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Optical/NIR studies of the ISMOptical/NIR studies of the ISM

I. Interstellar chemistry
i. Brief history, astrophysical context

II. Diffuse and translucent molecular clouds
i. unresolved problems from observations

III. Required modifications
I. CH+: Non-Maxwellian velocity distributions, XDRs, PDRs
II. DIBs: change of ionisation balance
III. H3

+: X-ray induced chemistry, ionisation rate 

IV. Summary
Better observations required

Molecular AstrophysicsMolecular Astrophysics
gas phase chemistry in ISM
IR emission, Dust, surface chemistry
Comets, pre-biotic organic molecules
Star formation, HH objects, outflows
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Interstellar moleculesInterstellar molecules

I. Brief History

1922       5780, 5797 stationary features (Heger 1922)
1926       Eddington, molecules cannot survive ISRF
1934       Merrill, several strong DIBs detected
1937-39  CH, CH+, CN: stationary optical absorption lines
1951       Bates & Spitzer, first models  (Kramers & ter Haar 1946)
1963       Radio astronomy, OH, NH3  

1970       H2   Copernicus satellite, UV absorption lines
1973       Herbst & Klemperer, ion-molecule reactions
1975       X-ogen (HCO+)
2005      some 125 gas-phase molecules confirmed
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Interstellar medium                Interstellar medium                

Phase transitions: H+ H H2
• Hot ionised HII: 5 105 K, 5 10-3 cm-3

• Warm HI/HII: 8000 K, 0.3 cm-3

• Cool atomic: 80 K, 30 cm-3

• Cold molecular: 10-100 K, 100 - 103 cm-3

• Diffuse interstellar clouds
• Giant molecular clouds
• Pressure equilibrium: nT = const
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Interstellar Dust              Interstellar Dust              

Absorption & polarisation of starlight
• Variation with wavelength: reddening EB-V

• Visual extinction AV = -2.5 log FV/F0
• Absorption  law: FV/F0 = exp (- k x) 

• AV/EB-V = 3.1                                                           
depends on dust properties

• Gas/Dust ratio: 0.01
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Molecular cloudsMolecular clouds

Diffuse clouds and translucent clouds
• Small molecules observed, DIBs

Giant molecular clouds and isolated globules
• Rich chemistry, large and complex organic molecules

Hot cores, UCHII regions, PDRs
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Dense molecular cloudsDense molecular clouds

I. Example TMC-1: dense filament in Heiles Cloud 2
I. T = 10K, n = 3 104 cm-3

II. Long carbon chains, HC11N thirteen atoms
III. Amino acids, claim by Kuan et al. 2003 glycine
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Confusion limit: GlycineConfusion limit: Glycine

I. Crowding of emission lines
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Confusion limit: OMCConfusion limit: OMC--1                1                

I. Blake et al. 1987, OMC-1
Spectral resolution 0.14 km s-1

Interstellar chemistryInterstellar chemistry

Theoretical models 
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Interstellar chemistryInterstellar chemistry

Ion-molecule reactions
Ionising source: photons (diffuse clouds), X-rays, cosmic rays (dense 
clouds)

Neutral-neutral reactions
Radiative recombination

free electrons required  

Dissociative recombination

Initiation of gas phase chemistry: H2 required 
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Interstellar chemistry               Interstellar chemistry               

I. H H2 H3
+

• by radiative association, H(1s) + H(1s) H2 + hv
– Very slow, forbidden in first order for homonuclear molecules

• by grain surface chemistry, H + H:gr H2 + gr
H2 + CR H2

+

H2
+ + H2 H3

+

H3
+ + e H2 + H  

• dissociative recombination rate
Fast (Amano 1988, Larsson 2000)
Slow (Plasil et al. 2003) minority view
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Interstellar chemistry               Interstellar chemistry               

