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Like all true stars, massive stars are gravitationally confined thermonuclear reactors whose
composition evolves as energy is lost to radiation and neutrinos. Unlike lower-mass stars (M
&8M(), however, no point is ever reached at which a massive star can be fully supported by electron
degeneracy. Instead, the center evolves to ever higher temperatures, fusing ever heavier elements until
a core of iron is produced. The collapse of this iron core to a neutron star releases an enormous
amount of energy, a tiny fraction of which is sufficient to explode the star as a supernova. The authors
examine our current understanding of the lives and deaths of massive stars, with special attention to
the relevant nuclear and stellar physics. Emphasis is placed upon their post-helium-burning evolution.
Current views regarding the supernova explosion mechanism are reviewed, and the hydrodynamics of
supernova shock propagation and ‘‘fallback’’ is discussed. The calculated neutron star masses,
supernova light curves, and spectra from these model stars are shown to be consistent with
observations. During all phases, particular attention is paid to the nucleosynthesis of heavy elements.
Such stars are capable of producing, with few exceptions, the isotopes between mass 16 and 88 as well
as a large fraction of still heavier elements made by the r and p processes.
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I. INTRODUCTION

Massive stars, by which we shall mean those massive
enough to explode as supernovae, are fundamental to
the evolution of the universe. They light up regions of
stellar birth and create the elements necessary to life. In
their explosions, they produce spectacular fireworks and
leave as remnants exotic objects—neutron stars and
black holes. Their winds and radiation stir the interstel-
lar medium and may even affect the evolution of galax-
ies. Their interiors are physical laboratories with condi-
tions not seen elsewhere in the universe. The neutrino
burst that announces their death is one of the most pow-
erful events in the universe.

We review here the community’s current understand-
ing of these stars—their evolution, their explosion as su-
pernovae, and especially their nucleosynthesis. Such a
comprehensive review is a daunting task, given the
scope of the subject and its rapid rate of development,
and some topics will necessarily receive short shrift.
Among the subjects we are compelled to leave to others
are the evolution of massive stars in the Hertzsprung-
Russell diagram as well as the historical aspects of the
subject. The latter have been recently reviewed by
Wallerstein et al. (1997). There are also many excellent
related reviews of the subject1 as well as two outstanding
monographs by Clayton (1968) and Arnett (1996).

Our review was begun approximately ten years ago
and was intended as a 40-year celebration of the seminal
works of Burbidge, Burbidge, Fowler, and Hoyle (1957,
also known as B2FH) and Cameron (1957). Although
we missed our mark by about five years, we would still
like to devote this review to these founding fathers of
the field. A lot has changed in 55 years, but the general
conclusion that the heavy elements are a by-product of
stellar evolution, especially of massive stars (see also
Fowler and Hoyle, 1964), has stood the test of time. In
1957, this was but one of four theories being considered,
the remainder involving synthesis in the early universe.

Nowadays no serious scientist would question the stel-
lar origin of heavy elements. Moreover, the delineation
of isotopes according to a physical synthesis process—p
process, r process, s process, e process—still persists. In
some cases, such as the r and s processes, the conditions
required—density, temperature, and neutron

1See, for example, Trimble (1975, 1991, 1996), Wheeler,
Sneden, and Truran (1989), Bethe (1990), Maeder and Conti
(1994), Meyer (1994), Thielemann, Nomoto, and Hashimoto
(1996), and Vanbeveren, De Loore, and Van Rensbergen
(1998).
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abundance—have not changed greatly since 1957. In the
case of the s process, we know much more about the
sites; for the r process, the sites are still debated. The p
process has been greatly modified and proton capture no
longer plays a dominant role. The a process of Burbidge
et al. (1957) has given way to carbon, neon, and oxygen
burning, and the nature of explosive synthesis has been
greatly clarified. New processes have appeared—the n
process, the g process, the rp process, neutron-rich
nuclear statistical equilibrium. Early ideas of iron-group
synthesis in which iron was made chiefly as stable 56Fe
have been replaced by a more violent, dynamical view in
which many species are made as radioactive
progenitors—56Fe as 56Ni by explosive silicon burning.

Still, it was Burbidge et al. and Cameron who gave us
the alphabet from which the field of nuclear astrophysics
was written. We celebrate their work and hope to live up
to it in some small way.

II. PRESUPERNOVA EVOLUTION—GENERAL FEATURES

A. Physical overview

The preexplosive life of a massive star is governed by
simple principles. Pressure—a combination of radiation,
ideal gas, and, later on, partially degenerate electrons—
holds the star up against the force of gravity, but because
it radiates, the star evolves. When the interior is suffi-
ciently hot, nuclear reactions provide the energy lost as
radiation and neutrinos, but only by altering the compo-
sition so that the structure of the star changes with time.
Nondegenerate stars have a negative heat capacity. Tak-
ing energy away causes the internal temperature to rise.
Thus the exhaustion of one fuel, e.g., hydrogen, leads to
the ignition of the next, e.g., helium, until finally an inert
core of iron is formed, from which no further energy can
be gained by nuclear burning.

Hydrostatic equilibrium requires that the pressure P
obey

dP

dr
52

GM~r !r~r !

r2 , (1)

where M(r) is the mass interior to radius r and r(r) is
the density there. For a given polytropic index n such
that P}r(n11)/n, the integration of Eq. (1) implies a re-
lation between the central pressure Pc and the central
density rc ,

Pc
3

rc
4 54pG3S M

f D 2

, (2)

where f(n) is 4.899, 10.73, and 16.15 for n50, 1.5, and
3, respectively. It is convenient to define an abundance
variable, Yi , which is like a dimensionless number den-
sity,

Yi5
Xi

Ai
5

ni

rNA
, (3)

where ni is the number of species i per cm3, Xi is its



1017Woosley, Heger, and Weaver: Evolution and explosion of massive stars
mass fraction, and NA is Avogadro’s number. A similar
definition exists for the electron mole number,

Ye5
ne

rNA
, (4)

where ne is the electron number density. Thus the ideal-
gas pressure is

P ideal5
r

m
NAkT , (5)

with m5(SYi1Ye)21, and, from Eq. (2) for a given
polytropic index, it follows that

Tc
3

rc
}M2m3, (6)

with Tc the central temperature. This relation holds so
long as the polytropic index remains constant and the
pressure is either dominantly due to ideal gas or has
ideal gas as a constant fraction.

