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CO gas in Planck data
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Larson, 1981

Turbulence in the interstellar medium ?

Falgarone, 1997



Miville-Deschênes et al., 2003

Power spectra in various phases

HI gas in Ursa Major

Armstrong et al., 1995

Electron density in local ISM



Starforming and non-starforming clouds

Kainulainen et al., 2009

2MASS extinction



Miville-Deschênes et al., 2010

SPIRE 250 μm

Filamentary structures at many scales

Miville-Deschênes & Lagache, 2005
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IRIS 25+60+100µm Dust and CO gas in the Polaris Flare

Hily-Blant et al., 2007



Intermittent dissipation of  turbulence

She 1991, Belin et al., 1996

Experimental PDF of velocity increments

Meneveau & Sreenivasan, 1991

Temporal series of the dissipation rate

h✏di = ⌫ |r⇥ v|2Viscous dissipation rate

Problem : we cannot trace the vorticity ! vz(x, y)



Centroid Velocity Increments

Miesch & Scalo 1999, Pety & Falgarone 2003, Levrier 2004 



Loci of  extreme CVI

Hily-Blant & Falgarone, 2009

CO(2-1) CVI map

0.015 pc

Falgarone, Pety & Hily-Blant, 2009



The molecular universe

About 200 species detected in the ISM

OH+ H2O+

Gerin et al. (2010), Neufeld et al. (2010), De Luca 
et al. (2012), Neufeld et al. (2012), Lis et al. (2010), 
Parise et al. (2012), Bacmann et al. (2010)

HCl+ H2Cl+ SHND OD

Among them hydrides

• One heavy atom (C,N,O,S,F,Cl) plus a number of H
• Tracers of physical and chemical processes 
• First building blocks of the molecular ISM



Stationary 1D model, including : Outputs :

• UV radiative transfer: 
Absorption in molecular lines
Absorption in the continuum (dust)
10000’s of lines 

• Chemistry : 
Several hundred chemical species
Network of sevral thousand chemical reactions
Photoionization
Cosmic ray ionization

• Statistical equilibrium of level populations
Radiative and collisional excitations and de-excitations
Photodissociation

• Thermal balance:
Photoelectric effect
Chemistry
Cosmic rays
Atomic and molecular cooling

• Local quantities :
Abundance and excitation of species
Temperature of gas and duts
Detailed heating and cooling rates
Energy density
Gas and grain temperatures
Chemical reaction rates

• Integrated quantities on the line of sight : 
Species column densities
Line intensities
Absorption of the radiation field
Spectra

http://pdr.obspm.fr/
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Molecular region

Le Bourlot et al. 1999
Le Petit et al. 2006
Goicoechea & Le Bourlot 2007
Gonzalez-Garcia et al. 2008

The Meudon PDR code

http://pdr.obspm.fr
http://pdr.obspm.fr


y

z
• RAMSES code (Teysier 2002, Fromang et al. 2006)
• Adaptive Mesh Refinement with up to 14 levels
• Converging flows of warm (8,000 K) atomic gas
• Periodic boundary conditions on remaining 4 sides
• Includes magnetic field, atomic cooling and self-gravity consistently
• Covers scales 0.05 pc - 50 pc

50 pc
x

Compressible MHD turbulence simulation

Hennebelle et al. 2008

Levrier et al. 2012



PDR code run on 1D 
density profiles above 
20 cm-3 extracted along 
lines of sight either 
parallel to X or Y. 

Outputs (temperature, 
chemical abundances) 
combined in 2D arrays. 

n � 20 cm�3

Central ~14 pc cover most of the mass in this 2D slice

Structures along the line of  sight

Levrier et al. 2012



• C+ closely follows the total gas density, except in the densest regions.

• CO only in the densest regions

Main H and C bearers in the MHD/PDR simulation
Levrier et al. 2012



With

Without
Observational fit

Sheffer et al. 2008

•Maximum column densities 
are about twice as low in the 
uniform models

•CO vs CH column densities 
correlation agrees better with 
observations

d [log N (CH)] /d [log N (H2)] � 1.09± 0.19

Density fluctuations vs. Uniform density : CH



With

Without

Observational fit

Sheffer et al. 2008

•Maximum column densities 
are about 3 times as low in the 
uniform models

•CO vs H2 column densities 
correlate better

Density fluctuations vs. Uniform density : CO



Levrier et al. 2012

fH2 = 1/2 WCO = 0.4 K.km.s�1 �CII = 0.1� 0.2 K.km.s�1

Velusamy et al. 2010

Radiative transfer with RADEX (LVG approximation)

Simulated observations in CO and C+



The TDR model

Magnetized modified 
Burgers vortex

a : Turbulent rate of strain

Magnetized vortices:
~ 50 AU
~ 100 years lifetime

Dissipation leads to warm chemistry

Thermal and chemical relaxation last up to 4.104 years

Free parameters

3 phases : active and relaxing vortices, ambient medium

Joulain et al., 1998
Godard et al., 2009

a ; nH ; AV



Godard et al. in prep

CO vs total gas column densities in TDR models

Chemical enrichment by turbulent dissipation



The CH+ puzzle solved ?

Falgarone et al., 2010

CH+ absorption towards massive SF regions

CH+ abundances in PDR and TDR models

Godard et al. 2009

HIGHLY ENDOTHERMIC (E/k=4640 K)



Momferratos, Lesaffre, Falgarone, in prep.

Ohmic heating

Ambipolar diffusion heating

Viscous heating

2D cut through a 5123 incompressible 
turbulence simulation with the ANK code

Dissipation processes



Chemical enrichment in the wakes of  shocks

2D decaying turbulence simulation with chemical coupling
- Colour scale : CO abundances
- Contours : Regions of high viscous heating

Lesaffre et al., in prep



Shocks in SNR : W28F
Radio continuum (327 MHz) - Colour scale : CO(6-5) integrated intensity

- Contours : H2 0-0 S(5) integrated intensity

Gusdorf et al., 2009



Conclusions

• Observations provide kinematical and chemical clues of the small-scale (mpc) 
dissipation of ISM turbulence

• This dissipation may be in the form of vortices or low-velocity shocks

•What is the impact of cosmic rays as another source of energy for chemistry ? 
How do they propagate in the fractal ISM ? 

•What is the role of the magnetic field in the formation of dense self-gravitating 
filaments and ultimately dense cores and stars ? 

•What is the interaction between the magnetic field and structures of intense 
velocity shears at small scales ?

• How can we properly model the turbulent cascade when it requires some 107 grid 
points per dimension ?


