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Astronomical Evidence I 

Nucleosynthesis in Sts 

The chemical composition of peculiar stars prov 
clues to the nuclear processes in stellar interi 

George Wallei 

In 1952 Merrill (1) reported that 
several absorption lines in the spectrum 
of R Andromeda (R And) and other 
cool stars were due to the unstable ele- 
ment technetium. Since the longest- 
lived isotope of technetium has a half- 
life of 2.6 X 106 years and the age of 
the oldest stars was thought to be 1000 
times greater, it was clear that the tech- 
netium in R And had been produced 
within the recent past. This discovery 
initiated the field now called observa- 
tional nuclear astrophysics, in which 
astronomers deduce the chemical com- 

position of stars and relate the composi- 
tion to nuclear processes in the stellar 
environment. In fact, the observation of 
the surface composition of stars is one 
of the few methods whereby the theory 
of stellar structure may be verified. 

Why Observe Stars? 

Our knowledge of the physical proc- 
esses in stellar interiors has been built 

by the assembly of contributions from 
theoretical astrophysics, nuclear physics, 
and the observation of stellar surfaces. 
Direct observation of stellar interiors is 

precluded by the high opacity of stellar 
material to photons of all wavelengths 
and the short mean-free path of par- 
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tory and its rate must be predicted by 
by the theory of nuclear physics. Stellar 
evolution and rates of nuclear reactions 
that are of interest to astrophysicists 
have recently been reviewed by several 

for authors (3). 
Considering the great expansion of 

?irs our knowledge of theoretical astrophys- 
ics and nuclear physics, we may ask 
why it is necessary to observe stars at 

rides all, why we cannot predict successfully 
every step of stellar evolution. The 

lors. astronomer Sir Arthur Eddington once 
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Table 1. Comparison of the composition of 
HD 122563 with that of the sun. Entries are 
logarithms of the number of atoms of a given 
species with log Nit arbitrarily set at 12.0. 
Uncertainties are about 0.3 in the log. 

Element Sun HD 122563 

H :12.0 12.0 
Na 6.3 4.3 
Mg 7.4 4.9 
Al 6.2 4.0 
Ca 6.15 3.7 
Sc 2.8 0.2 
Ti 4.7 2.2 
V 3.7 0.7 
Cr 5.4 2.8 
Mn 4.9 1.9 
Fe 6.6 4.1 
Co 4.6 1.8 
Ni 5.9 2.55 
Zn 4.4 2.0 
Sr 2.6 -0.1 
Y 2.25 -- .15 
Zr 2.2- .6 
Ba 2.1 1.4 
Ce 1.4 2.2 
Eu 0.8 -2.3 

other cause of mixing is the rapid re- 
lease of energy when a nuclear reaction 
starts in degenerate material. These 
"flashes" result in thermal runaways 
and the development of unstable tem- 
perature gradients. They also are very 
difficult to follow in detail with a com- 
puter because hydrodynamic calcula- 
tions must replace the usual assumption 
of hydrostatic equilibrium. However, it 
is sometimes possible for the observa- 
tional astronomer to infer some of the 

mixing processes by investigating the 
chemical composition of stellar surfaces 
and correlating peculiarities in the com- 
position with the products of nuclear 
reactions. 

Nuclear Reactions of Interest 

to Astronomers 

In the sun and in main-sequence stars 
of mass smaller than the sun the con- 
version of hydrogen to helium proceeds 
by way of the proton-proton chain. 
After the production of deuterium by 

H'(p, Piv) H' 

(p is proton; p+, positron; and v, neu- 
trino) another proton capture leads to 
He3, and the production of He4 is com- 
pleted by one of the following three 
routes (a is He4 nucleus; y, gamma ray; 
and f-, electron). 

He'(He3, 2p) He4 

He(a, y)Be7-- 
Be'(p, y)BQS(C+v)Be8(a) He4 

or 

Be7(p-, ,)Li7(p, a) He4 
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The proton-proton chain may be con- 
firmed by the detection of solar neu- 
trinos, since it is the high-energy neu- 
trinos from the decay of Bs that are 
detectable by the Davis experiment (2). 
Indirect evidence that Be7 may be pro- 
duced and transferred to the surface of 
carbon stars before decaying to Li7 (and 
hence destroyed by proton capture) is 
provided by the observation of a high 
content of lithium in carbon stars (5). 