Consequently a contracting core of constant composi-
tion, in which energy generation and neutrino losses are
negligible, supported by pressure that has as a constant
ideal-gas fraction, will follow a path rc}Tc

3 . This trend
continues until one of the assumptions is violated, e.g.,
by nuclear ignition or the onset of degeneracy.

Figure 1 shows the evolution of the central tempera-
ture and density for two stars of solar metallicity having
mass 15M( and 25M( . The tendency of Tc to scale
with rc

1/3 is apparent throughout the entire evolution.
The curves fall below a strict extrapolation of the initial
values owing to a decrease in the entropy of the core as
it evolves (see Fig. 11 below). They are also punctuated
with ‘‘wiggles’’ showing the effects of nuclear ignition,
both in the center and in shells. Nuclear burning changes

FIG. 1. Evolution of the central temperature and density in
stars of 15M( and 25M( from birth as hydrogen-burning stars
until iron-core collapse (Table I). In general, the trajectories
follow a line of r}T3, but with some deviation downwards
(towards higher r at a given T) due to the decreasing entropy
of the core. Nonmonotonic behavior is observed when nuclear
fuels are ignited and this is exacerbated in the 15M( model by
partial degeneracy of the gas.
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the entropy in the core and, moreover, the cores become
partially degenerate during their late evolution and
prone to mildly degenerate flashes (more violent below
12M(). These are particularly apparent in the 15M(

model in Fig. 1.
Since radiation entropy is proportional to T3/r and

ideal-gas entropy depends on T3/2/r , Eq. (6) also implies
that more massive stars will have higher central entropy.
This too is a characteristic that persists throughout the
evolution despite the fact that the pressure at late times
is not ideal. Consequently lighter stars tend to converge
more in their late stages on the Chandrasekhar mass
and, in the simplest case, end up with smaller iron cores.
Since the nuclear burning rates are proportional to high
powers of the temperature, lighter stars will also burn a
given fuel at higher densities. The competition between
reactions with different density dependencies—for ex-
ample, 12C(a ,g)16O vs helium burning by the 3a
reaction—will thus yield different compositions in stars
of different mass.

B. Equation of state and initial composition

Except during iron-core collapse and explosion when
the density exceeds 1011 g cm23, the equation of state
relating energy and pressure in massive stars to tem-
perature, density, and composition is straightforward, if
not simple. The electrons and, at high temperatures, the
electron-positron pairs can be described as a perfect,
thermal gas of arbitrary relativity and degeneracy. Effi-
cient subroutines have been given by Blinnikov, Dunina-
Barkovskaya, and Nadyozhin (1996) and Timmes and
Swesty (2000). The ions can be treated, to first order, as
an ideal gas and radiation pressure is given well by
blackbody equations.

An important complication is the electric interaction
between ions and among ions and electrons, sometimes
referred to as ‘‘Coulomb corrections’’ (Abrikosov, 1960;
Salpeter, 1961; Fontaine, Graboske, and van Horn,
1977). These cannot be neglected during the post-
helium-burning stages (Nomoto, 1982, 1984; Nomoto
and Hashimoto, 1988; Woosley and Weaver, 1988) and
generally act to decrease the mass of the iron core in the
presupernova model by approximately 0.1M( .

Stars of many different compositions are studied, but
most of the standard ones use initial compositions like
that of the sun (Anders and Grevesse, 1989; Grevesse
and Noels, 1993; Grevesse, Noels, and Sauval, 1996).

C. Opacities

The opacities necessary for understanding the evolu-
tion of massive stars can be segregated into those
needed to understand the interior and those necessary
for the cooler, low-density envelope. Throughout most
of the stellar interior on the main sequence, the plasma
is fully ionized and the opacity is predominantly due to
electron scattering, ke'0.2(Ye/0.5) (Fig. 2). At higher
temperatures this opacity must be modified (decreased)
because of Klein-Nishina corrections to Compton scat-
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FIG. 2. Opacity from the studies of Rogers and Iglesias (1992) and Iglesias and Rogers (1996) compared with conditions in a
15M( star on the main sequence and during helium burning. The interior of the sun is given for comparison. Curves are labeled
by the log base 10 of the opacity in cm2 g21.
tering (see, for example, Weaver, Zimmerman, and
Woosley, 1978). At still higher temperatures, electron-
positron pairs also contribute. At high density the opac-
ity is also modified by electron conduction (Itoh et al.,
1983; Mitake, Ichimaru, and Itoh, 1984; Itoh, Nakagawa,
and Kohyama, 1985) and can become small owing to
filling of the electron phase space when the gas becomes
degenerate.

In the atmospheres of main-sequence stars and the
convective envelopes of helium-burning stars, the opac-
ity differs appreciably from electron scattering. Most re-
searchers employ the tables of Rogers and Iglesias
(1992) and Iglesias and Rogers (1996; see also Fig. 2).

D. Neutrino losses

Neutrino losses are a critical aspect of the evolution of
massive stars once they finish helium burning (Sec. IV).
Until silicon burning, when neutrino losses from elec-
tron capture become important (Secs. IV.C and V.B),
these neutrinos are chiefly due to thermal processes, es-
pecially pair annihilation (see Fig. 12 of Itoh et al., 1996
and Table I). This gives a loss term that is very roughly
proportional to T9 in the range of interest for advanced
burning stages (Clayton, 1968). It is the temperature
sensitivity of these neutrino losses, combined with the
need to go to higher temperatures in order to burn fuels
with larger charge barriers, that leads to a rapid accel-
eration of the stellar evolution during carbon, neon, oxy-
gen, and silicon burning, the latter typically taking only a
Rev. Mod. Phys., Vol. 74, No. 4, October 2002
day or so (Table I). Most modern calculations use fitting
formulas to represent these thermal losses (Beaudet,
Petrosian, and Salpeter, 1967; Munakata, Kohyama, and
Itoh, 1985; Itoh et al., 1996).

E. Convection

The greatest source of diversity and uncertainty in at-
tempts to model the evolution of stars of all masses is
the way in which compositional mixing is handled, espe-
cially at the boundaries of convective regions. An addi-
tional problem peculiar to massive stars is that, during
the latest stages of evolution, convective and nuclear
time scales become comparable. Almost all models use
some variation of ‘‘mixing-length theory’’ (see, for ex-
ample, Clayton, 1968) wherein the convective velocity is

Vconv5
1
2 S GM

rr2 D¹r D 1/2

l , (7)

with D¹r/r , the excess of the density gradient over and
above that given by the adiabatic condition (see below)
and the mixing length l , typically some fraction of the
pressure scale height. The diffusion coefficient for both
compositional mixing and energy transport, Dconv , is
then

Dconv5
1
3

Vconvl . (8)
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TABLE I. Burning stages of stars.

