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EN ER GY  P R ODU C T ION  IN  T H E U N IV ER S E:  
S TELLAR  N UCLEAR  R EACTION S

  

 
 The s tellar  ener gy pr oduction is  one the mos t 
impor tant is s ues  in the pr es ent as tr ophys ics .  
To under s tand the var ious  celes tial phenomena,  
the phas es  of the s tellar  evolution,  the chemical 
c ontent in the inter s tellar  medium and in the 
planetar y s ys tems  and,  finally,  the appear ance of 
life on Ea r th is  nec es s a r y to ha ve a  deep 
knowledge on the phys ics  of the s tellar  ener gy 
pr oduction.

 A s tar  bear s  fr om the gas  contr action of an 
inter s tellar  c loud,  when the gr avitational ener gy 
wins  the ther mal par tic le ener gy.  
This  contr action is  in action until the equilibr ium 
condition is  r eached:  as  demons tr ated by Vir ial 
theor em:

  In par ticular ,  to s uppor t the s tar ’s  s pher ical s ym-
metr y is  neces s ar y that pr es s ur e r adial for ces ,  
which favour  expans ion,  and gr avitational r adial 
for ces ,  which favour  contr action,  ar e equal:  

 

This  equilibr ium is  one of the major  char acter is tics  
dur ing s tellar  evolution and it will be finally br oken 
only dur ing the pos s ible s uper nova explos ive phas e.

 M or eover ,  the Vir ial theor em indicates  als o the 
r elation between gr avitational ener gy and ther mal 
ener gy:  an incr eas e of the gr avity caus es  a gr owth 
of the gas  temper atur e and then of the pr es s ur e:

   
 
 In other  wor ds ,  half of the gr avitational ener gy 
emitted dur ing the contr action mus t incr eas e the 
ther mal content of the pr otos tellar  s tr uctur e.  

 In the inter s tellar  gas  c loud the temper atur e 
pr ogr es s ively r is es ,  favour ing the nuclei ionization,  
until the nuclear  r eactions  become effic ient.  
Then the ener gy pr oduction s tar ts ,  with the ener gy 
being tr ans fer r ed thr ough tr ans por t mechanis ms  
(conduction and convection) in the outer  s tellar  
r egion:  a s tar  is  bor n.  The dir ect obs er vable quantity 
of a s tar  is  the luminos ity,  dir ectly connected with 
the ener gy pr oduction r ate ε:
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S CIEN CE DES CR IB ED  ENERGY PRODUCTION IN THE UNIVERSE: STELLAR NUCLEAR REACTIONS



  
  
  The fir s t active nuclear  r eactions  ar e thos e that 
tr ans for m hydr ogen in helium,  following two diffe-
r ent types  of bur nings :  the pr oton-pr oton chain P P ,  
and the car bon cycle CN O.
In the pr oton-pr oton chain the fir s t inter action bet-
ween two pr otons  develops  a deuter ium nucleus ,  
r eleas ing als o a pos itr on (that inter acts  with an 
electr on,  for ming a gamma r ay) and a neutr ino.  
The inter action of the deuter ium with a thir d pr o-
ton pr oduces  a helium He3  nucleus :

  
After  this  inter ac tion,  the P P  c hain c an follow 
thr ee differ ent ways .  In the fir s t,  called P P I,  the 
pr oces s  pr oceed thr ough the inter action with ano-
ther  nucleus  of helium He3 ,  for med in an analo-
gous  r eaction,  pr oducing a helium He4  nucleus  and 
two pr otons :

  
  B ut the He3  nucleus  can inter act with an He4  nu-
cleus  (α par tic le) for ming a ber yllium B e7  nucleus ,

  In the s econd chain,  P P II,  the ber yllium nucleus  
captur es  an electr on pr oducing lithium and a neu-
tr ino;  the lithium inter acting with a pr oton finally 
for ms  two helium nuclei:

  In the thir d chain,  P P III,  the ber yllium inter acts  
with a pr oton for ming bor on B 8 ,  an ins table nucleus  

that decays  in ber yllium B e8 ,  a  pos itr on and a neu-
tr ino.  The ber yllium,  als o ins table,  decays  in two α 
par tic les :

  The pr obability that is  active a chain ins tead of 
another  is  r elated to the temper atur e in the s tellar  
nucleus .  
For  temper a tur es  between 1  a nd 1 4  million 
degr ees  the P P I chain dominates ,  between 1 4  and 
2 3  million s tar ts  to pr evail the P P II,  wher eas  for  
temper atur es  gr eater  then 2 3  million is  active als o 
the P P III.  In the S un,  for  example,  the centr al 
temper atur e is  1 6  million degr ee,  s o the active 
chains  ar e mainly the P P I,  and P P II.
Ever y inter action r eleas es  a fixed quantity of ener gy:  
the P P I chain ener gy r eleas e is  2 6 , 2  M ev (4 , 2 · 1 0 -5  

