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PERSPECTIVES

One of the grand theories
of science holds that
the chemical elements

and all of their isotopes were
synthesized from hydrogen and
helium by nucleosynthesis -
nuclear reactions within young
massive stars (1). The abun-
dances of elements today are
thus the product of natural his-
tory and evolution. Although
this theory is now accepted,
the scientif ic paper that
forms its foundation (1) has
been strangely underappreci-
ated in comparison with later works (2, 3).
Recently, researchers gathered at an interna-
tional conference at the California Institute of
Technology (4) to celebrate the anniversary of
two ground-breaking 1957 publications (2, 3)
that according to its web site “opened the
whole field of nuclear astrophysics into a
diverse and thriving scientific and intellectual
enterprise.” However, I would like to look back
at the issue of how this early work of Hoyle
(shown in photo) came to be both poorly
understood and incongruously undercited.

In attending and speaking at the confer-
ence (5), it became clear to me that even
experts are unaware of the contents of Hoyle’s
1954 paper. Its undercitation probably re-
sulted from the omission of a written equa-
tion that is central to the theory and from
which the essence of the origin of the ele-
ments can be derived. Subsequent nucleosyn-
thesis theory tended to focus on the specific
nuclear processes responsible for specific
sets of natural isotopes. Limited controversy
did erupt in 1983 after W. A. Fowler, a Caltech
coauthor of the paper known as B2FH (for the
initials of its authors) (2), was awarded the
Nobel Prize in physics for his experimental
role in clarifying nucleosynthesis rates in
stars whereas Hoyle as creator of the theory
of nucleosynthesis was omitted.

In what follows I will offer my own “Hoyle’s
equation” as determined from my reading of
his 1954 paper (1). Hoyle’s equation addresses
the origin from initial hydrogen and helium of
the set of very abundant isotopes in stars more

than 10 times as massive
as the sun—what is now
called “primary nucle-
osynthesis.” By contrast,
B2FH (2) contributed cre-
atively to the “secondary
processes” of nucleosyn-
thesis, those that change
one preexisting heavy
nucleus into another but
do not increase the metal-

licity (that is, the abundance of elements heav-
ier than helium) of the galaxy as it ages. Hoyle’s
words and quantitative arguments (1) are more
sweeping than the detail-oriented sequels.
Hoyle’s discussion is phrased in terms of the
mass Δmnew of new primary isotopes that are
ejected from massive stars, which he saw as
their source. His approach to stellar nucleosyn-
thesis takes their galaxy-wide rate of produc-
tion dmnew/dt to be the product of the death rate
of stars and the mass Δmk of isotope k ejected at
time t from each star.

Hoyle explained that gravitational contrac-

tion causes temperature increases after each
central nuclear fuel is consumed and he
described the nuclear burning and associated
nucleosynthesis of Δmk during each sequen-
tial advanced core evolution. Because those
massive stars all evolve almost instanta-
neously in comparison with galactic
timescale, Hoyle takes BM>(t) to be the birth
rate of massive stars at time t. It must on aver-
age equal their death rate if the numbers of
stars are to change only slowly. The subscript
M> characterizes stars too massive to become
white dwarfs; for these stars, Hoyle (1) pre-
dicted that collapse of the final central
evolved core is inevitable. So, for the massive
stars that his paper focused on, “Hoyle’s equa-
tion” expresses the rate of ejection of new pri-
mary isotopes from carbon to nickel as 

dm(C-Ni)/dt = BM>(t) EvnuclΣkΔmk

where Evnucl expresses the nuclear and stellar
evolution of a massive star, and ΣkΔmk is the
sum over k isotope masses. 

Hoyle identified the new primary iso-
topes created within each successive core
burning phase. Each burning core is smaller
than the one before, so that the star takes on

an onionskin structure con-
taining the residual Δmk of
each burning phase (see the
figure). Hoyle also correctly
stated that neutrino emission
governs the collapse time-
scale when core temperature
exceeds 3 3 109 K. Hoyle’s
equation expresses a mod-
ern view of the nucleosyn-
thesis that increased metal-
licity during galactic history.
Hoyle missed only the full
set of reactions involved
during silicon burning and
the relative numbers of pro-
tons and neutrons involved
in the nuclear statistical
equilibrium. Curiously, B2FH,
published three years later,
with Hoyle as one of its
coauthors, did not focus on
Hoyle’s massive-star picture
or on his equation, an over-
sight that I attribute to his
lack of careful proofreading

The paper that first explained how the

elements form in stars did not receive the

acclaim it deserved because it did not

display its key equation.
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New elements in stars. A massive star develops an onion-like structure
with zones in which different elements have been synthesized by
nuclear reactions.

Stellar pioneer. Fred Hoyle
on the Caltech campus in
February 1967.



of a manuscript drafted by E. M. and G. R.
Burbidge (6).

It is unfortunate that he did not put to paper
the equation he envisioned and described ver-
bally. Had he done so, unambiguous scientific
visibility of his achievement would have fol-
lowed more easily. In that spirit I submit
Hoyle’s equation as implicit in the arguments

of his pioneering 1954 paper and suggest that
it is one of the landmark papers in the history
of science. 
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