Hydrogen burning
M initial
M(

T
107 K

r
g cm23

M
M(

L
103 L(

R
R(

t
Myr

1a,b 1.57 153 1.00 0.001 1.00 ;1100
13 3.44 6.66 12.9 18.3 6.24 13.5
15 3.53 5.81 14.9 28.0 6.75 11.1
20 3.69 4.53 19.7 62.6 8.03 8.13
25 3.81 3.81 24.5 110 9.17 6.70
75 4.26 1.99 67.3 916 21.3 3.16
75c 7.60 10.6 75.0 1050 9.36 3.44

Helium burning

M initial
M(

T
108 K

r
103 g cm23

M
M(

L
103 L(

R
R(

t
Myr

1b 1.25 20 0.71 0.044 ;10 110
13 1.72 1.73 12.4 26.0 359 2.67
15 1.78 1.39 14.3 41.3 461 1.97
20 1.88 0.968 18.6 102 649 1.17
25 1.96 0.762 19.6 182 1030 0.839
75 2.10 0.490 16.1 384 1.17 0.478
75c 2.25 0.319 74.4 1540 702 0.332

Carbon burning

M initial
M(

T
108 K

r
105 g cm23

M
M(

L
103 L(

R
R(

t
kyr

13 8.15 3.13 11.4 60.6 665 2.82
15 8.34 2.39 12.6 83.3 803 2.03
20 8.70 1.70 14.7 143 1070 0.976
25 8.41 1.29 12.5 245 1390 0.522
75 8.68 1.39 6.37 164 0.644 1.07
75c 10.4 0.745 74.0 1550 714 0.027

Neon burning

M initial
M(

T
109 K

r
106 g cm23

M
M(

L
103 L(

R
R(

t
yr

13 1.69 10.8 11.4 64.4 690 0.341
15 1.63 7.24 12.6 86.5 821 0.732
20 1.57 3.10 14.7 147 1090 0.599
25 1.57 3.95 12.5 246 1400 0.891
75 1.62 5.21 6.36 167 0.715 0.569
75c 1.57 0.434 74.0 1560 716 0.026

Oxygen burning

M initial
M(

T
109 K

r
106 g cm23

M
M(

L
103 L(

R
R(

t
yr

13 1.89 8.19 11.4 64.5 691 4.77
15 1.94 6.66 12.6 86.6 821 2.58
20 1.98 5.55 14.7 147 1090 1.25
25 2.09 3.60 12.5 246 1400 0.402
75 2.04 4.70 6.36 172 0.756 0.908
75c 2.39 1.07 74.0 1550 716 0.010
Rev. Mod. Phys., Vol. 74, No. 4, October 2002
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TABLE I. (Continued).

Silicon burning
M initial
M(

T
109 K

r
107 g cm23

M
M(

L
103 L(

R
R(

t
d

13 3.28 4.83 11.4 64.5 692 17.8
15 3.34 4.26 12.6 86.5 821 18.3
20 3.34 4.26 14.7 147 1090 11.5
25 3.65 3.01 12.5 246 1400 0.733
75 3.55 3.73 6.36 173 0.755 2.09
75c 3.82 1.18 74.0 1540 716 0.209

aCentral hydrogen-burning values for the current sun. From Bahcall, Pinsonneault, and Basu (2001).
bCentral burning lifetimes and all helium-burning values (horizontal branch only). From Sackmann, Boothroyd, and Kraemer

(1992).
cStellar model with 0.0001 solar metallicity.
Once the diffusion coefficient is known, convective mix-
ing is calculated from the diffusion equation,

S ]Yi

]t D
conv

5
]

]M~r ! F ~4pr2r!2D
]Yi

]M~r !G , (9)

and is added to the purely nuclear terms for (dYi /dt).
So far it has not proven numerically feasible to couple
convection in the advanced burning stages with nuclear
burning directly in a single matrix (though see Herwig
et al., 1999 for a calculation relevant to lower-mass
stars). Thus the nuclear burning is usually carried out
first and the stellar zones are then mixed as a separate
operation afterwards in the converged model.

This convective transport is far more efficient at both
carrying energy and mixing the composition than radia-
tion, for which

Drad5
1
3

acT3

kr2 S ]e

]T D
r

21

, (10)

where k is the opacity and e is the internal energy.

1. Semiconvection

A historical split in the way convection is treated in a
stellar model comes about because the adiabatic condi-
tion can be written in two ways:

dP

P
2G1

dr

r
50,

dP

P
1

G2

12G2

dT

T
50. (11)

For convective instability, A.0 or B.0, where

A5
1
r

dr

dr
2

1
G1P

dP

dr
,

B5
G221

G2

1
P

dP

dr
2

1
T

dT

dr
. (12)
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Here A is known as the Ledoux condition for instability
and B is the Schwarzschild condition. These two condi-
tions are equivalent except when there are gradients in
composition or when radiation pressure is important.
Then the Ledoux criterion is more restrictive since, for
the simple case of an ideal gas plus radiation,

A5
423b

b
B1

1
m

dm

dr
, (13)

where b is the ratio of gas pressure to total pressure.
Expressions for the G’s are given by Woosley and
Weaver (1988). Those regions of the star that are un-
stable by the Schwarzschild criterion but stable by the
Ledoux criterion are called semiconvective.

