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Fig. 3.1. The pp-chains that convert hydrogen to helium.
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Figure 5.2 Representation of the pp chains represented by an arrow extending from

in the chart of the nuclides. Each arrow rep- *He to Be (middle and bottom panel). Each
resents a specific nuclear interaction con- of the pp chains ef‘fectively fuses four pro-
necting the initial with the final nucleus. tons to one *He nucleus. Stable nuclides are
For example, the reaction 3He(a,y)’Be is shown as shaded squares,
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Figure 5.7 (a) Fraction of *He nuclei pro-
duced by the pp1, pp2, and pp3 chains,
which are the main producers of *He at
temperatures of T < 18 MK, T = 18-25 MK,
and T > 25 MK, respectively. (b) Ratio of the
energy generation rate by all three pp chains
to that by the pp1 chain alone versus tem-
peréture. The ratio is unity for T < 10 MK,
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where the pp1 chain dominates. The maxi-
mum at T = 23 MK is caused by the domi-
nant operation of the pp2 chain. About 90%
of the Sun’s energy is produced by the pp1
chain. All curves shown are independent of
density and are calculated for a composition
of Xy = X, = 0.5 and a fully ionized gas.
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Figure 5.3 (a) Equilibrium abundance
ratio (D/H), versus stellar temperature.

(b) Time evolution of the abundance ratio
(D/H) for the conditions T =15 MK, p =
100 g/cm3, and X, = 0.5. The dashed and
solid lines are obtained for initial deuterium
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abundances of (D/H), = 0 and (D/H)y =
1073, respectively. In either case, the deu-
terium abundance reaches equilibrium in a
time negligible compared to the lifetime of
stars.



' e
PRODULUCTION
e

CARES NASS @(T:w
"y &

S ca b b P o
smgsnt IN ue.eec.-‘nF« :
q’ — PAcTeR . P’::,sﬂ

e e




Assome peT domiaant

%‘ -nfnd,(w --n'(ow

=Q QOc(tBﬂQk
>He cayd, A
K )‘t [ \&

T 16 20 30 4o
(Heirg), 184 214 339 q2-8
* ——— FSnédren

— WVTHES REHO ~—

G TIYE ™o
GQ. u‘%




105D"

\
-\
|\
\
~ -
I
D 1.0
)
E =
10—5—.
||l||1|l||||1||||||11111.1. A A |
0 10 20 30 40
T,

Fig. 5-4 The equilibrium concentration of He? during hydr9gen burning.
The curve is dashed for 7'; < 8 because the length of time required for He3 to
achieve equilibrium at such low temperatures is unreasonably long.
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Fig. 5-6 The time required for He3 to build up to 99 percent of its equilib-

rium abundance.

Because this time exceeds L billion years for 7'y < 8, it is

seldom reasonable to assume that He? has achieved equilibrium at such low

temperatures.
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Figure 5.4 (a) Equilibrium abundance ratio (3He/H), versus stellar temperature. (b) Time
required for 3He to reach 99% of its equilibrium abundance versus temperature. The curve is
calculated for the conditions p = 100 g/cm® and X =0.5.
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Fig. 3.2. The CNO-cycles that convert hydrogen to helium. H-burning
is mainly accomplished by cycle I, often called the CN-cycle. Stable nu-
clides are indicated by the thicker circles. Leakage from the CNO-cycles via
197 (p,v)?°Ne is represented by a dashed line.
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FIGURE 3. The pp chains (part a) and the CNO cycles (part b) shown schematically in the chart
of the nuclides. Each arrow represents a specific interaction, connecting an initial with a final nuclide.