The conversion of hydrogen to he- 
lium through the carbon cycle was the 
first successfully suggested source of 
stellar energy (6). It is now known that 

oxygen joins the cycle at temperatures 
greater than about 25 X 106 ?K, making 
it a bi-cycle. The reactions are as 
follows: 

eC(Pay) N1]( * )Cio 

C"(p,^y)N" 

N"(p,y)o1(P+r)N'3 

N1'(p,y)O'1 (once in 2500 times) 
0' (p,y)F (8y ) )oi 

017(p,a)N14 

All of these can be studied in the labo- 

ratory and the rates are quite well 
established. I will discuss the very con- 
siderable evidence confirming the im- 
portance of these reactions in modifying 
the chemical composition of stars in 
later sections. Nevertheless, let me point 
immediately to the high content of C'3 
on carbon stars (7). The ratio of C12 
to C13, about 3 or 4 as compared with 
90 on earth, is almost exactly the in- 
verse ratio of the cross sections for the 
first two reactions, confirming beauti- 

fully that under equilibrium conditions 
the C12 to C13 ratio is established by 
carbon cycling, and the material so 

processed is now on the stellar surface. 

Following the production of helium 
a star produces energy in its core by the 
combination of three helium nuclei to 
produce carbon and the further capture 
of a helium nucleus to produce oxygen. 

Temperatures near 108 ?K are necessary 
for these reactions. Near 109 ?K carbon 
and oxygen burning can produce a 
variety of isotopes from neon to sulfur, 
and under conditions of even higher 
temperatures a rapid buildup to the ele- 
ments around iron ensues. Under the 
extreme temperatures (3 to 5 X 109 ?K) 
at which iron is formed, so many re- 
actions take place that the material is 
nearly in thermal equilibrium, and the 
relative abundances can be computed 
approximately without knowing the 
rates of each reaction. 

Beyond iron the coulomb barrier is 
so large that reactions with charged 
particles are virtually prohibited and 
the buildup of heavier nuclei proceeds 
through neutron capture (8). If the 
time interval between successive neu- 
tron captures is very long compared to 
the p-decay time of the neutron-rich 

isotopes the sequence is called the slow 
or "s-process." On the other hand, if a 
flood of neutrons is released they can 
be captured very rapidly, building ex- 
tremely neutron-rich isotopes which 
later decay to the stability line. This is 
the rapid or "r-process." The source of 
neutrons (n) is an interesting problem 
(9). Reactions such as C13 (a,n) O16 
and Ne2l (a,n) Mg24 are the most likely 
source of neutrons on a slow time scale, 
since they can proceed at temperatures 
near 108 OK. A high abundance of C13 
or Ne21 must be present initially, or 
simultaneous production of C13 and 
Ne"2 during hydrogen burning and he- 
lium burning must occur. The flood of 
neutrons producing the r-process may 
occur during supernova explosions or 
other types of violent events, possibly 
in quasars. In any event, stars with a 

great excess of those elements produced 
by slow neutron capture are well known 
and will be discussed in detail in the 
next section. Stars with great excesses 
of nuclei produced by the r-process have 
not been definitely detected, but some 
of the magnetic stars may be candi- 
dates. 

Table 2. Comparisons of young and old stars with theory of the e-process; To is the tempera- 
ture in billions of degrees; R, the ratio of total neutrons to protons. Entries are abundances 
of each element normalized to unity for iron. 

TEle-t 

4 

Tg4 3 T -- 2 

mlent Sun Log p = 8 HD 122563 Log p - 8 Log p 
- 8 

R -= 0.875 R - 0.85 R = 0.85 

V 0.0013 0.0016 0.0004 0.0006 0.0001 
Cr .063 .13 .05 .125 .026 
Mn .018 .13 .006 .017 .00098 
Fe 1.000 1.000 1.000 1.000 1.000 
Co 0.012 0.016 0.006 0.009 0.007 
Ni .18 .145 .25 .157 .186 
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Stellar Observations 

There are several types of stars whose 
chemical composition shows strong evi- 
dence that the nuclear processes dis- 
cussed above actually take place in 
astrophysical environments and are not 
just convenient but unprovable hypoth- 
eses. The most interesting stars may be 
divided into three rough groups: (i) ex- 

tremely old, metal-poor stars; (ii) heavy- 
element and carbon stars; and (iii) hy- 
drogen-poor stars. Some stars belong to 
two groups; there are metal-poor stars 
with an excess of carbon and heavy ele- 
ments as well as hydrogen-poor stars 
that are carbon-rich. In the following 
discussion I will describe examples of 
each group that have been analyzed for 
chemical composition and see how each 
peculiar composition may be interpreted 
in terms of nuclear astrophysics. Before 
I discuss peculiar stars it might be well 
to define normalcy. A substantial num- 
ber of stars within a wide range of tem- 

peratures and luminosity have been 
found to have the same composition as 
the sun. Some elements cannot be ana- 

lyzed in the sun spectroscopically, but 
the most important of these, helium and 
neon, have been found in solar cosmic 

rays and their abundances have been 
measured by direct counting of particles. 