It is unknown exactly what to use for the diffusion
coefficient for ionic mixing in semiconvective regions.
Kato (1966) treats semiconvection as an overstable os-
cillation between two layers having different tempera-
tures and compositions. The leakage of heat out of a
perturbation of the boundary causes its amplitude to
grow, eventually leading, after very many oscillations, to
mixing. Such a picture can be developed into an ap-
proximate numerical model (Langer et al., 1983) and
suggests an important role for the radiative diffusion co-
efficient, but it is not parameter free. More recently,
Spruit (1992) modeled semiconvection as a ‘‘double dif-
fusive’’ phenomenon, with the unstable region breaking
down into cells. Inside each cell there is no composition
gradient and convection proceeds as normal. In the cell
boundaries, however, the composition gradients are ex-
pressed and energy and mass only cross these by diffu-
sion. Spruit obtains for the semiconvective diffusion co-
efficient

DS5~DradDion!1/2S 4
b

23 D ¹r2¹a

¹m
, (14)

where Drad was given in Eq. (10) and Dion is the ionic
diffusion coefficient, b is the ratio of gas pressure to
total pressure, ¹r is the logarithmic derivative of the ra-
diation temperature with respect to radius, ¹m is a simi-
lar derivative of the composition, and ¹a is the adiabatic
gradient (Clayton, 1968). In typical circumstances, the
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ionic diffusion coefficient is about 106 times smaller than
the radiative diffusion coefficient, and the logarithmic
derivative terms give a number less than unity. Unmodi-
fied, Spruit’s formalism thus suggests a very small diffu-
sion coefficient (Ds!Dr) and an evolution that re-
sembles Ledoux convection more than Schwarzschild.
However, Spruit’s cellular structure is probably unstable
after many convective cycle times within a cell and may
not be as persistent in three dimensions as in two. Insta-
bilities, as well as rotationally induced mixing, will go in
the direction of increasing the diffusion. Numerical cal-
culations (in two dimensions) by Merryfield (1995) sug-
gest that the efficiency of semiconvection—and the sta-
bility of Spruit’s cells—depend on the magnitude of the
driving force for the instability, i.e., the efficiency of
semiconvection may depend on the specific circum-
stances. More recent (two-dimensional) calculations by
Biello (2001) show a sensitive dependence on the ratio
of kinematic viscosity to heat diffusion (Prandtl num-
ber). For low Prandtl numbers, as are appropriate to
stars, the cellular structure is unstable, suggesting rela-
tively efficient semiconvection. Further numerical work,
especially in three dimensions and at low Prandtl num-
ber, is definitely needed here.

Various empirical prescriptions exist for the semicon-
vective diffusion coefficient among those groups that
study massive stars (Langer, El Eid, and Fricke, 1985;
Woosley and Weaver, 1988; Langer, El Eid, and Baraffe,
1989). Other groups (e.g., Nomoto and Hashimoto,
1988; Maeder and Meynet, 1989; Bressen et al., 1993) do
not include semiconvection, but employ the Schwarzs-
child criterion, some with overshoot mixing (Sec. II.E.2;
Maeder and Meynet, 1989), some without (Nomoto and
Hashimoto, 1988). Still other groups prefer the strict
Ledoux criterion (Stothers and Chin, 1992; Brocato and
Castellani, 1993). Probably the strongest observational
diagnostic of semiconvection is the statistics of red vs
blue supergiants (Sec. III.B.1), but no single choice of
convection parameter explains all the data (Langer and
Maeder, 1995). The situation is further complicated be-
cause rotation can induce mixing in some of the same
regions (Sec. II.F), and its effects might masquerade as a
large semiconvection diffusion coefficient.

Practically speaking, semiconvection matters most (i)
in the region outside of the helium core just following
central hydrogen depletion; (ii) during convective
helium-core burning; and (iii) during silicon burning. In
the first case, the gradient of hydrogen to helium left
behind as the convective hydrogen core receded either
mixes or does not mix depending on the prescription
adopted. This mixing affects the gravitational potential
where the hydrogen shell ignites, which in turn affects
whether the star is a red or blue supergiant (Lauterborn,
Refsdal, and Roth, 1971; Lauterborn, Refsdal, and
Weigert, 1971; Kippenhahn and Weigert, 1990). A
deeper potential, which happens with less mixing
(Ledoux), means a redder star. Figure 3 shows ‘‘fingers’’
of semiconvective mixing outside the hydrogen convec-
tive core as it shrinks (more apparent in higher masses)
and at the boundary of the helium convective core. This
Rev. Mod. Phys., Vol. 74, No. 4, October 2002
calculation and others to follow in this review used a
relatively large semiconvective diffusion coefficient
amounting to approximately 10% Dr (Woosley and
Weaver, 1988). Equation (14) gives a much smaller
value, and the use of Dsemi50.1Dr implies that rotation
plus instabilities have been effective at breaking down
the cellular structure assumed in Eq. (14).

During helium burning, stellar evolution models with
a very small amount of semiconvection sometimes de-
velop a numerical instability in which an atomic weight
barrier develops and grows about halfway out in the he-
lium core. This has the effect of bifurcating a region
that, according to Schwarzschild, would have mixed. If it
does not mix, the outer part of the convective core burns
little helium and the inner part evolves as a smaller
carbon-oxygen core, thus producing fewer heavy ele-
ments and a smaller iron core. It seems unlikely that this
bifurcation would persist in a multidimensional model,
but such calculations are thus far absent. The larger
value of diffusion coefficient used by Woosley and
Weaver (1988) and in the models presented in this re-
view suppresses that instability. The resulting helium
cores and carbon-oxygen cores are shown in Fig. 4.

In silicon burning, electron capture leads to a discon-
tinuity in Ye [Eq. (4)] at the outer edge of the convective
zone. This inhibits the growth of the convective shell if
the Ledoux criterion (or Ledoux plus semiconvection) is
used, but does not if the Schwarzschild criterion is used.
This may be one of several reasons for different iron-
core sizes among the groups who study silicon burning
(Sec. V.A).

2. Overshoot mixing

The transport of energy by convection implies inertial
motion and the mixing requires a turbulent cascade,
both of which are usually neglected in the stellar models.
Physically, one expects that the tops and bottoms of con-
vective regions will not be precisely defined, but spread
over some distance that might depend on the convective
velocities and entropy barriers. A physical theory is
presently lacking. What is usually employed instead is
diffusive mixing over a characteristic length scale, e.g., a
fraction of a pressure scale height. Maeder and Meynet
(1989), Chin and Stothers (1991), and Stothers and Chin
(1991) have shown that the degree of overshoot mixing
during hydrogen and helium burning cannot be too large
or conflicts with observations result. In particular, the
blue loops tend to disappear.

Less well studied, but of special significance in mas-
sive stars after helium burning, is the merger of multiple
burning shells of heavy elements (carbon, neon, and
oxygen) that can affect the nucleosynthesis and presu-
pernova structure dramatically (Sec. VIII.B.2; Fig. 10,
below).

