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Introduction

theoretical aspects of turbulence

in situ or 3D measurements

role of turbulence in the interstellar medium

observations and remote sensing of turbulence
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General properties
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The interstellar medium Turbulent ISM

Observational evidences: Pressure
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Milieu ionisé chaud

Local ISM

The interstellar medium

3-D power-spectrum of
e~ —density fluctuations

Power-law with index very close
to K41 prediction (-11/3)
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Turbulent ISM
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The interstellar medium  Turbulent ISM
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The interstellar medium Questions

Questions
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The interstellar medium Questions

Rotation

Perseus arm
T

Orion (local) arm Cygnus arm

Sagittarius arm Centaurus arm : 5 i

Sun

Optical features
visible from solar system

[+ Molecular cloud-HIl region
Star-forming complexes

3(17) km
General HI (neutral hydrogen) and older stars —
0 5 10
Known spiral arms
kpc

Hypothetical spiral arms
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The interstellar medium Questions

CNM:HI QN

H2/C/CO
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O Cloud
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The interstellar medium Questions

Is the cold molecular gas part of the turbulent cascade ?

Are molecular clouds turbulent structures ?
Consequence on star formation ?

Turbulence support must be dissipated for stars to form
However, not too fast.

Questions: how ? at which rate ? in which structures ?
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The interstellar medium Questions

Interstellar Medium (ISM)
gas and dust

fully ionized (hot, tenuous,
atomic)

neutral (cold, dense,
atomic/molecular)

out of equilibrium

observations of the ISM:
spectroscopy, continuum
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Molecular clouds
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Turbulence in molecular clouds

Molecular clouds

Single-dish
Interferometer

Caracteristic: high
spectral resolution
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Turbulence in molecular clouds Molecular clouds

Doppler shift and velocity measurements

C180 (4 =1-0) C10 (J=1-0)

CH30H (J= 20— 10) ‘

8 6
Velocity (km s-1) Velocity (km s-1)
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Turbulence in molecular clouds Molecular clouds
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Turbulence in molecular clouds ~ Molecular clouds

Beautiful; complex; contrasted
Filamentary

Full of emptiness: volume filling factor ~ 1%
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Turbulence in molecular clouds ~ Molecular clouds

Few millions spectra
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Turbulence in molecular clouds Molecular clouds
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Turbulence in molecular clouds Molecular clouds
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Turbulence in molecular clouds ~ Observational Evidences

Observational Evidences
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Turbulence in molecular clouds Observational Evidences

THE ASTROPHYSICAL JOURNAL

AN INTERNATIONAL REVIEW OF SPECTROSCOPY AND
: ASTRONOMICAL PHYSICS

VOLUME 114 SEPTEMBER 1951

THE EVOLUTION OF GALAXIES AND STARS

C. F. voN WELZSACKER
Max Planck Institut, Gottingen
Received May 17, 1951

ABSTRACT

I. Aims of the theory.—A hydrodynamical scheme of evolution is proposed, confined to events after
the time when the average density in the universe was comparable to the density inside a galaxy at our

II Hydrodynamical conditions.—Gas in cosmic space is moving according to hydrodynamics, mostly
in a turbulent and compressible manner. Dust is carried with the gas, probably gy magnetic coupling.
Star systems cannot be described hydrodynamically and hence do not show turbulence and supersonic
compressibility.

III. The spectral law of incompressible turbulence.—The relative velocity of two points at a distance
1is proportional to I%/3, This is deduced from the picture of a l'uerarc hy of eddies.