Metal-Poor Stars 

If we accept the hypothesis that most 
of the heavy elements in the normal 
stars were produced in the interiors of 
older generations of stars, then most 

metal-poor objects must have been 
formed long ago, before production of 
most of the heavy elements had taken 

place. The most metal-deficient star yet 
found is HD 122563, which has been 

analyzed by several authors (10). A 

photograph of its spectrum is shown in 

Fig. 1, along with another metal-poor 
star HD 165195 and the normal star 
0 Lyra. All three stars have similar 

temperatures. The results of the abund- 
ance analysis of HD 122563 are shown 
in Table 1. Entries are normalized by 
letting log N 12 for hydrogen. In 
addition to the low abundance of all 
elements except hydrogen two features 
are particularly noteworthy. (i) Among 
the elements near iron (iron-peak ele- 
ments), nuclei with odd numbers of 
protons (vanadium, manganese, and 
cobalt) are more deficient than the ele- 
ments with an even number of protons 
(chromium, iron, and nickel). (ii) The 
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heaviest elements, starting with barium, 
show a substantial additional deficiency 
with respect to everything else. 

Both the physics and the astrophys- 
ical environment responsible for the 
formation of the iron-peak elements are 
uncertain (11). While the temperatures 
and density must be high (3 to 5 X 
109 ?K and 104 to 109 grams per cubic 
centimeter, respectively) the material 
does not have time to go to pure statis- 
tical equilibrium because some of the 

/-decays are too slow. The only avail- 
able calculations (12) that predict spe- 
cific abundance ratios are based upon 
an assumption of equilibrium (e-proc- 
ess), largely because of the complexity 
of nonequilibrium calculations. Since 
they predict the wrong ratio of Ni58 
to Ni60 in the solar system and since 
their theory cannot be modified to 
predict the correct ratios of both Ni58 
to Ni60 and Fe54 to Fe56, any compari- 
son with observations is necessarily of a 
very preliminary nature. Nevertheless, 
this type of comparison is given in 
Table 2. The entries are normalized by 
setting the total iron abundance at 

unity. Individual isotopes are not shown 
in Table 2 because, for these elements, 
isotopes cannot be differentiated in 
stars; thus we must beware of ex- 
cessive optimism if we find a fit be- 
tween theory and observation. Except 
for the manganese abundance a fairly 
good fit for the total abundances in the 
sun is obtained for a temperature of 
4 X 109 ?K, a density (p) of 108 grams 
per cubic centimeter, and a ratio of 
total protons to neutrons (R in Table 2) 
of 0.875. For the very old star HD 
122563 the fit is better for p = 108 

grams per cubic centimeter, R = 0.85, 
and a temperature between 2 and 3 X 
109 ?K. From earlier data Clifford and 
Taylor derived a temperature near 
2.7 X 109 ?K (12). 

It is not surprising that a better fit 
may be obtained for the very old star 
HD 122563 than for the sun because 
the fewer the metals, the fewer super- 
novae, massive objects, or "what have 

you" contributed to their composition. 
For a metal-rich star like the sun it is 

likely that many types of objects in 
unknown proportions contributed to the 
composition of the interstellar medium 
before the sun was born. 

The deficiency of the very heavy 
elements provides a further clue to the 
nuclear processes that antedated HD 
122563. Apparently the process of neu- 
tron capture built elements up to the 
strontium, yttrium, and zirconium re- 

Table 3. The logarithmic abundance ratios of 
various elements to iron (Ne/NFe) in barium 
stars as compared to normal stars. The entries 
are log Ne/NFe - log Ne/NFe (normal). 