F. Rotation

It is well known that massive stars on the main se-
quence rotate rapidly. Typical equatorial rotation veloci-
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FIG. 3. Convective history as a function of interior mass for 15M( and 25M( stars of solar metallicity during hydrogen and
helium burning. Evolution is measured by the logarithm of the time remaining until the death of the star as a supernova, plotted
so as to exaggerate the later burning stages. Green hatched regions are fully convective and red cross-hatched regions are
semiconvective (see Sec. II.E.1). Levels of blue and pink shading indicate orders of magnitude of net energy generation (nuclear
energy generation minus neutrino losses), with blue reflecting positive values and pink indicating negative ones. Note the devel-
opment of an extended convective envelope characteristic of a red supergiant late during helium burning. The hydrogen core
shrinks towards the end of hydrogen burning; the helium core grows as helium is depleted. The entire star shrinks in mass owing
to mass loss [Color].
Rev. Mod. Phys., Vol. 74, No. 4, October 2002
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FIG. 4. Final helium and carbon-oxygen core
masses for a grid of single stars of solar me-
tallicity and 1024 solar metallicity. All stars
were evolved including mass loss as described
in Sec. II.G. For stars heavier than about
35M( , mass loss in solar metallicity stars ap-
preciably reduces the final helium-core mass.
ties are on the order of 200 km s21 (Fukuda, 1982), i.e., a
significant fraction of their breakup rotation velocity.
Even if such stars rotate rigidly, specific angular mo-
menta this large implies that centrifugal effects could
play an important, even dominant, role in the advanced
stages of evolution (Endal and Sofia, 1976, 1978). The
situation is complicated, however, because the star can
transport angular momentum in convective regions and
in radiative layers due to circulation and other instabili-
ties (see, for example, Endal and Sophia, 1978; Knob-
lock and Spruit, 1983; Zahn, 1992; Talon et al., 1997;
Maeder and Zahn, 1998; Maeder and Meynet, 2000a)
and lose mass. When the outer layers of a star expand,
their angular velocity decreases. If this slower rotation
rate is communicated to layers deeper in, angular mo-
mentum can be extracted from the core by a wind
(Langer, 1998). The actual distribution of angular mo-
mentum in advanced stages is sensitive to the efficiency
for coupling differentially rotating regions by instabili-
ties and magnetic torques (Maheswaran and Cassinelli,
1994) and the magnitude and geometry of mass loss (bi-
polar outflow?); see Maeder and Meynet (2000b). For-
tunately the results are not too sensitive to the initial
distribution of angular momentum, since convection and
Eddington-Sweet circulation tend to enforce rigid rota-
tion early on the main sequence.

Heger, Langer, and Woosley (2000) and Maeder and
Meynet (2000a, 2000c) describe the various instabilities
and processes that lead to mixing and angular momen-
tum transport in massive stars. Chief among these are
Eddington-Sweet circulation and shear instabilities, the
latter being particularly effective at convection bound-
aries (and therefore mimicking convective overshoot
and semiconvection in some ways). For the simplest
assumptions—rigid rotation on the main sequence, ra-
dial mass loss, no magnetic fields—they and Meynet and
Maeder (2000) find that large angular momenta persist
inside the carbon-oxygen core, sufficiently large to affect
the explosion mechanism (Fryer and Heger, 2000) and
Rev. Mod. Phys., Vol. 74, No. 4, October 2002
produce submillisecond pulsars (Heger, Langer, and
Woosley, 2000). However, magnetic fields may play an
important role and are just starting to be considered
(Sec. IV. E). The situation could be different in Wolf-
Rayet stars since they experience more mass loss. (Wolf-
Rayet stars are massive stars with strong winds and thus
broad emission lines and altered surface compositions
reflecting the presence of ashes from nuclear burning.
Hydrogen is either deficient, as in WNL stars, or com-
pletely absent, as in WC and WO stars. Because of the
lack of hydrogen, supernovae coming from such stars
are of type I. The N, C, and O subtypes of Wolf-Rayet
stars indicate the presence of strong lines of nitrogen,
carbon, or oxygen in their spectra. Supernovae originat-
ing in such stars are classified as type I, though they are
not related to the typical type-Ia supernovae.)

Most Wolf-Rayet stars are probably slow rotators
when they die as type-I supernovae (Maheswaran and
Cassinelli, 1994). For stars that lose only a little mass,
the angular momentum in the core will be larger. It is
not certain, however, that convection will naturally lead
to rigid corotation within the convective region (Kumar,
Narayan, and Loeb, 1995), and the details of the angular
momentum transport are uncertain, especially at bound-
ary layers.

While angular momentum is an important consider-
ation for the late stages, the effects of rotation on the
observed properties of hydrogen- and helium-burning
stars are much better documented and studied. Deeper
mixing than occurs without rotation seems necessary to
explain the observed surface enhancements of helium,
nitrogen, and sodium and the surface depletion of boron
(Fliegner, Langer, and Venn, 1996; Heger and Langer,
2000; Maeder and Meynet, 2000c). Rotation also leads
to larger helium cores for a given main-sequence mass
and to larger carbon oxygen cores for a given helium-
core mass. By altering the ratio of core mass to enve-
lope, the late evolution of stars of a given main-
sequence mass is appreciably affected. By inducing
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additional mixing, rotation reduces the disparity be-
tween results obtained using the Ledoux and Schwarzs-
child convective criteria. Entropy barriers that would
have inhibited convection in the Ledoux case are tra-
versed by rotational mixing. Because of the larger he-
lium core, rotating stars also have higher luminosities as
supergiants and thus, for a given main-sequence mass,
experience more mass loss

G. Mass loss

1. Single stars

O and B stars have radiatively accelerated winds that
are relatively well understood (Lamers and Cassinelli,
1999; Kudritzki and Puls, 2000) and do not represent a
major source of uncertainty for stellar evolution models.
Commonly employed prescriptions are given by Chiosi
and Maeder (1986), DeJager, Nieuwenhuijzen, and van
der Hucht (1988), Maeder (1990), and Nieuwenhuijzen
and DeJager (1990). However, massive stars may lose
much of their mass during post-main-sequence evolu-
tion, i.e., as red supergiants for M&35M( and as lumi-
nous blue variables or Wolf-Rayet stars for higher
masses. For all these late stages, we have neither reliable
empirical mass-loss rates nor quantitative mass-loss
theories.