I. Carbon chemistry
• C + ISRF (IP 13.3eV) C+ + e 
• xe = 10-4

• C+ + H2 CH+ + H  ∆E=0.4 eV
• C+ + H2 CH2

+ + hv, radiative association, slow

Oxygen chemistry
• O + H+ O+ + H charge transfer
• O+ + H2 OH+

Nitrogen chemistry
• N + H3

+ NH2
+ radiative association, slow
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Interstellar chemistry              Interstellar chemistry              
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Interstellar chemistry                Interstellar chemistry                

New Standard Model 
Bettens 1995, 3785 reactions, 409 species
Many reaction rates guessed, often wrong T-extrapolation
ζζζζ = 10-17 s-1

Famous problems remain: DIBs, H3
+, CH+

I. DIBs: carriers not identified
II. DIBs and H3

+: major impact on ionisation rates
III. CH+: formation scenarios not understood

Translucent cloudsTranslucent clouds

Optical/NIR absorption lines
– Interstellar H3

+

– The DIBs
– Interstellar CH+
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Translucent molecular clouds             Translucent molecular clouds             

Diffuse interstellar clouds
• Av < 1 mag, ionisations from ISRF dominate

Translucent clouds, edges of giant molecular clouds 
– Av = 1 – 5 mag

– Background stars still visible
– T = 20 – 100 K
– n = 100 – 1000 cm-3



4

19

Molecular clouds               Molecular clouds               

Examples of  molecular clouds
– Horsehead Nebula in Orion
– Bok Globules, B68 
– Tackeray‘s globules, in IC2944
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Interstellar absorption line studies      Interstellar absorption line studies      

High resolution spectroscopy
Light source: early type star
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HH33
++ in translucent clouds                in translucent clouds                

I. Geballe & Oka 1996; McCall et al. 2002
I. Important discovery
II. Abundances too high if dissociative recombination is fast
III. General correlation N(H3

+) ~ E B-V

IV. What does that mean? different lines of sight all over the sky, 
many different physical/chemical conditions tested 

V. Needed: N(H3
+) - E B-V relation in single clouds
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HH33
++ -- EEBB--VV relation               relation               
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OB associations               OB associations               

Needed: Test  N/E B-V  variation in single cloud
Determine variation in physical parameters
via CaI/CaII, C2, CH, CN, etc.
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HH33
++ in Cyg OB2 no. 12                  in Cyg OB2 no. 12                  

McCall et al. 1998
• Formation in diffuse material, very long pathways
• L = 400 – 1200 pc,  n = 10 cm-3

Cecchi-Pestellini & Dalgarno 2000
Nested structure, dense clumps of gas embedded in diffuse 
material 
C2 formation at n = 7000 cm-3

Needed:
• Determination of density and temperature of foreground molecular

material via observations of C2

• Importance of increased radiation field from OB stars
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CC22 towards Cyg OB2 no. 12towards Cyg OB2 no. 12

• Gredel, Black & Yan 2001
• Tkin = 35K
• n = 600 pm 100 cm-3

• High densities confirmed by observations of CN

– Significantly increased radiation field from OB stars
– Ionisation rate increased by a factor of ~ 100 
– X-ray induced chemistry

ζζζζ = 0.6 – 3 10-15 s-1
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CN towards Cyg OB2  no. 12             CN towards Cyg OB2  no. 12             

Large abundances of CN observed
CN formation requires dense gas                                 
Gredel Pineau des Forets & Federman 2002
Velocities of absorption lines agree
Formation of H3

+ in dense, compact regions
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Cyg OB2Cyg OB2

• Modelling of radiation field required
• Chandra image (red <1.5 keV, green 1.5 – 2.5 keV, blue 2.5 – 8 

keV) – Waldron et al. 2004
• High Energy Transmission Grating Spectrometer
• Rapidly exanding stellar winds, shocks X-ray emission
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XX--ray induced chemistry                ray induced chemistry                

Cool molecular clouds subjected to X-rays
Gredel, Lepp & Dalgarno 1987, Gredel, Yan & Black 2001 

