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Abstract 

We have developed a algorithm that uses a macroscopic Monte Carlo model approach to calculate gas-phase chemistry and chemistry 
occurring on the surface and in the mantle of interstellar grains with diffusion occuring in the mantle taken into account. The algorithm is 
based on Gillespies stochastic simulation algorithm and A.I. Vasyunins MONACO algorithm for interstellar dust. This code allows for 
many reactions to be simulated compared to microscopic methods that only allow for small reaction systems to be used. 
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1 Introduction 

The interstellar medium is literally the material which fill 
the space between the stars. It mainly consists of rarified gas 
which is about 99% of the whole medium and the other 1% 
is interstellar dust. Interstellar dust consists mainly of 
silicates, carbon, ice, and iron compounds and originates 
from the death of stars. The surface of interstellar dust 
allows molecules to meet and reactions to occur between 
them. In a similar way the mantle of interstellar dust is 
important because it allows complex molecules to form in 
the interstellar medium. Cosmic ray proton rays and photon 
rays split the molecules coming from the dust surface in the 
mantle into smaller molecules or atoms allowing reactions 
to occur that make complex molecules. 

2 Chemical and computational methods 

The chemical model is composed of three parts. The gas 
phase, the surface phase and the mantle phase. Gas 
molecules attach to the surface of the dust by accretion and 
desorption, because of weak Van Der Waals forces the 
molecules on the surface can also hop the surface and find 
partners for reactions. These surface molecules are 
transferred to the mantle (using the modified MONACO 
algorithm [1]) where they are bombarded with cosmic ray 
protons and photon rays allowing them to decompose into 
smaller molecules to enable the formation of complex 
molecules in the mantle. The sketch of the model is shown 
in Figure. 1 

The model is macroscopic, so we don’t simulate each 
molecule individually with x,y,z coordinates, but we know 
the amount of a particular molecule in the gas or the surface 
or the mantle. We assign molecules in the surface the prefix 
“g” and the molecules in the mantle the prefix “m” and write 
reactions as we would in the gas, and use Gillespie’s 
algorithm [2,3] to simulate reactions. 

The sketch of the computation model is shown in Figure 2. 

 
FIGURE 1 Physical model of interstellar dust 

 
FIGURE 2 Computational model of interstellar dust 

3 Mantle model description 

In our modified model we introduce ficticious reactions in 
the mantle to simulate diffusion, for example: 

𝑚𝑚𝑚𝑚 + 𝑚𝑚𝑚𝑚 → 𝑚𝑚𝑚𝑚𝑚𝑚. 

The representation of this model can be seen in FIG. 3. 
The red molecule switches places with its neighbour and 
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then initiates a reaction with the blue molecule. This model 
has been used before in [4], but it was for a deterministic 
model and it hasn’t been used in a stochastic context before. 
The rate constant for swapping of mantle molecules of 
species 𝑖𝑖 is  

𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖 = 𝑣𝑣0𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖
𝑇𝑇𝑑𝑑

�, 

where 𝜈𝜈0𝑖𝑖  is the characteristic vibrational frequency of an 
harmonic oscillator for species 𝑖𝑖, 𝑇𝑇𝑑𝑑 is the dust temperature, 
and 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖  is an energy barrier associated with the 
swapping of species i with an water molecule that is next to 
a species 𝑖𝑖 molecule. The ratio of 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠:𝐸𝐸𝑑𝑑𝑑𝑑𝑠𝑠 is assumed to 
be two times that of 𝐸𝐸𝑑𝑑𝑖𝑖𝑑𝑑:𝐸𝐸𝑑𝑑𝑑𝑑𝑠𝑠  where 𝐸𝐸𝑑𝑑𝑖𝑖𝑑𝑑  is surface 
diffusion energy, and 𝐸𝐸𝑑𝑑𝑑𝑑𝑠𝑠 is desorption energy of a species. 
The rate of reaction between two mantle species is then 

𝑅𝑅𝑖𝑖𝑖𝑖 = 𝑁𝑁𝑖𝑖𝑁𝑁𝑖𝑖�𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖� /𝑁𝑁𝑀𝑀, 

where 𝑁𝑁𝑖𝑖  is the number of species 𝑖𝑖  molecules in the ice 
mantle, and 𝑁𝑁𝑀𝑀  is the total amount of molecules of all 
species in the ice mantle. 

 
FIGURE 3 Representation of multilayer structure of the icy mantle of 

interstellar grain in the MONACO model 

 
FIGURE 4 Molecule concentrations in the mantle (bulk) using the 

modified algorithm and the original algorithm. The lines are data from the 
original MONACOmodel and the points are for the modified model 

4 Results and Conclusions 

Simulation results on the model with implemented diffusion 
is shown on Fig. 4 and Fig.5. 

Diffusion essentially changes the concentrations of 
radicals stored in the bulk phase. 

 
FIGURE 5 Molecule concentrations on the surface using the modified 

algorithm and the original algorithm. The lines are data from the original 
MONACO model and the points are for the modified model 
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