log central temperature (K)

Once formed, the evolution of a star is governed by gravity:
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Nuclear Burning
Stages In Stars




Nuclear burning stages

(20 Mg, stars)

Fuel Main  Secondary T Time Main
Product ™% (10°K)  (yr)  Reaction
H He 14N 0.02 107 4 H (304He



Hydrogen-Burning: pp Chains

Hydrogen burning

. . . . IH+ 1H & 2H4 et + v
\ \« H+ 'H— 3He+~
\§+ ) e+'\{_/ /\
.\20 2D /. ’He + *He —*He +2'H - He + “He — "Be ++
| \ / @& (ppl) A (18.62)
3He 3He ey @
.\ /. x/ = "Be+e~ — Li+v "Be+ 'H— *B+4
U\)‘ / "Li+ 'H — *He + *He 8B - %Be+et +u
. P /ZD‘“. _____(;;2_)—"__ 8Be — “He + “He
Hes<" = L e e i AT R e
O.; (pp3)
He

. Energy release:

7Bo Q(pp1) = 26.20MeV

) y Q(pp2) = 25.67MeV

sBe N Reaction rate: (ov) < T*



Hydrogen Burning: CNO Bi-Cycle

2C+'H— PN+y
BN - BCtet+y
130 4 1H — 4N 4 4
SN+1H - PO+4
Bo 5 BN+et+v
15N + 1H — 12C +He

10 + 'TH » VF+4
g, "O4+et+v

70 + 1H — N +%He

-
l
|
|
|
|
|
|
|
|
1
I
]
]
]
TN NS T

Energy release:
Q(CNQO) = 24.97MeV

Reaction rate: (ov) o T1°

Branching:
CNO-1 : CNO-2 ~ 10,000 :



Hydrogen Burning: CNO Bi-Cycle

Usually the beta-decays are fast compared to the capture
reactions, (p,v).

101 71/ = 70 sec

0! 710 = 122 sec

SN: 74 0 = 10 min

VF: 7y ,0 = 64 sec

180: 79/ = 110min

“N(p,~) 0 usually is the slowest “bottleneck” reaction.
CNO cycle burning converts most CNO isotopes into *N.



Competition of Hydrogen-Burning Modes

Transition from pp-chains
In low-mass stars (low T)
to CNO chains

In high-mass stars (high 7T)




Hydrogen Burning by CNO Cycle

“normal” CNO cycle “hot” CNO cycle

temperature-sensitive temperature-insensitive
T < 8x107K T>8x107K T
8x 107K
time for an eddy to burn its 11h (0 .02 )( X, )

hydrogen content by hot CNO cycle T =



Nuclear burning stages

(20 Mg, stars)

Fuel Main Secondary T Time Main
Product ' °“"  (10°K)  (yr)  Reaction
H He 14N 0.02 10 R
H O, C 180, 22N e 0.2 106 3 He? > 12C
© / S-process 12C(a,y)'eO



Helium Burning

O=0

Step 1:

! “*He + “He = °Be

() — r-26x10%se0> s BUIIL Up equilibrium abundance of 8Be
Lifetime of ®Be is only 2.6 x 10 1°s!

O et Step 2:
, ’Be + *He — °C 4+~

Q30 = 7.275 MeV

Y <ov>ox p*TH

— 8
T=10°%K —3  n(®Be) : n(*He) = 1: 10°
p=105gcm3



Helium Burning Level Scheme

[92]

E’:S?g kev

0-1-

3030

2+

[~

[7367] anasmam ..""é'.f .

4He

o

8Be

9641 o
7654 o+
1]
|
1

| F'r
4439 | "
]
1
|
:Fpair
|
|
[7162] ¥ o+
120

9585 N
8872 =
7117 S
6917 =
6130 el
6049 o

G+

160



Additional Helium Burning Reactions

Oxygen Production
“*He + 12C — 190 4+~

QR = 7.162 MeV

(ov) o pTH

The final abundance of carbon is set by the competition of 3a and
12C(ar, 4) 0 reactions;

The production of °0O can only start when a sufficient amount of
12C has been made.



Competition of Helium Burning Reactions
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—a Rate Multiplier

Triple

—oa Rate Multiplier

Triple

—a Rate Multiplier

Triple

1.0 1.5
C(a,y)"0 Rate Multiplier

1.0 1.5
"Cla,y)"°0 Rate Multiplier

1.0 1.5
"C(a,7)"°0 Rate Multiplier

'2C Production
as a function of
?C(a,y) and 3a
reaction rates

Carbon mass fraction
at the end of helium
burning depends the
reaction rates and the
mass of the star

~2000 stellar models

(West+ 2013)



Nuclear burning stages

(20 Mg, stars)

Fuel Main  Secondary T Time Main
Product ' °“"  (10°K)  (yr)  Reaction

H He 14N 0.02 107 4 H 304He
He A/O, C 180, 22Ne 0.2 106 3 He? > 12C

/ S-process 12C(a,y)'eO

C Ne, Na 0.8 103 2C + 12C
Mg



Carbon and Oxygen Burning

Carbon Burning

Carbon burning

2+ 2C o P*Mg+y ., 13931

- — BMg+n , —2.605

~ — BNa +p , 2238

— 2Ne +a , 4616

@ — %0 +2a, -0.114
Average = 13 MeV

Oxygen burning - Oxygen Burning

%0+ 1%0 » 328 +~4 | 16.541

] T ~ 3P 4p 7677

)= @ 5318 4, 1453

\ S BSi +a . 9.593

~ /
® /69 g S MMg+2a, —0.393
O Average = 16 MeV




Neutrino losses from
electron/positron pair annihilation

* |mportant for carbon burning e This is an important energy loss with
and beyond €,~-10" (T/10%K)° erg g' s™
* For carbon burning and beyond,
 For T>102K (about 100 keV), each burning stage gives about the
occasionally: same energy per nucleon, thus the
. i lifetime goes down as T
y— e +e
and usually
e"+e — 2y
but sometimes
et+e — Vv, +v, The sun as
. seen by
Kamiokande

The neutrinos exit the stars at the
speed of light while the e™ e,
and the Y’s all stay trapped.