er g),  the P P II emits  2 5 , 6 7  M ev (4 , 1 · 1 0 -5  er g) and 
the P P III pr oduces  1 9 , 2 7  M ev (3 , 1 · 1 0 -5  er g).
After  the pr oton-pr oton chain,  we cons ider  the 
s econd bur ning hydr ogen typology:  the s o called 
car bon cycle CN O.  In this  cycle we have als o two 
differ ent types  of bur nings .  
In the fir s t,  called pr incipal,  a  car bon nucleus  C 1 3  
inter acts  with a pr oton for ming a nitr ogen N 1 3  
nucleus  and a gamma r ay.  N itr ogen decays  in 
car bon C 1 3 ,  r eleas ing a pos itr on and a neutr ino.  
The C 1 3  captur es  another  pr oton for ming nitr ogen 
N 1 4 ,  and a gamma r ay.  
The nitr ogen nuc leus  inter ac ting with a  pr oton 
pr oduces  oxygen O1 5 ,  which decays  in nitr ogen N 1 5  
emitting a pos itr on and a neutr ino.  
Finally,  the N 1 5  nucleus  captur es  a four th pr oton to 
cr eate car bon C 1 2  and helium He4 :
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  W ith ver y low pr obability (4  times  on 1 0 4 ),  nitr o-
gen N 1 5 ,  captur ing a pr oton,  can alter natively pr o-
duce oxygen O1 6  ins tead of car bon and helium.  The 
oxygen can inter act with a pr oton obtaining fluor i-
ne F1 7 ,  and a gamma r ay.  The fluor ine decays  in 
oxygen O1 7  emitting a pos itr on and a neutr ino.  
Finally,  the oxygen inter acts  with a pr oton pr odu-
cing an α par tic le and nitr ogen N 1 4 .

  

The ener gy pr oduct in both cycles  is  about 2 5  M ev 
(4 , 0 · 1 0 -5  er g).
W hen the hydr ogen is  fully conver ted in helium in 
the s tellar  nuclei,  the centr al r egions  begin to con-
tr act,  r is ing the temper atur e and pr es s ur e of the 
gas ,  until is  activated the bur ning of a s econd com-
bus tible:  the helium.  The nuclear  pr oces s  of helium 
is  called 3 α-bur ning,  in which the nuclei of helium ar e 
tr ans for med fir s t in ber yllium and then in car bon:

 The r eaction that pr oduces  ber yllium is  endother-
mic  (it not pr oduces  ener gy,  but it needs  about 
0 , 1  M ev) and mor eover  the ber yllium nucleus  is  in-
s table and decays  quickly in two α par tic les :  the 
pr obability to have this  r eactions  is  ver y low.  The 
ener gy pr oduced by the entir e r eactions  is  7 , 3  
M ev (1 , 1 7 · 1 0 -5  er g).
At the temper atur e of the 3 α bur ning ar e pos s ible 
other  par tic le captur es  that for m oxygen and,  with 
ver y low pr obability,  neon and magnes ium nuclei:

   

  At the end of the helium burning the mixture of ele-
ments  in the s tellar  nuclei is  compos ed es s entially by 
carbon and oxygen,  with traces  of neon.
Although it is  not relevant,  we need to cons ider  
other  reactions  bas ed on α particle capture by nitro-
gen N 1 4  (product by CN O hydrogen burning):

  W hen the entire helium in the central region of the 
s tar  is  converted,  the minor  production of energy 
does  not s upport the equilibr ium of the internal s tel-
lar  s tructure and s o the nucleus  s tarts  to contract.  
W hen is  reached a central temperature of 7 · 1 0 8  K ,  
the carbon burning is  activated,  producing neon,  s o-
dium and,  at low probability,  magnes ium and oxygen:

  In addition new α particles ,  protons  and neutrons  are 
emitted.  S ince the temperatures  are greater  then the 
typical for  hydrogen and helium burning,  this  proton 
and this  α particles  immediately react with other  nuclei:

 The total ener gy pr oduced fr om car bon bur ning 
r eactions  is  about 7 , 1 6  M ev.  
At higher  temperature (2 · 1 0 9  K ),  the reaction bet-
ween two oxygen nuclei is  activated,  forming s ilicon,  
phos phor ,  s ulphur  and magnes ium:
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 Thes e elements  ar e then involved in a s er ies  of 
r eactions  that for m new elements  up to titanium 
Ti4 6  nuclei.  
The ener gy pr oduced fr om oxygen bur ning is  about 
7  M ev.
At temper atur e of 1 0 9  K  the photodis integr ation 
proces s  (the dis integration of the nuclei by thermal 
photon) s tarts  to dominate.  
One of the nuclei mos tly involved is  neon Ne2 0  nucleus ,  
that is  broken into oxygen and helium,  and produces  
an energy of 5 , 6 3  M ev:

  This  particles  are immediately captured in reactions  
that form elements  up to iron Fe5 6  nuclei.  
At this  point the reactions  s top,  becaus e with the iron 
nuclei is  reached the maximal nucleon binding energy.  
One of the pos s ible reactions  to produce iron s tarts  
from oxygen O1 6 ,  that produces  s ilicon S i2 8  and finally 
is  formed an ins table nickel Ni5 6  nucleus  that decays  
immediately in Fe5 6 :

  An important is s ue is  that in the nickel decays  there 
is  a s trong energy emis s ion by neutrinos .
Als o the iron formed is  affected by the photodis inte-
gration,  thus  it is  finally broken into helium nuclei and 
neutrons :

 

  This  dis integr ation caus es  the collaps e of the 
entir e s tr uctur e,  up to the explos ion of the s tar :  
we have a s uper nova,  one of the mos t inter es ting 
and ener getic  events  in the univer s e.  
In the entir e explos ion phas e,  the ener gy r eleas e is  
equal to the total ener gy emitted by all the s tar s  in 
a typical galaxy (1 0 4 8  er g):  but this  is  another  
ar gument.
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