Element HD 116713 HD 83548 

Fe 0 0 
Co + 0.1 0.0 
Ni + .1 0.0 
Zn + .1 0.0 
Ge - .2 0.0 
Sr + .5 + 0.2 
Y + .7 + .6 
Zr + .6 + .3 
Mo + .5 + .4 
Ru + .6 + .5 
Ba +1.2 + .5 
La +0.8 + .4 
Ce + .8 + .4 
Pr + 1.1 + .4 
Nd +0.6 + .3 
Sm + .6 + .4 
Eu + .3 + .3 
Gd ,+ .4 + .4 
Yb + .3 0.0 
W + .9 +0.5 

gion, but only to a reduced extent in 
the barium-rare earth region. This could 
occur if the number of neutrons per 
initial seed nucleus were only about 30 
rather than 80, as needed to build into 
the barium region. Another possibility 
is a shortage of iron, which would make 
it necessary for the neutrons to be cap- 
tured by lighter elements such as mag- 
nesium, silicon, and sulfur, and thus 

requiring even more neutrons per seed 
nucleus. It seems likely that all of this 
occurred in previous stars and that their 
heavy elements were injected into the 
interstellar medium and subsequently 

Table 4. The logarithmic abundance ratios 
of various elements in two CH stars as com- 
pared to normal stars. The entries are log 
Ne/NH - log Ne/Nji (e Virginis). 

Element HD 26 HD 201626 

C 0.0 -0.3 
0 <-1.0 <-1.3 
Na - 1.4 -1.9. 
Mg -0.8 - 1.5 
Si - .6 -1.1 
Ca - .7 -1.2 
Sc - .7 -1.5 
Ti - .6 -1.1 
Cr - .6 -1.8 
Mn - 1.3 -1.5 
Fe -0.7 -1.5 
Ni - .7 -1.4 
Cu -1.3 
Zn -0.4 
Y - .4 -1.2 
Zr - .1 
Ba + .6 -0.4 
La + .5 - .2 
Ce + .5 - .4 
Nd + .4 .0 
Eu 0.0 <-1.2 
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Table 5. Nuclear processing in CH stars. The entries are log N with 
log N,l set arbitrarily at 12.0. In stages III, lV, and V, the O'1 may 
be reduced by the reaction O18 (a, 7) Ne22. 

Stage 
Isotope 

I II III IV V VI 

H1 12.0 12.0 12.0 
He' 11.2 11.4 1 1.4 11.4 11.2 ? 
Cl2 7.1 6.3 9.4 9.4 7.6 8.3 
C1" 5.1 5.7 5.1 <6.6 
N14 6.5 7.7 6.5 ? 
016 7.5 5.3 5.8 7.0 7.5 <7.7 
018 4.5 4.5 7.7 7.7' 6.2 ? 
Fe 5.1 5.1 5.1 5.1 5.1 
Ba 0.6 0.6 0.6 3.6 2.1 1.7 

Table 6. Nuclear evolution of a hypothetical star to derive the 
present abundances of RU Cam. The initial and observed abundance 
of hydrogen is arbitrarily set at log NH -- 12.0. 

Stage 
Isotope ----- Observed 

I II III IV V 

H 12.0 11.7 12.0 
He4 11.0 11.5 11.4 11.4 11.3 
C12 8.6 7.8 10.5 9.1 9.0 9.0 
C1" 6.6 7.2 8.5 8.2 8.0-8.3 
N14 8.0 9.2 10.5 10.2 
01O 9.0 6.8 7.3 8.1 8.8 < 9.0 
0"s 6.0 6.0 9.2(?) ? 5.7 
Fe5 6.6 6.6 6.6(?) 6.6 6.3-6.6 6.6 

incorporated in HD 122563 when it was 
formed. Almost nothing is known about 
such stars. They may have been too 
massive ever to have been stable, and 
therefore collapsed, thus raising their 
central regions to high temperatures and 
densities, followed very rapidly by an 

explosion (or "bounce"). 

Heavy-Element Stars 

Let us turn our attention to stars 
whose surface composition appears to 
have been altered by nuclear processes 
within the star itself. It would be most 

interesting if one of the technetium 
stars had been analyzed in detail, but 

they are all so cool and their spectra 
are so complex that no analysis of a 
technetium star has yet been attempted. 
However, nine stars which show similar 
anomalies, that is, excessive abundances 
of various elements from strontium to 
samarium, have been analyzed (13). 
The difference in composition between 
two of them and normal stars is shown 
in Table 3. With the iron abundance as 

4 4 4 4 4 4 
I 2 2 2 2 2 
9 0 1 1 2 3 
8 3 0 6 7 3 
} I IJ 1 i 

!f i: [ t 0 

a standard, the ratios of various heavy 
elements are compared to iron and the 

logarithm of the ratio is given. 
The elements immediately heavier 

than iron (cobalt through zinc) are 
about normal. Starting with the next 
row of the periodic table, there are 
moderate excesses (factors 2 to 5) in 
both stars. The most spectacular ex- 
cesses appear in the sixth row of the 

period table from barium through 
samarium, but only for HD 116713. 
For HD 83548 the excesses of the very 
heavy elements are no greater than for 
the group from strontium to ruthenium. 