Significant constraints on the post-main-sequence
mass loss come from the distribution of luminous stars in
the Hertzsprung-Russell (HR) diagram. First, the ab-
sence of luminous red supergiants with log L/L(.5.7
(Humphreys and Davidson, 1979) can be reconciled
with stellar models by assuming that correspondingly
massive stars (M*50M() lose most of their hydrogen
envelope before helium ignition. The idea that they do
so as luminous blue variables at the Humphreys-
Davidson (1979) limit—the location of the observed,
highly unstable luminous blue variables, which appar-
ently all have ejected circumstellar nebulae (Nota et al.,
1995)—results, for a given stellar model, directly in a
mass-loss rate (Langer, 1989a). Second, the large num-
ber of relatively faint (log L/L('4.5–5.0) Wolf-Rayet
stars (Hamann, Koesterke, and Wessolowski, 1995),
which, due to a very narrow mass-luminosity relation for
those objects (Maeder, 1983; Langer, 1989b), indicates a
mass in the range ;5 –8M( for them, as well as the
large number of WC-type stars (which show core-
helium-burning products at their surfaces), implies a
very large amount of mass loss in the Wolf-Rayet
stage.

In fact, for current empirical mass-loss rates, all solar
metallicity stars initially more massive than ;35M( are
thought to end their lives as hydrogen-free objects of
roughly 5M( (Schaller et al., 1992; Meynet et al., 1994).
This not only prevents the very massive stars (M
*100M() from exploding through the pair-formation
mechanism, but also limits the mass of the iron core
produced at the end of their thermonuclear evolution to
values below ;2M( (Fig. 17 below) and drastically in-
creases the probability for a successful hydrodynamic su-
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pernova explosion compared with the situation without
mass loss. Due to the lack of hydrogen, those superno-
vae would be classified as type Ib or Ic (Sec. IX.E).

Once the helium core is uncovered, the nature and
rate of mass loss changes appreciably. Langer (1989a)
has argued for a strongly mass-dependent mass-loss rate.
The masses derived for Wolf-Rayet stars on the basis of
their mass-luminosity relation (Maeder, 1983; Langer,
1989b; Schaerer and Maeder, 1992) can be as small as
;4M( (van der Hucht, 1992; Hamann, Koesterke, and
Wessolowski, 1993) without showing any major devia-
tion from the general mass-loss relation. A recent linear
analysis of pulsational instability (Glatzel, Kiriakidis,
and Fricke, 1993) showed helium stars above ;4M( to
be unstable with respect to radial pulsations, with a
growth time of order only a few dynamical time scales.
Such instabilities are a possible physical explanation of
the strong Wolf-Rayet wind observed for helium stars
with M*4M( and might imply a pileup of final masses
near this value (Langer et al., 1994; Fig. 5).

One current prescription (Wellstein and Langer, 1999)
for mass loss in massive stars would be to use (a) the
mass-loss rate of Niewenhuijzen and DeJager (1990) for
stars cooler than 15 000 K; (b) theoretical radiation-
driven wind models by Kudritzki et al. (1989) and Paul-
drach et al. (1994) for OB stars with temperatures
over15 000 K; and (c) empirical mass-loss rates for Wolf-
Rayet stars from Hamann, Schoenberner, and Heber
(1982) reduced by a factor of 3 (Hamann and Koesterke,
1998; Langer, 2001),

FIG. 5. The mass of helium cores for a grid of helium cores
evolved through helium burning using mass-dependent mass
loss. These stars lost their hydrogen-rich envelopes early in
helium burning to a binary companion and originally had
masses on the main sequence of 60M(, 40M(, 30M(, 25M(,
and 20M( . The cores converge on a narrow range of final
masses between 4.07M( and 3.39M( , which may be appro-
priate for type-Ib and type-Ic supernovae (Woosley, Langer,
and Weaver, 1995). From Wellstein and Langer (1999) and N.
Langer (2001).
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logS Ṁ

M( yr21D 5H 212.4311.5 log~L/L(!22.85Xs if log~L/L(!>4.45

236.2816.8 log~L/L(! if log~L/L(!,4.45,
(15)
with Xs the surface mass fraction of hydrogen. An im-
portant consideration, aside from the accuracy and gen-
erality of the equations themselves, is their scaling with
metallicity. The above values are for stars of solar me-
tallicity. There is some suggestion that radiative winds
may scale with (Z/Z()1/2 (Kudritzki, 2000; Vanbeveren,
2001) or perhaps Z2/3 (Vink, de Koter, and Lamers,
2001). The dependence of Wolf-Rayet mass-loss rates on
the initial metallicity of the star is unknown, but there
are indications that the mass-loss rate of WC stars also
scales as Z1/2, where Z is approximately the surface car-
bon abundance made by the star (Nugis and Lamers,
2000).

2. Mass loss in binaries

If a star is located in a binary system with separation
small enough that one star or the other crosses its Roche
lobe before dying, the evolution of both stars is obvi-
ously altered (Podsiadlowski, Joss, and Hsu, 1992; Van-
beveren, DeLoore, and Van Rensbergen, 1998; Wellstein
and Langer, 1999). This may occur for approximately
one-third of all massive stars. Possibilities range from
complete loss of the hydrogen envelope—ultimately
leading to death as a type-Ib/c supernova—to the com-
plete merger of the two stars by way of a common en-
velope phase (the designation Ib or Ic has to do with the
strength of a helium line feature in the spectrum, but
both are thought to be produced by the deaths of Wolf-
Rayet stars). The possibilities and literature are beyond
a short summary here, but we mention just a few key
points.

Mass transfer can be segregated into three categories,
depending on the evolutionary state of the primary: (a)
In case A, transfer occurs while the primary is still on
the main sequence; (b) case B occurs after H depletion
but before helium depletion; and (c) case C occurs after
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helium depletion (Kippenhahn and Weigert, 1967). Most
interacting massive stars are believed to follow case
B/case C without the formation of a common envelope
(Fig. 16 of Podsiadlowski et al., 1992) and end up as ei-
ther type-Ib supernovae or type-II with very-low-mass
hydrogen envelopes. Table II (Wellstein and Langer,
1999) lists some possible outcomes for stars of different
masses. It is interesting that membership in a close bi-
nary can raise the threshold mass for making a super-
nova from 8M( or so to 13M( . This is because remov-
ing the envelope early in helium burning puts a halt to
the growth of the helium core by hydrogen-shell burning
and also removes some of the helium core itself. Type-Ib
and type-Ic supernovae are made when the hydrogen
envelope is lost (Sec. IX.E); it is assumed that if the
helium layer is also mostly shed, leaving only part of the
carbon-oxygen core, the supernova will be of type Ic.
The critical masses for black-hole formation depend on
uncertain aspects of the explosion mechanism (Secs. V
and VI.A).

