
LINEAR CARBON CHAIN REACTION FLOWS AND THE GROWTH OF SUPERNOVA CARBON 
DUST.  B. S. Meyer and D. D. Clayton, Department of Physics and Astronomy, Clemson University, Clemson, SC 
29634-0978, USA (mbradle@clemson.edu, claydonald@gmail.com). 

Introduction:  Recent astronomical observations 
indicate that most carbon ejected in supernova 1987A 
condensed into dust [1,2].  This is a puzzle since most 
carbon is ejected in layers more abundant in oxygen 
than carbon.  Equilibrium considerations would then 
imply that the carbon should almost entirely condense 
into carbon monoxide (CO). 

Over the last several years, we have developed a 
model for the condensation of carbonaceous dust in the 
oxygen-rich inner layers of core-collapse supernova 
ejecta [3-8].  In the model, 56Co produced in the super-
nova explosion is present in the grain-growth regions.  
The fast electrons that result from Compton upscatter-
ing of the gamma rays emitted by 56Co decay break up 
carbon monoxide (CO).  This permits free C to be 
present, even in environments in which the abundance 
of O is greater than that of C.  Free carbon atoms can 
interact with each other to form n-carbon chains, de-
noted Cn.  Interactions with photons and free oxygen 
atoms break up the carbon chains until, in the model, 
the C8 chain isomerizes to become a ring.  The ring is 
stable against further oxidation and thus serves as a 
seed for grain growth. 

In this paper, we present some details of the reac-
tion flows among linear carbon chains during superno-
va grain build up in our model and consider the role of 
fission reactions on those chains. 

Calculations:  We consider expanding supernova 
material with  a temperature T = 6000 K and a mass 
density ρ = 10-11 g/cc at a time 5.5 x 106 seconds after 
the explosion.  We take T to decline with time t as τ/t, 
with τ = 5.5 x 106 seconds, which is appropriate for 
homologous expansion of radiation-dominated super-
nova ejecta, and take a temperature-density relation-
ship appropriate for such matter. 

To follow the evolution of chemical species, we use 
the chemical network we have previously described 
[7,8], including the growth of large dust grains.  Fig. 1 
shows the final grain-size distribution for oxygen-to-
carbon ratios O/C of 3, 3.7, and 5.  Interestingly, the O/
C=3.7 distribution is bimodal, with roughly half the 
grains large in size (~1015-16 atoms) and half smaller  in 
size (~105-10 atoms).  The reason for this distribution is 
that, for O/C=3.7, there are two epochs of grain forma-
tion.  Fig. 2 shows the fraction of total final grains 
formed as a function of time.  For O/C = 3, all the 
grains form early (at ~2 x 107 s), while for O/C = 5, the 

grains form later (at ~108 s).  For O/C = 3.7, grains 
form early, but this grain formation shuts off until a 
second epoch occurs at ~2 x 108 s. 

#  

Fig. 1:  The final grain-size distribution for the in-
dicated oxygen-to-carbon ratios.

#  
Fig. 2:  The fraction of total grains condensed as a 

function of time in the calculation for the indicated 
oxygen-to-carbon ratios. 

The reaction flows on the linear carbon chain C5 
are shown in Fig. 3 for the O/C = 3.7 calculation.  
Once photo disintegration reactions cease to become 
important early, the production of C5 via carbon cap-
ture from C4 is nearly balanced by the oxidation reac-
tion C5 + O -> C4 + CO.  Grain growth here results 
from the small net flow via carbon capture to larger 
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carbon chains in the face of the strong oxidation reac-
tions.  Later, as the temperature drops, the oxidation 
reaction rate falls due to the activation energy required 
for emitting the reaction products.  Production of C5 by 
carbon capture from C4 is then nearly balanced by car-
bon C5 carbon capture.  Grain growth here results pri-
marily from the nearly unidirectional flow of carbon 
capture reactions.  For O/C = 3, the oxidation reactions 
are slow enough that a few grain seeds form and grow 
to large size.  For O/C = 5, the oxidation reactions are 
too fast.  Grain growth is hindered until the oxidation 
reaction rates fall.  The delay in seed growth means 
fewer carbon captures on the grains that form and 
small grain size.  For O/C = 3.7, there is early grain 
growth; however, once some grains form and begin 
consuming carbon, the free carbon abundance drops 
and prevents further seed formation.  This situation 
lasts until the oxidation reactions drop in importance 
and a new epoch of grain formation occurs, thereby 
giving rise to the bimodal grain-size distribution. 

#  
Fig. 3:  Reaction flows (reactions per atom per sec-

ond) for reactions involving the linear carbon chain C5. 

Fission Reactions:  The above calculations did not 
include fission reactions such as C4 + C -> C2 + C3.  

Such reactions can occur up to three orders of magni-
tude faster than radiative reactions, so they can hinder 
the build up of grain seeds.  We explored the role of 
such reactions by repeating our O/C = 3, 3.7, and 5 
calculations with the C4 + C -> C2 + C3 reaction in-
cluded with a rate coefficient k = 1010 cm3 s-1. 

Fig. 4 shows the grain-size distribution for the O/
C=5 calculation with and without the C4 + C -> C2 + 
C3  reaction. With the fission reaction, the grain-size 
distribution is shifted slightly to smaller size.  The me-
dian grain size in the absence of the fission reaction is 
7.3 x 1010 atoms while it is 2.4 x 1010 atoms when the 
fission reaction is included.  The fission reaction de-
lays the formation of grains and thereby leads to typi-

cally smaller grains.  On the other hand, the mean 
grain size is 1.94 x 1012 without fission and 3.36 x 1012 
when fission is included.  This arises from the fact that 
both grain-size distributions include a small number of 
large (~1016 atoms).  The size of the largest grains in 
the case with the fission reactions included is greater 
than in the case without fission. The fission reaction 
maintains a higher free carbon abundance high so that 
the few grains that form can capture more carbon and 
thus become larger than without fission included. 

#  
Fig. 4:  Grain-size distribution for the O/C=5 calcu-

lation with (Fission) and without (No fission) the C4 + 
C -> C2 + C3 reaction included. 

For the O/C = 3 and O/C = 3.7 calculations, fission 
has a slightly different effect.  Here, both the median 
and mean grain sizes are slightly larger when the fis-
sion reaction is included.  Since the fission reaction 
helps impede seed formation during the oxidation 
epoch, it leads to a smaller number of grains forming.  
Those grains form early enough to consume nearly all 
the carbon, however, which results in fewer, but larger 
grains when fission is included.  Further study of fis-
sion-type reactions will be important for understanding 
supernova carbonaceous grain growth and the envi-
ronment in which supernova presolar grains form (e.g., 
[9]). 
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