M + xr M2+ + 2e
• C2+ + H2 CH+ + H+

• S2+ + H2 SH+ + H+

• O2+ rapid charge transfer to H, H2 , reduced to O+

• CO + hv C2+ + O + ef + ea

• O2+ + C + ef + ea

Energy deposition by fast secondary electrons
Gredel & Dalgarno 1995
Coulomb losses to thermal electrons
Ionisation and excitation of H and H2

He, n 2, 3 singlet and triplet S and P states and to 41P
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CR & XCR & X--ray induced chemistry          ray induced chemistry          

• Radiation field in dense molecular clouds
i. Energetic, secondary electrons from CR or X-ray ionisation
ii. H2 + e  H2*  
iii. H2 H2(vJ)  + UV-photons (Lyman and Werner bands)
iv. H2 (vJ) H2 + NIR-photons (E2 cascade)

• Increased photoionisation and photodissociation rates
• Explains C/CO ratio in dense clouds

• X-rays: chemistry modified by
• Double charged ions drive reactions
• Induced, diffuse UV radiation field increase photodissociation 

and photoionisation rates
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Cyg OB2 no. 12                Cyg OB2 no. 12                

I. Detailed chemical model including X-ray ionisations
I. Gredel, Yan & Black 2001     
II. T, n, ne constrained by observations
III. Cool gas with T = 35 K, n=600 cm-3

Observed abundances of H3
+, CO, C2, CH, CN 

explained  
I. Increased ionisation rate of

ζζζζ = 0.6 – 3 10 –15 s-1

I. Ionisation rate alright, probably wrong assumption
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Cyg OB2  no. 12             Cyg OB2  no. 12             

Model prediction: 
Observable amounts of H2O+ in absorption

• S/N > 1000 spectrum of Cyg OB2 no. 12 (Gredel 2010)
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HH33
++ in the diffuse ISM                in the diffuse ISM                

McCall et al. 2003 
Large abundance in diffuse cloud towards ζ Per
dense molecular clouds: ζ = 3 10-17 s-1 

Cosmic ray ionisation rate increased by factor of 40 to
ζζζζ = 1.2 10-15 s-1

I. general solution
ζζζζ: 10-17 s-1  10-15 s-1 ??                                            
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The ironic twists in HThe ironic twists in H33
++

I. Lepp et al. 1988, large molecules  
Chemical models including photoelectric heating of LM:    
large, observable abundance of H3

+ 

Wrong. slow recombination rate used
Did not stimulate observations to detect H3

+ 

II. New laboratory measurements:  H3
+ + e very fast

Models: H3
+ abundance too low to be detected 

Stimulated huge observational efforts to detect H3
+

III. 2003:  large abundance of H3
+ detected in diffuse ISM

Ionisation rate must be increased 34

Optical/NIR absorption line studiesOptical/NIR absorption line studies

C2 homonuclear molecule
• thermal population among X v=0 J=0,2,4 Tkin

• A-X Philips system and intercombination transitions n

CN violet – red system
• Doppler b values, n, ne

CaI/CaII 
• electron densities

CH 
• hydrogen column density

H3
+

• ionisation rates
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The diffuse interstellar bands              The diffuse interstellar bands              

226 DIBs confirmed, maybe up to 400 
BD+63o1964 (Tuairisg et al. 2000)
Confusion limit, more than 1 carrier responsible for a given 
absorption feature

Carriers
Three populations: narrow, medium-broad, broad DIBs
Large C-bearing molecules in gas phase
PAH and fullerene cations
Lyα induced 2-photon absorption by H2

Needed: 
DIB strengths toward single cloud, test varying optical depths
Use CH, CH+, CN, C2, CaI, CaII, NaI to determine variations in 
physical parameters
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The diffuse interstellar bandsThe diffuse interstellar bands

Ehrenfreund et al. 2002
DIBs in the MCs
Not too different from Galactic clouds despite low z

Sollerman et al. 2005
DIBs towards SNIa in NGC 1448
Correlations to CaII and NaI, same clouds
Similarity to σ clouds (strong 5780, 5797 DIBs)
σ Sco and ζ Oph, same EB-V, but large variations in 5780/5797
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DIB carriers               DIB carriers               