In addition to the parameters of the binary (masses,
separation, etc.), the outcome of binary evolution is sen-
sitive to the theory of convection employed (Sec. II.E).
Use of the Ledoux criterion causes the star to become a
red giant and to commence mass transfer when the he-
lium mass fraction is higher than that obtained using the
Schwarzschild criterion.

One well-studied example of binary evolution affect-
ing a supernova progenitor is SN 1993J. Aldering, Hum-
phreys, and Richmond (1994) estimated the bolometric
magnitude of the progenitor star, corrected for the pres-
ence of a binary companion, to be 27.8, or L54.0
31038 erg s21, appropriate for a star of approximately
16M( , and yet the evolution of the light curve suggests
that the star had an envelope mass of about 0.2M(

(Woosley, Eastman, et al., 1994). Since stars of this mass
TABLE II. Supernovae and remnants of massive stars of solar metallicity. Note: Based on Wellstein
and Langer (1999), slightly altered.

Initial mass
(M()

Binary mass transfer

Single starCase A Case B Case C

8¯13 SN Ib SN IIp
WD WD NS NS

13¯16 SN Ib/Ic SN Ib SN IIp
WD NS NS NS

16¯25 SN Ib SN Ib SN Ib SN IIp
NS NS NS NS

25¯35 SN Ic SN Ic SN Ib SN IIL
NS NS BH BH

.35 SN Ic SN Ic SN Ib SN Ic
NS/BH NS/BH NS/BH NS/BH
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are not expected to lose a significant fraction of their
hydrogen envelope to a wind, the implication is that a
binary companion was instrumental in stripping the star
(Nomoto et al., 1993; Podsiadlowski et al., 1993; Bar-
tunov et al., 1994; Filippenko, Matheson, and Barth,
1994; Utrobin, 1994). Since it also turns out that 0.2M(

is the minimum envelope mass required to maintain a
red supergiant structure for a helium core of 5M( (im-
plied by the presupernova luminosity), the implication is
that rapid mass transfer occurred until all the envelope
was lost except that part necessary to maintain the
Roche radius. Had such mass loss occurred by a wind
early during helium burning instead of by Roche lobe
overflow late during carbon burning, one would have
expected all the remaining hydrogen to be lost to a ra-
diative wind and the supernova to be type Ib rather than
type II as was observed. Thus SN 1993J is apparently an
example of case C or at least late case B mass transfer.

III. MAIN-SEQUENCE AND HELIUM-BURNING
EVOLUTION

A massive star spends about 90% of its life burning
hydrogen and most of the rest burning helium (Table I).
Typically these are the only phases of the star that can
be studied by astronomers (the progenitors of SN 1987A
and SN 1993J were exceptions). These relatively quies-
cent phases, when convection and radiation transport
dominate over neutrino emission, also determine what
follows during the advanced burning stages and explo-
sion. A good recent review of all aspects of massive stel-
lar evolution during hydrogen and helium burning has
been given by Maeder and Conti (1994). Chiosi, Bertelli,
and Bressen (1992) have discussed massive stellar evo-
lution as a part of a larger review of the Hertzsprung-
Russell diagram. Maeder and Meynet (2000a) have re-
viewed rotation and the upper main sequence. Grids of
stellar models, including massive stars, have been
evolved through hydrogen and helium burning by
Schaerer, Meynet, et al. (1993), Schaerer, Charbonnel,
et al. (1993), Schaller et al. (1992), Meynet et al. (1994),
and Charbonnel et al. (1993, 1996). Because we wish to
give emphasis to supernovae and the advanced stages of
evolution, our discussion of main-sequence evolution
and helium burning is relatively brief and concentrates
on nuclear physics issues.

A. Nuclear physics

1. Hydrogen burning

The relevant nuclear reactions for hydrogen
burning in massive stars are the carbon-nitrogen-
oxygen-cycle, especially 12C(p ,g)13N(e1n)13C(p ,
g)14N(p ,g)15O(e1n)15N(p ,a)12C and various side
channels thereof (i.e., the ‘‘CNO tricycle’’; see, for ex-
ample, Rolfs and Rodney, 1988). The energy released by
hydrogen burning depends upon the initial composition,
but for a composition of 70% hydrogen by mass it is
4.5131018 erg g21 (26.731 MeV per helium produced).
Subtracting the energy carried away by neutrinos (1.71
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MeV per helium) gives the net energy deposition,
;4.2231018 erg g21 (;24.97 MeV per helium). This is
somewhat less than that deposited by hydrogen burning
in low-mass stars like the sun because the neutrinos
emitted in the CNO cycle are more energetic. Reaction
rates that govern energy generation and stellar structure
(in contrast to nucleosynthesis) are relatively well deter-
mined for the CNO cycle (Caughlan and Fowler, 1988;
Rolfs and Rodney, 1988; Adelberger et al., 1998; Angulo
et al., 1999; and references therein), though recent stud-
ies (Adelberger et al., 1998; Angulo and Descouvemont,
2001) suggest some uncertainty in 14N(p ,g)15O.

2. Helium burning

The two principal nuclear reactions by which helium
burns are 3a→12C and 12C(a ,g)16O. The nuclear en-
ergy release is 7.275 MeV for the first reaction and 7.162
MeV for the second. Assuming a starting composition of
pure helium, this gives 5.8512.86X(16O)31017 erg g21,
where X(16O) is the final mass fraction of oxygen. Stars
of solar metallicity additionally contain about 2% of 14N
in the helium core after completion of hydrogen burn-
ing. Before the energy release by the 3a reaction be-
comes appreciable, this nitrogen burns away completely
by 14N(a ,g)18F(b1n)18O, releasing approximately
1016 erg g21 for solar metallicity. This powers a brief epi-
sode of convective nitrogen burning that precedes he-
lium burning. Later, towards the end of helium burning,
this 18O is converted to 22Ne and still later provides neu-
trons for the s process (Sec. III.E)

