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Observational and laboratory 

studies of ices:
Pontoppidan et al. 2008

Gibb et al. 2000

Ӧberg et al. 2005-2010



Motivation:

Complex structure of ice mantles (H2O:CO:CO2) and 
its variation with physical conditions revealed with 
observations (e.g., van Dishoeck 2004, Bergin et al. 
2005, Pontoppidan et al. 2008)

Laboratory studies of ices (Ӧberg et al. 2005-2010, 
Fayolle et al. 2011): zero-order desorption, ice 
segregation, entrapment of volatiles in H2O ice –
processes not included in rate-equations models



Our model vs. previous models:
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 Tielens & Hagen (1982)

 Hasegawa & Herbst (1993)

 Charnley (1997, 2001), - also a poster here

 Viti et al. (2004)

 Collins et al. (2004)

 Cuppen et al. (2005 - 2010)

 Vasyunin et al. (2009)

Previous work:



The aim of the current study:

 To simulate the coupled gas-grain chemistry, 
taking into account the multi-layered structure 
of a grain mantle as well as recent lab results 
on ice properties

 To assess the impact of the new approach on 
the results of astrochemical modeling



 Exact Monte Carlo treatment of both 
surface and gas-phase reactions, based on 
the KIDA database (Administrator: V. Wakelam, 

the latest published version: Semenov et al. 2010)

 Time-dependent layer-by-layer tracking of 
the structure of the ice mantle

The MONACO code:
(Vasyunin et al. 2008, Vasyunin et al. 2011 in prep.)



The MONACO code: details of the model

Reactive surface vs. inert bulk

Zeroth-order desorption of species

Entrapment of volatiles in water ice
+



Warm-up chemistry with multiphase model

 Early warm-up from 10K to 20K
(3·105 years), then plateau for 106 years,
nH = 104 cm–3.

 Late warm-up: constant temperature 10K over 
106 years, then quick (2·105 years) heat-up to 
200K, nH = 104 cm–3.



Early warm-up: 

two-phase vs. multiphase model:

Multiphase modelStandard two-phase model
Good agreement with obs. data 
in e.g. Zasowski et al. 2009



Early warm-up: multiphase model

Individual monolayers The bulk



Ice composition: importance of heating history

Early warm-up Late warm-up



Gas-phase abundances: CO and H2O
CO desorbs from the 
surface of mantle

CO and H2O co-desorb 
from the bulk

Late warm-up



Desorption of volatiles at late warm-up:

Fayolle et al. 2011

CO desorbs 
from surface 
at ~20K

CO2 desorbs 
from surface 
at ~40K

CO and CO2 co-desorb
with H2O from a bulk at 
~100K



Conclusions:

 A multiphase Monte Carlo code MONACO is developed, 
which allows to simulate full-scale chemistry in the ISM 
with account for “multilayer” structure of a grain mantle 
and several recent experimental findings

 Layer-by-layer modeling of an ice mantle growth allows to 
reproduce observed abundances of its major constituents

 Warm-up history is of crucial importance for the final 
composition of ice

 Entrapment of volatiles in water ice may affect 
abundances of gas-phase species in warm environments



Thank you for your attention!


