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Introduction:  Three low-density supernova 
graphite grains show spatially well correlated hot spots 
of excesses of 15N and 18O in nanoSIMS ion imaging 
[1].  These hot spots likely arise from TiC subgrains.  
The correlation of 15N and 18O signal contribution of 
material from the inner part of the helium-rich zone in 
the exploding massive star where 15N is produced and 
18O is abundant from pre-supernova helium burning.  
We seek to understand the yields of 15N  and its sensi-
tivity to explosion energies and reaction rates to help 
constrain scenarios for supernova graphite grain for-
mation.  To do so, we have developed a simple but 
realistic model for explosions of massive stars and 
used it to generate trajectories appropriate for our nu-
clear reaction network.  We present our model and 
some results here.

Simple Massive-Star Explosion Model:  We have 
built a simple model of exploding massive stars as a 
subproject of NucNet Tools,  our open-source tool for 
nuclear reaction networks [2].  Full one-dimensional 
models of the explosions of massive stars show that the 
shocked material in an exploding star is well-
approximated as an isothermal,  radiation-dominated 
ball [3].   This means that the energy density U of mat-
ter behind the shock is given by the expression U=aT4, 
where a is the radiation constant (7.5657 x 10-15 ergs/
cm3/K4) and T is the temperature.  If the shock has 
moved out to radius R, the energy of the shock is E 
=4!R3U/3=4!R3aT4/3.  If we assume the shock energy 
is conserved, we may thus find that the temperature of 
the isothermal ball is proportional to the shock radius 
to the 3/4 power.

We find the time dependence of the temperature by 
considering the post-shock temperature as computed 
above.  We relate this to the pre-shock temperature and 
then use the Rankine-Hugoniot relations to determine 
the shock speed and the density and velocity of the 
post-shock material.   From the assumption of the iso-
thermal post-shock ball, we then can derive the time, 
temperature, and density relation for any zone in the 
star.

Fig. 1 shows the temperature in billions of Kelvins 
(T9 = T/109 K) as a function of time in the explosion of 
an initially 15 solar mass presupernova model from 
[4].  The explosion energy was 5.0 x 1050 ergs.  The 
zone is number 601, a zone in the inner part of the 

helium-rich shell of the presupernova star.  Before ~6 
seconds, the shock has not reached zone 601, so the 
zone is at its presupernova temperature.  Once the 
shock hits the zone, the temperature jumps by a factor 
of ~3 before falling as the material expands and cools.  
Note that we do not extrapolate once the shock hits the 
surface of the star (at ~1.5 x 105 seconds in this 
model), which is why the temperature is constant at the  
low value beyond this time.

Fig. 1:  Temperature in billions of Kelvins versus 
time in our simple core-collapse supernova model for 
zone 601 (a zone at the inner edge of the helium shell) 
for an explosion energy of 5.0 x 1050 ergs.
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Fig. 2:  Nitrogen-15 mass fraction as a function of 
interior mass coordinate for a variety of supernova 
explosion energies as computed in our simple massive-
star explosion model.   Also shown are the presuper-
nova mass fraction (labeled presn) and the value from 

3006.pdf44th Lunar and Planetary Science Conference (2013)

mailto:mbradle@clemson.edu
mailto:mbradle@clemson.edu
mailto:mbojazi@clemson.edu
mailto:mbojazi@clemson.edu


[4] (labeled c post).  The inner edge of the helium-rich 
zone in the star corresponds to the interior mass coor-
dinate ~3.05 solar masses.

Nuclear Network:  To compute the nucleosynthe-
sis in our simple core-collapse model, we use NucNet 
Tools codes [2].  For reaction rates, we use the JINA 
reaclib database [5].   We computed the time, tempera-
ture,  and density trajectories as described above and 
applied the nuclear network.  Fig. 2 shows the 15N 
mass fraction as a function of interior mass coordinate 
in our model for a variety of explosion energies.  It is 
interesting to note that, in our model, increasing the 
explosion energy shifts the peak in the 15N mass frac-
tion outwards in radius in the star.   It is also interesting 
to note that for all of our cases the 15N value fails by a 
factor of ~3 to attain the peak value computed by [4].

Reaction Flows:  Fig. 3 shows the reaction flows 
in the nuclide chart for a point in the calculation with 
an explosion energy of 5.0 x 1050 ergs.  Production of 
15N is from abundant 14N via the reaction 14N(!,")18F 
followed by 18F(n,!)15N or by 18F(n,p)18O followed by 
18O(p,!)15N.  Destruction of 15N is by the reactions 
15N(!,")19F and 15N(p,!)12C.  The 15N abundance first 
builds up, but, as the source 14N is depleted,  destruc-
tion flows dominate and the 15N abundance declines.  
For stronger supernova energies, a given zone reaches 
a higher peak temperature.   In the helium-rich zones, 
this leads to earlier 15N production but then subse-
quently greater 15N destruction.  The 15N abundance 
peak is thus shifted outward in radius to zones that 
have a lower peak post-shock temperature.

time(s) = 6.44 T9 = 0.6039 !(g/cc) = 3251 flowmax = 0.0001014
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Fig. 3. Reaction flows for zone 601 at a particular 
point in the E = 5.0 x 1050 ergs calculation.  The thick-
ness of the arrow gives the strength of the flow.

We can approximately reproduce the 15N abun-
dance in [4] if we reduce the destruction rates of 15N 
by a factor of 10-100.  Rauscher et al. [4] used the 

15N(!,")19F rate from [5] which is ~10x smaller than 
the rate we use (the JINA recommended rate) in the 
temperature range of interest.  This may be the reason 
for the discrepancy.  From this experiment,  we caution 
those seeking to match grain data with stellar models 
yields that 15N yields in supernova model calculations 
may have factor of ~3 uncertainties, at least in the he-
lium zone.  Our simple massive star model is useful for 
studying similar sensitivities for other zones and iso-
topes.

Grain Formation:  Fig. 4 shows the shock speed 
in our model with explosion energy of 5.0 x 1051 ergs.  
The shock slows down as it passes through the convec-
tive helium shell (3.05 to 3.8 solar masses) and then 
speeds up dramatically upon passing through the 
helium-hydrogen interface before slowing down again 
in the hydrogen envelope.  Because the helium shell 
material slows down with increasing mass coordinate, 
the shell compresses and forms a “helium wall” after 
shock passage [6].  The inner edge of this wall will be 
rich in  15N and 18O. We propose that inner core mate-
rial (which is rich in titanium) travels outward as bul-
lets and implants in this wall within a few hours of the 
explosion.  Subsequently, slower mixing between core 
material and the helium-shell matter allows TiC grains 
to form with the 15N and 18O enrichments and serve as 
seeds for growth of the low-density graphite grains.

Fig. 4. Shock speed as a function of interior mass co-
ordinate in our model with supernova explosion energy 
of 5.0 x 1051 ergs.  
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