Starting with europium the enhancement 
is less evident, almost certainly because 
these elements are produced less readily 
by slow neutron capture and more prob- 
ably by rapid neutron capture, which is 
not likely to have occurred in a stable 
star. 

Since reliable abundances for the light 
elements carbon, nitrogen, and oxygen 
are not available for these stars, the 

composition changes in the stellar in- 
terior cannot be followed in detail. 
However, a discussion of the abundance 

4 4 4 4 4 
2 2 2 2 2 
3 5 6 7 8 
8 0 0 2 

44 44 4 

ratios in terms of the flux of neutrons 
that were absorbed by the iron-peak 
elements has been presented by Dan- 

ziger (13). He interprets the larger dis- 
continuity in HD 116713 in terms of a 

larger neutron flux which would process 
a higher percentage of the material into 
very heavy elements. For HD 83548, 
on the other hand, a more modest neu- 
tron flux processed less material into 
the region from barium to samarium. 

Carbon Stars 

The coolest stars may be divided into 
those that show oxides such as TiO, 
VO, and ZrO in their spectra and those 
that show carbon compounds such as 
CH, CN, and C2. The latter type are 
called carbon stars. The sharp dichot- 
omy seems to result from the balance 
of molecular equilibriums involving the 

tightly bound molecule CO. Calculations 
indicate that in cool stars the formation 
of CO is complete, so that whichever 
element is less abundant is entirely tied 
up. If oxygen is more abundant than 

4 4 4 
2 2 3 
8 9 0 
9 9 7 

jii i 
HD 165195 

-------I--- I H~~~~~~~ ~ HD 122563 

CN Fe EuIe SrU Fe Fe Ca FeIE Fe CH Cr Fe Cr1e C Fe Cr CH Fe 
Fe Mn ScIl Fe La I Coa TilE Ca 

Mn Fe Fel l FenI Tin 
<- --- CN Nd CH Zrl CH 

Fig. 1. Negative print of two metal-poor stars and the normal star 0 Lyra. Absorption lines are light and are identified below; 
their weakness is evident in the two metal-poor stars. A laboratory emission spectrum of iron is shown above. [From Astrophys. J. 
137, 295 (1963)] 
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carbon, oxides, but no carbon com- 

pounds, will be found; if carbon is more 

plentiful than oxygen, a carbon star 
will be observed. 

The cool carbon stars show spectra 
that are well known for their complex- 
ity and inscrutability. The atomic lines 
and molecular bands are so crowded 
that nowhere in the spectrum is the true 
continuum seen. Furthermore, the 
abundance of hydrogen in some of the 
carbon stars may be so low that other 
elements provide the main source of 
continuous opacity. In that case the 
basic structure of the stellar atmosphere 
cannot be calculated a priori. However, 
a number of carbon stars are hotter 
than 4000?K; their spectra are simpler, 
and the sources of opacity are usually 
known. 

The CH Stars 

An interesting subclass of carbon 
stars is a group with weak metallic 
absorption lines and very strong fea- 
tures of the molecule CH. These CH 
stars show extremely high space veloci- 
ties, which indicate stellar orbits that 
carry them far into the halo of our 

galaxy. 
As with other halo stars, the two CH 

stars that have been studied in detail 
were found to be metal-poor (14). The 
weak lines and clearly defined contin- 
uum allow an accurate analysis of the 
chemical composition. Their abun- 
dances, as compared to the standard 
star e Virginis, are shown in Table 4. 
Of particular interest, in addition to 
the high carbon abundance and low 
metal content, is the substantial excess 
(relative to iron) of barium and the 
rare earths. These elements are pre- 
cisely the ones that are enhanced in 
the heavy-element stars described above 
and are built to a high abundance dur- 

ing a slow process of neutron capture- 
the s-process. Again the r-process ele- 
ment, europium, shows less enhance- 
ment than the lighter rare earths. An- 
other point of interest is the low con- 
tent of C13 in these stars. In HD 
201626 less than 2 percent of the car- 
bon is Ci3, and in HD 26 less than 
10 percent. 

