈u(k)〉2 =
∫ ∞

k

E(k) dk =
C

1 − δ
k1−δ, (5)

where C is a constant and δ is the spectral index. The second con-
dition, that is, that turbulent motions do not produce Jeans-unstable
density enhancements, has the underlying complication that motions
at scales larger than l ∼ 1/k will be very anisotropic with respect
to structures of size l. Those modes will produce shear (through
vortical modes) or compressions (through compressible modes) to
the structures.2 Compressions in particular reduce the local Jeans
mass (Sasao 1973; Hunter & Fleck 1982) and can induce local col-
lapse. Thus, a fraction of the turbulent kinetic energy is involved in
promoting collapse, rather than opposing it.

By decomposing the velocity field in its solenoidal and compress-
ible components, the kinetic energy modes that provide support to
the clouds are those having divergence larger or equal to zero,

∇ · u ! 0. (6)

This includes the solenoidal modes (∇ · u = 0) and the expansional
component of the compressible modes (∇ · u > 0). In other words,

2It should be remembered that compressible and vortical modes are coupled,
and they exchange energy (e.g. Sasao 1973; Vázquez-Semadeni, Passot &
Pouquet 1996; Kornreich & Scalo 2000; Elmegreen & Scalo 2004).
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(Clark et al. 2011b, Science, 331, 1040)(Clark et al. 2011b, Science, 331, 1040)(Clark et al. 2011b, Science, 331, 1040)

Simulations and Observations
• What can we learn from numerical simulations?

• How can we compare models with observational data? 

• Do we need every increasing resolution or do we need more 
physics?

• How can small-scale simulations best provide subgrid-scale models 
for galactic simulations?  

(Zuse Z1 Computer)


