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Outline 

•  Turbulent dissipa;on = key input to SF & galaxy evolu;on 
•  Occurs at very small scales and intermi]ent in space and 

;me : major challenge for direct observa;ons 
•  Indirect tracer : CH+, specific outcome of warm chemistry 

driven by turbulent dissipa;on  
•  Herschel/HIFI observa;ons : absorp;on spectroscopy  
•  CH+(1‐0) absorp;on line survey of bright submm galaxies 

at high‐z  with NOEMA and ALMA: 
       ➭ dynamics of low density gas, weakly molecular 
       ➭ turbulent energy dissipa;on rate 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Intermi]ency of dissipa;on : ohmic, 
viscous and ambipolar diffusion 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The 10% most 
dissipa;ve events 
contribute to 30% 
of  total dissipa;on 

Spectral NS of non‐ideal MHD turbulence 
Momferratos et al.  in prep. 

Structure of  
dissipa;on  
rate extremum 

Ohmic dissipa;on: Dohm= η j2  
Viscous dissipa;on: Dvisc = νω2  
Dissipa;on by ion‐neutral drih :  
DAD = α(j×B)2 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High CH+ abundances 

• Saturated   CH+(1‐0)  lines 
• Highly endoenergic  
forma;on ΔE/k = 4640 K 
• Fast destruc;on 
by H2 collisions 
       τ = 1 year fH2‐1 nH,50‐1  

  ➭extremely short life.me 
if not efficiently formed 

Falgarone et al. 2010, Godard et al. 2012, 2014 

Visible (red) and Herschel/HIFI  absorp6on 
lines towards the Inner Galaxy (blue) data. 
PDR models (black) for nH = 30, 50, 100 cm‐3 



Models of Turbulent  
Dissipa;on Regions (TDR) 

• Bursts of dissipa.on in magne;zed  vor;ces   

    ∼ 10 AU, ∼ 100 yr  

          ➭non‐equilibrium chemistry 

•  Hea;ng due to dissipa;on :   viscous + ion‐
neutral fric;on  

          ➭ warm chemistry  

•  Thermal and chemical relaxa;on :  

     100 yr  to several 104 yr 

•  Few free parameters constrained  by 
ambient turbulence     

•   3 phases : ac;ve and relaxa;on phases ( a 
few %) + ambient medium 

5 Joulain et al. 1998;  Godard et al. 2009, 2014 



TDR model results : CH+ 

6 

 ➭N(CH+) increases with UV‐field 
 ➭N(CH+) propor;onal to turbulent  
                   transfer rate = turbulent  
                   dissipa.on rate 

   N(CH+)/NH  
∼ 2 x10‐9 ε24 n50‐2.2 (Av/0.4)‐0.32 

                                           ε24 = 10‐24 erg cm‐3 s‐1    
                                            n50=50 cm‐3 

➭only a few % warm gas on LOS 
Godard et al. 2014 

TDR models for nH= 30, 50, 100 cm‐3 



TDR model results :  CO 

7 

CO : visible data 
 Sheffer + 08, Pan + 05, Rachford + 09, Snow + 08 
Results from PDR models in MHD colliding 
 flow simula;ons 
Levrier + 2012 

CO : same visible data 
TDR model predic;ons 
for nH= 30, 50, 100 cm‐3 

(purple curves) 
Godard et al. 2014 



M 82 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l  =  141.4°        
b  =    40.6°         
Av  =   0.45 mag       
Tcont@ 830 GHz= 0.1 K 
vsys = 203 km s‐1 

Chandra, HST, Spitzer 

CH+(1‐0) Herschel/HIFI 
➭galac;c absorp;on at high la;tude  
➭inverse P‐Cygni profile in M82 

↓ 

Falgarone et al. in prep. 



NGC 4945 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K‐band (red), H2 (green), Paα(blue) 
Marconi et al. 2000 

l  =  305.3°        
b  =    13.3°         
Av  =   0.48 mag       
Tcont @ 830 GHz=  0.23 K 
vsys = 563 km s‐1 

CH+(1‐0)  Herschel/HIFI 
➭galac;c absorp;on above the 4th quadrant 
➭almost saturated in NGC4945 
➭hints of  emission 

↑ 

Falgarone et al. in prep. 