A scheme for successive nuclear re- 
actions, mixing, and homogenization 
was proposed (14) to account for the 
composition of the CH stars; it is out- 
lined in Table 5. In stage I the hypothe- 
sized initial composition is given. The 
relative abundances are taken from the 
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solar system, except that all elements 
heavier than helium are reduced by a 
factor of 30, the observed metal defi- 

ciency in HD 201626. The effects of 

transforming all the hydrogen into 
helium and allowing the CNO nuclei 
to come into equilibrium by the carbon 
cycle at 6 X 107 ?K are shown in stage 
II. The result of letting 3 percent of 
the helium burn to carbon and the 

scouring out of C13 and N14 by reactions 
with helium are given simultaneously in 

stage III. Next we must invoke mixing 
because the amount of C13 that releases 
neutrons between stages II and III is 
insufficient by a factor of 10 to 20 to 
provide 50 to 100 neutrons per initial 
iron nucleus to build the observed ex- 
cess of barium and rare earths. By mix- 

ing less than one proton per nucleus of 
C12, virtually all the protons are cap- 
tured by C12, forming C13 which reacts 
almost immediately with the helium to 
produce the necessary neutrons. The 

processing of only 1/250th of the C12 
nuclei produces all the necessary neu- 
trons, does not deplete the C12, or build 
too much O16, as shown in stage IV. 
Three percent of the iron has gone to 
barium while the rest has been con- 
verted to other elements in the barium- 
rare earth group. The abundances in 

stage IV show a much greater excess of 
carbon and heavy elements than is ob- 
served, but a continuation of mixing at 
such a low temperature that no further 

Table 7. Composition of the R Corona 
Borealis stars. Entries are logarithms of the 
number of atoms, with log NH set arbitrarily 
at 12.0 for the normal star. 

Element Normal RCrB RY Sgr star 

H 12.0 8.6 8.3 
He 11.2 11.6 11.6 
C13 8.6 9.6 9.7 
C13 6.6 < 8.0 
N 8.0 7.6 
0 9.0 8.0 
Fe 6.6 6.2 6.2 
Ba group 2.1 1.7 1.5 

Table 8. Composition of HD 30353. Entries 
are logarithms of the number of atoms, with 
log N1H set at 12.0 for normalcy. 

Element Normal HD 30353 

H 12.0 7.6 
He 11.2 11.6 
C 8.7 6.2 
N 8.0 9.2 
0 9.0 7.5 
Ne 8.5 8.5 
Si 7.5 7.6 
S 7.3 7.8 

reactions beyond helium occur will di- 
lute the great excesses in stage IV. Three 
percent of the material of stage IV and 
97 percent of unaltered material of 

stage I yield the abundances of stage V, 
which are very close to the observations 
shown in stage VI. The predicted car- 
bon abundance is a little low; it could 
be raised to the observed value by in- 

cluding 5 percent of stage III material 
which has a high abundance of C12 and 
little else of importance. 

RU Cam, a Former Variable 

Carbon Star 

The composition of RU Camelopar- 
dalis is rather different from that of the 
CH stars. It was formerly a variable 
star with a period of 22 days but ceased 
its variations in 1964. I obtained spectra 
in 1965 in order to study the variation, 
only to find out a few months later that 
the variations had ceased. Thus the spec- 
tra were more suitable for chemical 
analysis than they might have been had 
the star continued to pulsate. Results of 
the chemical analysis are shown in the 
last column of Table 6, which will be 
used to describe a likely course of evolu- 
tion leading to that composition (15). Be- 
cause the star is faint and was observed 
only in the visual and red regions of the 
spectrum, abundances of many elements 
in RU Cam could not be obtained. Even 
such limits as the fact that carbon is 
more abundant than oxygen and less 
abundant than log N 9.0 on a scale 
of log Nhyd,rogen =12.0 can be used to 
set limits on the nucleosynthesis out- 
lined in the first five columns. Again we 
start with the solar composition in stage 
I (Table 6). Stage II shows the effect 
of converting the hydrogen to helium 
and rearranging the CNO nuclei in ac- 
cordance with the carbon cycle. In stage 
III one-third of the helium is converted 
into carbon and at the same time the 
C13 and N4 are burned out, as discussed 
for the CH stars. In stage IV the ma- 
terial from stage III is mixed with pro- 
tons that burn by the carbon cycle, pre- 
sumably by passing through a region of 
shell burning. This reprocessing is es- 
sential in order to raise the C13 content. 
The temperature in the shell is limited 
to values below 8 X 107 ?K to prevent 
C1i from being destroyed and Na'23 
from being synthesized by Ne22 (p, y) 
Na23. A likely temperature is around 
6 X 107 ?K at which any remaining 
Os1 reenters the carbon cycle through 

S18 (p, a) N15. Stage V consists of a 
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Table 9. Abundance ratios in HD 30353 and a possible sequence of events to explain them; 
T,, is temperature in millions of degrees Kelvin. 

