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The "Color-Luminosity Array” (1915)
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evidence that the giant red stars were much brighter than the giant blue

stars in the globular cluster Messier 13, that attention was called at
o prmitrast hetween this rninr-h'lmlnnmh. diagrram and the one
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manent in speetral composition. Is this because the time units we use in measuring
stellar evolution are still too anthropocentrie, or because the clusters are timeless?



5 October 19536, Volume 124, Number 3223 SCI I iNC I J

Origin of the

Elements in Stars

F. Hoyle, William A. Fowler,
G. R. Burbidge, E. M. Burhidge

Experimental {1, la) and observational
(2-6) evidence has continued to accumu-
late in recent years in support of the
theory {7-I/0) that the elements have
been and are still being synthesized in
stars, Since the appearance of a new and
remarkable analysis by Suess and Urey
(i1) of the abundances of the elements,
we have found it possible to explain, in
a general way, the abundances of practi-
cally all the isotopes of the elements from
hydrogen through uranium by synthesis
in stars and supernovac. In this article
we wish to outline in a qualitative fashion
the essentially separate mechanisms
which are required in stellar synthesis
(12}).

Thermal Conversion of Pure Hydrogen
through Helium to Iron

As long as extremely high temperatures
in excess of 3x 10° degrees Kelvin are
not under consideration, the general
tendency of nuclear reactions inside stars
is to increase the average hinding energy
per nucleon. For a given temperature and

-:Iemitz and for a siven time scale of op-

in gome cases by resonance penetration,
Since barrier effects become less severe
as the temperature increases, it follows
that the binding energies increase with
temperature, This will become clear from

At temperatures from about 107 to
3x 10" degrees in main-sequence stars,
hydrogen is transformed to  helium,
4H* = He?, with an average binding en-
ergy of 7.07 million electron volts { Mev)
per nueleon. We emphasize that the pro-
ton-proton sequence of reactions makes
possible the production of helium start-
ing only with h!rdrngen, The recent dis-
covery of the free neutrino as reported

: /
confidence in the existence of the pri-
mary proton-proton interaction which
proceeds through prompt electron-neu-
trino emission. At temperatures from
108 to 2 x 10* degrees in red giant stars,
Het is transformed principally o C'2,
01, and Ne® with an average bind-
ing energy of 7.98 Mev per nucleon. The
impaortant roles of the ground state of Be®
and of the second excited state of €12 in
expediting the primary process of helium

H 4 12 it
i"'usn:mi 3He* = C'2, have recently been
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appreciably greater atomic weight than
Feta,

The situation, then, is that a thermal

“cooking” of pure hydrogen yields prin-
cipally He* and the u-partlcle mll:ie: w1th
A=dn, Z=2n,n=3,
10 (G2 to Ca*?), t
centered around :Fc“,
abundant nuclei. Mo
abundances that hav
for these nuclei, and
20-odd isotopes of tig
chromium, manganes
nickel, show good ag
served abundances, T
rium calculations by
been considerably i
into account the low-l
of the iron-group nucly
active nuclel which u
them, and by statistica
state according 1o its
that expected on nw
Typical results for the
dances of the chro
3.8 % 10° degrees are i

We regard results =i
sented in Table 1 as gi
to the view that the e
sideration were synth
and that they becamd
tributed in space, eith
from late-type giants
explosion, as for instal

Thermal Reactions of]

fEpeea———— Scanned at the American
Institute of Physics

More complicated B ;
the thermal cooking is cnnstdered not of
completely pure h)drngr.n but of hydro-
gen adulterated with a small proportion
of the elememts mentioned in the pre.
vipus paragraphs. When a second-genera-




STELLAR EVOLUTION

(1967)
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Fin. 3. Paths in the H-R disgram for metabrich stars of muams (M/Ma)m 15,
9,5, 4, 2.25, 1., 1.25, t, 0.5, 0.25. Unita of lumiposity and surface temperature are
hé pame o in Figure 1. Traversal fimes between labtied points are givea in Tabls

LI sad IV, Dashed portions of evohufiouary paths are eetimates.




Star synthesizers

Beatrice M. Tinsley Sandra M. Faber (USA)
New Zealand/USA
(1941-1981)




Most popular synthesis codes
(— 2008)
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The synthesis approach...

_f f (K)T,L [HR diagram]T,L




Stellar tracks & Isochrones
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Ages (in 10° yr):

0.3, 0.4, 0.5, 0.6, 0.8, 1.0,
125, 1.5, 2.0, 2.5, 3.0,4.0,
5.0, 6.0, 8.0,100,12.5,150

Besssnsnaalananiiis

Mpol

log Teff

"G _
sf :

: 7 = 0.0169 0.9

3 0.8

:uu.u saliaii) i 1 T m e Ly (FPETTETI | Losaiisiialiseeaiii) ||.|.|.|.J||;
4.2 4. 4.0 3.5 38 37 36




* Any coeval sample of stars

+ With fixed distinctive properties (other
than stellar mass)

»+ Its c-m diagram can be described
theoretically by an isochrone

CSP(t) = [SSP(c)®SFR (1~ 7)dr




High-mass stars (M > 7 M, ): Evolutionary regimes
End up as SN II

Dominguez, Chieffi, Limongi, & Straniero (1999)




The Fuel Consumption Theorem

Renzini & Buzzoni (1986)

Post-MS luminosity contribution: L = [C.N(M)dM.
IMF >

LPMS - J.'e* dT
A - M‘l‘of LPMS - j‘e%dT

LPMS /LTOT= B Fuel Fuell

B = b/Lior (Specific evolutionary flux)
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Clock, Fuel..

& Energy
conservation!...
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..a_straightforward consequence on
number counts....

1.7 (+0.3) 10-1!  (Buzzoni 1989)




The Clock
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4 = Backer (1881} _
# = Vandenberg {1885) -

n Castellani et al. (1880) :

A = Lattanzio (1991}

# = Schaller st al. (1992)
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Short-term
VS.
Long-term memory
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Lesp (t) = jLSSP (T)SFR (T = t)dT

t min




The End (Part I)