IV, C essibility and interstellar clouds.—A hierarchy of clouds is considered.
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Turbulence in molecular clouds Observational Evidences

Mon, Not. R, astr. Soc. (1981) 194, 809—8§26

Turbulence and star formation in molecular clouds
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The spatial power spectrum of galactic neutral hydrogen from observations
of the 21-cm emission line

J. Crovisier® and J. M. Dickey"2*

1 Observatoire de Meudon, F-92190 Meudon, France
2 National Radio Astronomical Observatory, Charlottesville, Virginia 22901, USA
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Turbulence in molecular clouds Observational Evidences

Observational Evidences: Reynolds number

Table 1: Reynolds number in the neutral medium.
Atomic Molecular

pc 30 3

K 80 30

cm™ 30 300

x1071% em? 5 10

AU 04 0.02

kms™! 35 1

kms! 14 0.6 03
vt cam?s 1.0x1018 2.1x10% 1.3x10'°
L/t 1x107 3x107 1x107
oL/ 25 17
Rey 3x107 5x107
ns AU 15 1.0
¥ gis the cross-section for elastic colli between H or H atoms. From Spitzer (1978).
¥ The molecular viscosity is 1.1x10'7 T2 in the atomic gas, and 4.0x10'5 T2 in the
molecular gas.
§ The dissipation scale is estimated as = LRe

~3/4
A
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Turbulence in molecular clouds Observational Evidences

Scalings: velocity dispersion — size
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Scalings: velocity dispersion — size
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Statistical properties
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Properties of turbulence in molecular clouds  Statistical properties

Essentially two-point statistics: compute the PDF of increments of
measurable quantities
Main issue: not so many measurable quantities

line observations: line intensity, integrated intensity, velocity
continuum observations: integrated amount of material (column
density)
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Properties of turbulence in molecular clouds  Statistical properties

extract a single value from each spectrum: basically, 1st order
moment (Lis et al 1996, Pety et al 2003)

U2 v2
C(l‘,y) — / T(.’L‘,y,U)’U d’U// T(a:,y,v) dv
v1

v1
determine the increments of centroid velocity (CVI)
SC(F1) = C(F+1) — C(7)
Average azimuthally
0C)
compute Probability Density Function of CVI
P(6Ch)
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Properties of turbulence in molecular clouds  Statistical properties

RA, DEC Offsets (arcmin)

~ a million spectra, with v/dv ~ 107
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Properties of turbulence in molecular clouds Statistical properties

PDF of CVI
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Properties of turbulence in molecular clouds Statistical properties

Structure functions
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Properties of turbulence in molecular clouds Statistical properties

Structure functions
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Structural properties
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Properties of turbulence in molecular clouds  Structural properties

Rate of viscous dissipation per unit mass:

1 (Ov; | O
(ea) = ¥ (axi u axi>

In terms of the vorticity w = V x v:

(ea) = V|V x vf?

Idea: trace the vorticity... but only one velocity component in two
directions (v, (z,v))

Chemical tracers: CH+ as traced with the Herschel satellite (Joulain
et al 1998, Godard et al 2009, Falgarone et al 2010)
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Properties of turbulence in molecular clouds Structural properties

Regions of turbulence dissipation
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Properties of turbulence in molecular clouds  Structural properties
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Properties of turbulence in molecular clouds Structural properties
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Perspectives ~ Comparison with numerical models

Comparison with numerical models
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Perspectives Comparison with numerical models

Multiphasic turbulence
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Perspectives ~ Comparison with numerical models

compressible / incompressible

HD / MHD

decaying / forced

self-gravity, chemistry, thermal balance, etc

Pr=v/n ~ 10% in molecular clouds
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Perspectives ~ Comparison with numerical models

Spatial dynamics:

huge requirement to numerical simulations
role of gravity
role of magnetic fields (big observational problem)

Chemistry (e.g. combustion)

CO observations in the diffuse remain unexplained
coupling of a large number of processes

Supersonic turbulence
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Perspectives Comparison with numerical models

The dissipation scale
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Perspectives

Comparison with numerical models

The dissipation scale

s
L/t
oL/t
Rep
s

Table 1: Reynolds number in the neutral medium.

Atomic

pc 30
K

em™? 30

x10715 cm? 5

AU 04

kms™! 35

kms! 14

1.0x10'®

1x107

25

3%107

AU 15

Molecular

06

2.1 x10%
3x107
17
5x107
1.0

t 5is the cross-section for elastic collisions between H or H atoms. From Spitzer (1978).
¥ The molecular viscosity is 1.1x10”7 T2 in the atomic gas, and 4.0 x10° T2 in the

molecular gas.

§ The dissipation scale is estimated as ) = LRe
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