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Micro- to macroscopic perspective
Cosmic ray particles
impact icy
interstellar grains

Composition of 
interstellar gas 
and ices

ESO and Igor Chekalin

Mainitz et al. 2016, A&A 592



Cosmic-ray (CR) impact

• Excitation and ionization

• Heating along the CR track

• Destruction of molecules

• Sputtering

• Time-scale ≤ 10-10 s

Pilling et al. 2010, A&A 509



Relaxation

• Heat expands to the whole grain, reaching a 
temperature of 70 K for 10-5 s

• Molecule diffusion and evaporation

• Cooling via evaporation or radiation



CR-induced processing of icy species
• Sputtering
• Dissociation
• Local heating

– diffusion
– evaporation
– reactions

• Whole-grain heating
– diffusion
– evaporation
– reactions

• Ice explosions

Image credits: ESO and Igor Chekalin



In astrochemical models
• Sputtering – ineffective
• Dissociation – not investigated
• Local heating

– diffusion – not investigated
– evaporation – ineffective
– reactions – not investigated

• Whole-grain heating
– diffusion – important for complex molecules
– evaporation – important
– reactions – not investigated

• Ice explosions – do they occur?

Image credits: ESO and Igor Chekalin



To be modelled
• Sputtering
• Dissociation
• Local heating

– diffusion
– evaporation
– reactions

• Whole-grain heating
– diffusion
– evaporation
– reactions

• Ice explosions

Image credits: ESO and Igor Chekalin

Sequence of CR-
induced grain surface

processes



Sequence for surface molecules

• Dissociation, high-temperature reactions

• Local-heating grain surface chemistry

• Whole-grain heating surface chemistry

• Cooling via CO evaporation



The models

• Kinetic rate-equation astrochemical simulations

• #1: starless cloud core; t = 1 Myr
nH = 2×104 cm-3; Tdust = 10 K

• #2: Collapsing prestellar core; t = 1+0.4 Myr
nH = 3×103 ... 107 cm-3; Tdust = 6 ... 35 K

(Kalvāns 2015, A&A 573)



Macroscopic effects of CR-induced
processes in interstellar ices



CR-induced
dissociation
• Dissociation rates

derived from
experiments

• Produces radicals in ices

• Subsequent reactions in
icy mantles affect ice
composition



CR induced dissociation: results
• Induces abundance changes within 10 % for abundant icy species (H2O, 

CO, CO2)

• Favors carbon chains (C8, C3N, etc.), with abundance increases by up to a 
factor of 100

Results of Model #2, (pre)stellar core



Local heating: chemistry in ‘ice fluid’

• A high-temperature fluid is formed in the icy
mantle along the CR track for ~10-10 s

(Mainitz et al. 2016)

• The dissociation products first appear in this
fluid

• No chemical signature found from modelled
reactions in the fluid with T = 300 K



Whole grain heating: surface diffusion

• CR-induced diffusion of surface
species at 70 K promotes
formation of complex organic
molecules

• Observable effect primarily at
low extinctions
(AV ≈ 3m)

• Reference: Reboussin et al.
2014, MNRAS 440



Whole-grain heating: exchange between
surface and bulk-ice
• Thermal diffusion enables diffusion of molecules between different layers of ice
• Effects:

– removal of H2 from the icy mantle less efficient hydrogenation; more oxidized molecules
– mixing of CO and H2O:NH3 ice layers promotes organic chemistry
– more carbon chains thanks to enhanced mobility of C atoms (CO photodissociation product)
– abundances of major species affected by no more than a few per cent

Results of Model #2, 
(pre)stellar core



Whole-grain heating: reactions in ice

• Facilitates overcoming of diffusion and reaction
barriers for molecules on the surface and in bulk ice

• Results similar to those for diffusion on warm grains
(carbon chains and complex organics promoted)



The complete model
• Combined CR-induced dissociation and chemistry induced by whole-grain heating
• Dissociation dominates but the produced radicals tend to combine into smaller molecules on the

warm grains
• This partially cancels the effects of dissociation



Conclusions
• Among the CR-induced surface processes, 

dissociation is probably the most important, 
behind desorption.

• Abundances of major icy species are affected by
no more than 5-10 %. This determines the
amount of atoms available for the synthesis of
minor species.



Problems, challenges, future
• This research has to be re-done with new CR spectra!

• More experimental cross-sections welcome for CR-
induced dissociation; especially, for complex species.

• Radiative grain cooling must be considered: surface
CO not available for grains in diffuse gas

• Grain heating by light CR elements to temperatures of
30-40 K occurs 100 times as often and is important!

Brown et al. 1984, NIMPB 2-3



• Whole-grain heating re-evaluated: 70 K is
not the most efficient heating regime!



Questions?

ESO/IDA/Danish 1.5 m/R. Gendler, J.-E. Ovaldsen, C. Thöne and C. Féron