Carriers of DIBs
– Sir Harold Kroto Sussex, 1996 Nobel Laureate Chemistry C60

Fundamental role in ionisation balance
– Liszt 2003  PAH grain neutralisations

• Heating balance: radiative and dielectronic recombination of 
charged ions

• PAH- + H+ PAH + H rapid destruction of protons 

Ionisation rate must be increased 38

The CHThe CH++ problem               problem               

Nobs/Nmodel = 1000

• C+ + H2 CH+ + H               ∆E=0.4 eV

Thermal formation scenarios
– Elitzur & Watson 1978, 1980: J-type shocks
– Pineau des Forets et al. 1986: C-type shocks
– Dissipation of interstellar turbulence, boundary layers

Predictions & earlier observations
• CH – CH+ large velocity difference expected
• N(CH+) not correlated with EB-V
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The CHThe CH++ problem               problem               

I. First inconsistencies
• Detailed shock model towards ζ Oph (Draine 1986)
• Model result: v(CH) – v(CH+) = 3.4 km s-1

• Very high R observations: ∆v < 0.5 km s-1
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The CHThe CH++ problem                problem                

ζζζζ Oph is an exception?
Velocity difference of few km s-1 exists                    
N(CH+) not correlated with AV or EB –V                                         
Allen 1994, Falgarne 1995, 1998
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The CHThe CH++ problem               problem               

Special case: Pleiades
White 1984: very large abundances at low optical depths
ISM very close to stars
Very high UV ionisation rates
CH+ produced in PDR
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OB associations               OB associations               

Needed: Test  N/E B-V  variation in single cloud
Determine variation in physical parameters
via CaI/CaII, C2, CH, CN, etc.
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The CHThe CH++ problem                problem                

Observations of spatially related stars
Gredel et al. 1997, 2003, 2004

Individual OB associations:
CMa OB1
NGC2439
Cen OB1

Towards each star: 
CH, CH+, CN, C2, CaI, CaII, KI, NaI measured with same 
instrument
Systematic errors minimised
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The CHThe CH++ problem                problem                

N(CH+) ~ EB-V
Tight correlation in single translucent clouds
Correlation is absent if sample contains too many different 
lines of sight
Pleiades, Cep OB4: correlation absent

Radial velocities agree within errors
Earlier results with v(CH) – v(CH+) > 4 km s-1 cannot be 
reproduced: upper limit to shock velocities

C2 observations n, T
• CH+ formation sites in cool gas                                    
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Interstellar CHInterstellar CH++

Non-thermal models
Non-Maxwellian velocity distributions

Gredel van Dishoeck & Black 1993, 1997
‘broad‘ lines: CH+ highly reactive, no thermal profiles
Super-thermal C+

b(CH+) = b(CH) = 1 – 2 km s-1

∆v = 6.5 km s-1 10-3 C+ - H2 pairs

Thermal models
Multiple shocks, model for dissipation of IS turbulence

Gredel, Pineau des Forets & Federman 2002
Model for dissipation of IS turbulence
Many  low-velocity shock-fronts per AV
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Summary                Summary                

I. CH+ formation: mystery remains

I. Single shocks don‘t work
I. Firm statement after systematic studies in single translucent 

molecular clouds

Dissipation of turbulence
I. CH+ formation in cool gas
II. Non-Maxwellian chemistry from super-thermal C+ or H2

III. Multiple, criss-crossing shocks at low velocities, no strong 
heating

I. Fast formation in high-ionisation zones 
I. Not the general formation scenario
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Summary                Summary                

I. DIBs
I. Huge progress in recent years
II. PAHs, PAH cations
III. Needed

I. Systematic studies of single clouds, determination of physical 
parameters using diatomics and ions

II. Accurate laboratory wavelengths required
III. He clusters, very low matrix shifts and broadening 

IV. Dramatic effect on ionisation equilibrium
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Summary                Summary                

I. H3
+

I. Very large abundances in diffuse and dense clouds
II. Chemistry well understood

III. Significant increase in ionisation rate required