M82 : Galac;c absorp;on 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Solar Neighbourhood at 
high la;tude 

N(CH+)=6.7 x 1012 cm‐2 

[CH+ ] /H = 2.3 x 10‐8 
[CH+ ]/Htot = 7 x 10‐9 

       ➮ fH2 = 0.65 
HI absorp;on: Pen;cton  (Joncas, priv. comm. ) 

CH+ and HI absorp;on profiles :   
similar broad velocity coverage   
∼ 15 kms‐1  



NGC4945 : Galac;c absorp;on 
•  Gas v=‐20 km s‐1 at far 

distance (8kpc)  
         ➭height z = 1.8 kpc 
•  Similar shapes CH+ and HI 

absorp;on profiles 
•  N(CH+)=8.9 x 1012 cm‐2 

•  [CH+ ] /H ∼ 1.3 x 10‐8 

•  [CH+ ]/Htot = 1 x 10‐8 

        ➮ fH2 ∼ 0.4 – 0.6 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HI absorp;on : Koribalski ( ATCA, in prepara;on) 

CH+ narrowest components   
Δv=2.5 km s‐1, τ=0.2,  
N(CH+)=1.5 x 1012 cm‐2 



Comparison with Galac;c disk 
results 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H2 from HF and CH 
0.04 < fH2 < 1    
Godard et al. 2012 

☐ 
☐ 

☐ 

☐ 

CII absorp;on :  
➮ same velocity coverage as CH+ absorp;on 
Excita;on condi;ons of CI lines :   
 ➮ CH+ absorp;on occurs   in  the Cold Neutral Medium (CNM) 
Gerin et al. in prep.  



M82 : CH+ inverse P‐Cygni profile 

•  Starburst Galaxy 
•  SFR∼ 9.8 Msun yr‐1 

    enhanced by 
interac;on with 
M81 

             Yun et al. 1993 

• Powerful ou~low 
Walter et al. 2002 

• Central HI emission 
     Yun et al. 93, Chynoweth et al 08 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• CO(2‐1) IRAM‐PdBI    Weiss et al. 2010 
• CII Herschel/HIFI        Loenen et al. 2010 
• HF Herschel/HIFI        Monje (priv. comm.) 



M82 : CH+ inverse P‐Cygni profile 

14 

50 < v < 150 km s‐1 

CH+ emission  
‐ Similar shape in CII profile 
‐ Kink in the CO(2‐1) profile 
‐ SiO emission component 
➭ shock‐dominated emission 

200 < v < 300 km s‐1 

RedshiLed absorp.on 
➭inflow towards the nucleus 
➭ centroid velocity of central  
HI  emission : rota;on + large 
velocity dispersion due to  
;dally induced bar and disk/
wind interac;on 

 
Velocity range of SiO 
in CH+ absorp;on solid angle 
Garcia‐Burillo  et al. 2001   



NGC4945 : strong CH+ absorp;on 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•  Bright nearby AGN and 
starbust  SFR∼ 0.4 Msun yr‐1 

      Marconi et al 2000 

•  Nuclear HI absorp;on  
       O] et al. 2001 

•  Unknown CH+ emission 
profile symmetric wrt vsys 

       Opacity against dust 
con;nuum: τ = 0.3 

      [CH+] /HI > 6 x 10‐8 
HF  
Inflow rate ∼ a few Msun yr‐1 
Monje et al. 2013 



ALMA, PdBI/NOEMA: new field of 
inves;ga;on  

•  CH+(1‐0)  835GHz blocked by atmosphere 
      13CH+(1‐0) 830GHz OK in good weather 
•  Absorp;on spectroscopy against high‐z 
submm galaxies: 
➭traces low density gas, low H2/HI frac;on 
➭dis;nguishes inflow/ou~low 
➭traces turbulent energy dissipa;on 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