Element .HD T -- 
raEnt Normal 30353 T6 - 10 T6 - 25 5 10 ratio 30353- 10 

C 0 0.5 0.05 Not in equilibrium 0.7 0.12 
N: O .1 50.0 Not in equilibrium 60.0 60.0 
C N 5.0 0.001 0.002 0.012 0.002 

mixture of one-half of stage IV material 
and one-half of the original material of 

stage I. The observations are given in 
the last column. The derived abun- 
dances fit the observations within the 
uncertainties (about 0.3 in the log) of 
the data and predict that nitrogen should 
be in large supply. This prediction can- 
not be confirmed from the spectrograms 
now available, but higher dispersion 
spectra should be analyzed in the 
future. 

Hydrogen-Poor Carbon Stars 

The hottest carbon stars are a group 
of variables called the R Corona Bore- 
alis stars after the prototype of the class. 
Their light shows sudden irregular de- 
creases that do not really concern us 
here. Two stars, RCrB and RY Sgr, 
have been analyzed for chemical com- 

position while at their normal level of 

brightness (16). Their compositions are 
shown in Table 7. Once again we ask 
how material of this composition could 

appear on the surface of a star. Aside 
from the ad hoc hypothesis that these 
stars originally formed from material 
shownr in Table 7, it is impossible to 

explain the abundance except in terms 
of nuclear burning and mixing. Unfor- 
tunately, the intermediate abundance of 

nitrogen and oxygen prevent the data 
from severely limiting the nuclear proc- 
esses that may have occurred. If nitro- 
gen were in high abundance, only CNO 

cycling could produce the observations. 

If nitrogen were absent, there would be 

complete scouring out of N14 by N14-- 

(a, y)F'8( , v)018. Similar arguments 
are applicable to the oxygen abundance. 
For RCrB and RY Sgr, one cas. only 

generalize as follows: Over 99 percent 
of the original surface hydrogen has 
been either processed to helium or re- 
moved. Some helium has been con- 
verted to C'2. No substantial amount 
of the new CI'2 has been converted to 

C13, otherwise there would be either a 

high content of C13 or a high abundance 
of heavy elements built up by neutron 

captures as C13(a, n)O-6 depleted the 
C-3. 

A large group of cooler hydrogen- 
deficient carbon stars have recently been 

analyzed by Warner (17). The abun- 
dances appear to be similar to, those of 
the RCrB stars and none of them show 

any C13. Warner has analyzed the 
abundance changes along similar lines 
to those described above for the RCrB 
stars. A further group of hydrogen- 
deficient stars has high temperatures, 
that is, 15,000? to 30,000?K, and high 
carbon abundances. Some of them show 
a high nitrogen abundance and may be 
similar to the most revealing of all 

peculiar stars, the nitrogen-rich group. 

Nitrogen Stars 

While the RCrB stars show a defi- 

ciency of hydrogen and an excess of 

carbon, another group of peculiar stars 
is also deficient in hydrogen but has a 

Table 10. Summary of abundances in peculiar stars of various types. Entries are log N 
normalized to log NH -- 12.0 for stars of normal hydrogen content and to log NHC 11.6 
(to yield the same total mass) for hydrogen-poor stars. 

Normal Metal- Barium CH: RCrB HD 
Element poor U Cam^ Element star poor stars stars stars 30353 

stars 

1H 1_2.0 12.0 12.0 12.0 12.0 8.5 7.6 
H e 1.2 11.6 11.6 
C1' 8.6 8.3 9.0 9.6 6. 
C1:" 6.6 < 6.6 8.0-8.3 < 8.0 
N 8.0 7.6 9.2 
0 9.0 <7.7 <9.0 8.0 7.5 
Fe 6.6 4.1 6.6 5.1-5.9 6.6 6.2 
Sr 2.6 - 0.1 3.2 1.4-2.3 2.6(?) 2.2 
Ba 2.1 - 1.4 3.1 1.7-2.6 2.1 () 1.6 
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high abundance of nitrogen rather than 
carbon (18). Two such stars are known, 
the fourth-magnitude star v Sgr and 
HD 30353. 