Stable nuclides are shown as shaded squares. The proton and neutron numbers increase in the vertical and
horizontal directions, respectively.
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FIG. 1. The stellar energy production as a function of temperature
for the pp chain and CN cycle, showing the dominance of the
former at solar temperatures. Solar metallicity has been assumed.
The dot denotes conditions in the solar core: The Sun is powered
dominantly by the pp chain.
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Figure 5.9 Branching ratio By, s, =

Na(oV) p.a)/Nalov) ) Versus temperature
for the reactions (a) N + p, (b) 70 + p, (¢
80 + p, and (d) "F + p. The two solid lines
in each panel represent the upper and lower

0.01
Temperature (GK)

boundaries of By, p, . The area between the
solid lines indicates the uncertainty in By,
that is caused by unknown contributions to
the (p,y) and (p,a) reaction rates.
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TABLE 3.1
Lifetimes in the CN Cycle

log 35"
T 12¢ 13 14N 15N Ot/’)’
6 1441 1380 17.73 13.40 1050 *.
8 1150 10.88 1448 1014 1090 #
10 943 88l 1218 782 1100
50 301 330 6.06 163 1140
30 124 063 311 —137 1170
50 —1.65 -224 —006 —4.62 1200
70 -320 —388 —186 —6.50 1310
100 _4i84 —542 —354 831 1540 (fmm

Table Notes

a. Lifetime 7 is in years and pXyg ingcem™".

3

b. af/y=< oV >15N(p,a) / < ov >15N(p,7)

c. The positron emitters have mean lifetimes r(12N)

r(1*0)= 178 sor log 7 = -5.25 y.

— 870 s or log 7 = -4.56 y and
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TABLE 3.2
Equilibrium Abundance Ratios in the CN-Cycle
TG 14N/12C 120/1.30 14N/15N
6 2090 4.1 21,200
8 970 4.2 22,000 .
10 570 4.2 22,900
20 140 4.1 26,800
30 74 4.1 30,200
50 38 3.9 35,600
70 27 3.9 43,500

100 20 3.8 58,800
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TABLE 3.4 _
Equilibrium Abundances of the Oxygen Isotopes

Te 160/170 160/180 160/14N
6 5.1 4.6,4 1.0
8 4.1 8.6,4 0.48
10 3.5 5.6,4 0.28
20 48 1.84 0.068
30 220 2.6,5 0.033
50 920 4.4,5 0.016
70 470 3.4,6 0.0098
100 110~ 1.5,7 0.0057

A
I

= EX\QS“fAi/B,Q;J ‘év (tg “:ﬁu(«jmt {

A 1 2
L V&) A1 =
,\P)\ tfj y ACA N

N
v



Cao N-Cvemg H - BoeN NG
BoT Comes B Hor erD g
P, Mo

‘ W‘&@‘@ Cowverts C o ny

‘:HJ; C/MNLf— IN M%‘
Shas,



100} 100k .:

1071 1071[

1072 ;_ 1072

103 [ 10}

Ratio of equilibrium abundances

Fractional equilibrium abundances

- _ (13C/1*N), , (5N/2C). _ 10~% _ (5N, _
s NNy, 8 4] - T
E oo o1

(a) Temperature (GK) (b) ' Temperature (GK)

Figure 5.11 (a) Abundance ratios and (b) fractional abundances versus temperature. The
curves are calculated by assuming steady-state operation of a closed CNO1 cycle.
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Figure 5.13  Time evolution of abundances T = 25 MK and p =100 g/cm? are assumed
and nuclear energy generation rate for two  in both cases. All curves shown are obtained

different compositions: (a), (b) X] = 0.70, by solving the reaction network numeri-

XfHe =0.28, X102c =0.02, and (c), (d) Xﬂ = cally. The calculations are terminated when
- 0 _ - i

0.70, X‘?He’_ 0.28, Xuc _Xsﬁo =0.01. For the the hydrogen mass fraction falls below

temperature and density, constant values of Xy = 0.001.
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Figure 5.14 Abundance evolutions ver-
sus the amount of hydrogen consumed for
two different constant temperatures: (a)
I'=20 MK, and (b) T =55 MK. The density
(p =100 g/cm?) and the initial composition

(solar) is the same for both cases. All curves
shown are obtained by solving the reaction
network numerically. The calculations are ter-
minated when the hydrogen mass fraction
falls below X;; = 0.001.
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