A year ago two graduate students and 
I completed a preliminary chemical 
analysis of the atmosphere of HD 30353 
(19). The analysis was one of the most 

fascinating with which I have been in- 
volved because we got into a vicious 
circle of not being able to establish the 
abundance without knowing the effec- 
tive temperature, not knowing how to 

interpret the star's continuous energy 
distribution in terms of the tempera- 
ture without knowing the source of 
opacity, and finally not being able to 
compute the opacity without knowing 
the chemical composition. The vicious 
circle was broken with the help of 
model atmospheres of hydrogen-poor 
stars by E. Bohm-Vitense (20) and 
some judicious first-order approxima- 
tions that could be improved as we 
traveled about the circle. Our best 
value of the temperature was 10,000?K; 
the mean electron pressure appears to 
be 2 dynes per square centimeter; and 
the opacity is due to free-free transitions 
of the negative helium ion, photo- 
ionization of neutral nitrogen, and 
electron scattering. 

The chemical composition (normal- 
ized to maintain the same number of 
nucleons per gram of material) of the 

light elements is given in Table 8. 
Helium and nitrogen are greatly en- 
hanced while hydrogen, carbon, and 

oxygen are grossly depleted. This is 

exactly what might be expected in ma- 
terial that has been through the carbon 

cycle, and the abundances of carbon, 
nitrogen, and oxygen may be compared 
with the calculations of Caughlan and 
Fowler (21). 

When this comparison is made, the 
ratio of nitrogen to oxygen is seen to 
be characteristic of hydrogen burning 
by the carbon cycle at 24 X 106 ?K, 
while the ratio of nitrogen to carbon is 
characteristic of 10 X 106 ?K. This dif- 
ference is puzzling until we note that 
the only way HD 30353 has been able 
to show the material that was once in 
its interior is by having lost a substan- 
tial fraction of its mass. Since the 
central temperature of a main-sequence 
star depends about linearly on its mass, 
its central temperature may well have 
decreased with time. In Table 9 a 
scheme of evolution is given which 
yields the observed abundances. The 
first two columns show the observed 
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abundance ratios in normal stars and 
in HD 30353, respectively. In the third 
column the ratio of carbon to nitrogen 
is given at T = 10 X 106 ?K; the other 
ratios do not come into equilibrium at 
10 X 106 ?K because the reaction 016 
(p, y) F17 proceeds too slowly at such 
low temperatures. The fourth column 
shows the ratios achieved at T = 25 X 
106 ?K. The ratio of nitrogen to oxygen, 
as established at that temperature, is 
not affected as the temperature is re- 
duced to 10 X 106 ?K. However, at the 
latter temperature much of the carbon 
is transformed into nitrogen and the 
ratios of both carbon to oxygen and 
carbon to nitrogen are reduced to values 
within about a factor of 2 of the ob- 
served composition. The uncertainty in 
the observations is at least a factor of 
2, so we can say that the agreement is 
satisfactory. 

General Considerations 

This review is summarized in Table 
10, which contains the observed abun- 
dances in each type of evolved star; 
similar stars have been grouped to- 
gether. The differences are very marked, 
showing the wide range of physical con- 
ditions to which stellar material may be 
subjected and yet somehow reach the 
stellar surface. 

In order to indicate whether "nuclear 
cooking" is a purely ad hoc process or 
a realistic description, it is relevant to 
compare the number of observed facts 
with the number of hypotheses. It is 

probably fair to say that each entry in 
Table 10, except the column for normal 
stars and the row for hydrogen, should 
be classed as a fact. Thus 30 facts have 
been explained. 

The specification of hypotheses is 
more difficult. Suppose we start with 
the basic assumptions of stellar struc- 
ture. These involve (i) hydrostatic 
equilibrium, (ii) mass continuity, (iii) 
continuity of energy flow, (iv) equation 
of state, (v) the temperature gradient, 
and (vi) the radiative opacity. Next we 
must hypothesize the rates of all of the 
nuclear reactions, including the six reac- 
tions of the carbon cycle, the two reac- 
tions of pure helium burning, and the 
important reactions C13 (a, n) O16 and 
N'4 (a, y) F18 (/+ v) 018. Lastly we 
must hypothesize mixing or loss of 
mass, or both, for each star, about two 
more hypotheses for each star in addi- 
tion to the 16 hypotheses of nuclear 
physics and stellar structure. The total 
number of hypotheses is about 28. 

It is certainly comforting that the 
number of hypotheses is less than the 
number of facts. Because of the inher- 
ent complexity of astrophysical environ- 
ments and their changes we cannot 
expect that the number of necessary 
hypotheses can be reduced. Perhaps we 
can feel that the views outlined in this 
article are following the correct line of 
approach if further peculiar stars can 
be added to Table 10 and more ele- 
ments can be analyzed in stars already 
in the table, without invoking additional 
hypotheses or requiring very special 
conditions of mass-loss and mixing. 
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