Rates for the 3a reaction and 14N(a ,g)18F are rela-
tively well determined (Caughlan and Fowler, 1988;
Rolfs and Rodney, 1988; Angulo et al., 1999; and refer-
ences therein). However, the reaction 12C(a ,g)16O war-
rants special discussion as it affects not only the ratio of
carbon and oxygen to come out of helium burning, but
indirectly the nucleosynthesis of many other species and
the very structure of the presupernova star (Sec. V.A).
Determination of an accurate rate for this reaction is
experimentally challenging because it proceeds pre-
dominantly through two subthreshold resonances whose
critical alpha widths must be determined indirectly
[the excited states are at 7.117 MeV(12) and
6.917 MeV(21); the Q value is 7.162 MeV]. Though the
temperature sensitivity of the rate is of some importance
(Buchmann, 1996), the rate is often expressed in terms
of the S factor at 300 keV, a representative energy for
the Gamow peak during helium burning. The rate is di-
vided into three parts: (a) the electric dipole part that
proceeds through the 12 resonance; (b) the electric
quadrupole part that goes through the 21 state; and (c)
everything else. Recent studies by Azuma et al. (1994)
and summarized by Barnes (1995) suggest an S factor
for the E1 part of 79621 keV b (one-sigma error bar).
The E2 part is less certain but is thought to lie in the
range 44218

112 keV b (Tischhauser, 2000). Including a con-
tribution from other states and from direct capture adds
16616 keV b for a total of 137633 keV b. Buchmann
et al. (1996) have suggested a value with a broader
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range, 165675 keV b, and Buchmann (1996) recom-
mends a value of 146 keV b with lower and upper limits
of 62 and 270 keV b, respectively. More recently, Kunz
et al. (2001, 2002) using an R-matrix fit to new data, ob-
tained an S factor of 165650 keV b and a temperature
dependence—at helium-burning conditions—very much
like that found by Buchmann. In summary, the preferred
values of the day for S(300 keV) lie in the range 100–
200 keV b, but with a preference for 150–170 keV b.
This uncertainty is far too large for a rate of this impor-
tance. Based upon nucleosynthesis arguments, Weaver
and Woosley (1993) estimated a total S factor of 170
620 keV b, which is quite consistent with current ex-
periments. An implication of their work is that the ac-
ceptable experimental error bar on the total rate must
be &10%.

B. Observational diagnostics of hydrogen and helium
burning

We shall be brief in discussing this diverse and well-
studied topic. See the references given at the beginning
of this section for such topics as the evolution of massive
stars in the HR diagram as a function of mass and me-
tallicity. Here we briefly consider one issue, the nature of
the star whose explosion we observed as SN 1987A, and
the related topic of red and blue supergiants. These are
important in understanding the kinds of supernovae that
massive stars will produce.

1. Red-to-blue supergiant ratios

Models for supergiant stars, those with extended en-
velopes supported by helium burning either central or in
a shell, are often found near a boundary separating a red
and a blue solution, the red solution being a convective
envelope with lower temperatures, higher opacities, and
a much larger radius than the blue radiative one (Woos-
ley, Pinto, and Ensman, 1988; Tuchman and Wheeler,
1989, 1990). Intermediate solutions are thermally un-
stable. The ratio of blue to red supergiants is thus a
sensitive test of stellar structure calculations, especially
of semiconvection. Langer and Maeder (1995) and
Maeder and Meynet (2000a, 2001) recently surveyed the
observations and models. Observations show that the
blue-to-red ratio is an increasing function of metallicity.
All present-day models have difficulty producing this
trend. Models that use the Ledoux criterion and a mod-
erate amount of semiconvection agree with observations
at low metallicity, but produce too many red supergiants
at high metallicity. On the other hand, models that use
the Schwarzschild criterion with some convective over-
shoot mixing agree with observations at high metallicity,
but predict too many blue supergiants at low metallicity.
Some solution incorporating aspects of both is indicated,
with effects of molecular weight gradients important in
low-metallicity stars but an increasing amount of semi-
convection and convective overshoot in higher-
metallicity stars. Rotationally induced mixing may also
be important and is just starting to be explored in this
context (Maeder and Meynet, 2001).
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2. SN 1987A

Related to the issue of red and blue supergiants is the
progenitor star of Supernova 1987A (see reviews by Ar-
nett, Bahcall, et al., 1989; Arnett, Fryxell, and Müller,
1989; Hillebrandt and Höflich, 1989). Sk 202-69 was
known to be a blue supergiant at the time it exploded.
However, observations of low-velocity, nitrogen-rich cir-
cumstellar material (Fransson et al., 1989) show that the
star was a red supergiant until roughly 30 000 years be-
fore the explosion. Explanations for this behavior (blue
on the main sequence; red, at least at the end of helium
burning; blue supernova progenitor), in a star known to
be about 20M( (Walborn et al., 1987; Woosley, 1988;
Woosley, Pinto, and Ensman, 1988), separate into two
classes: single-star models and binaries.

In the single-star models, the evolution inferred from
observations is best replicated by a combination of re-
duced metallicity and reduced semiconvection (see, for
example, Woosley, 1988; Langer, El Eid, and Baraffe,
1989; Weiss, 1989; Langer, 1991a). The reduced metallic-
ity, appropriate to the Large Magellanic Cloud, de-
creases the energy generation at the hydrogen shell and
the opacity of the envelope, both of which favor a radia-
tive solution. Hints that low metallicity might be in-
volved in making a blue supernova progenitor were
found in earlier calculations by Brunish and Truran
(1982), Arnett (1987), and Hillebrandt et al. (1987), but
none of these gave an evolution in the HR diagram like
SN 1987A, which, as noted, was a red supergiant until
shortly before it exploded. Restricted semiconvection is
also required. Reducing semiconvection changes the
gravitational potential at the helium-burning shell in the
presupernova star in such a way as to favor blue loops.
In particular, the helium-burning shell (edge of the car-
bon core) is located much deeper in the star in the low-
semiconvection case. If this is the correct explanation,
one would expect many other stars of Large and Small
Magellanic Cloud composition to produce SN 1987A-
like events, but not stars of all masses. Using the same
prescription, stars of less than about 15M( or more than
about 22M( would still die as red supergiants (Langer,
1991b). Rotation may also be important in explaining
the history of Sk 202-69 (Saio, Kato, and Nomoto, 1988;
Weiss, Hillebrandt, and Truran, 1988; Langer, 1991c,
1992). Extra mixing may make an envelope that is rich
in helium, hence heavier and more prone to a blue so-
lution. Rotation may also be necessary to explain the
large nitrogen enrichment in the red supergiant wind
and the asymmetric mass outflow implied by the ob-
served circumstellar ring structure (Chevalier and Soker,
1989). However, rotational mixing might negate the ef-
fects of reduced semiconvection in the helium core,
leading to a helium-burning shell further out and a red
progenitor.

Binary solutions to the Sk-202-69 problem also exist
and have been given added impetus by the observations
of the double-lobed shell structure recently observed by
the Space Telescope (Braun and Langer, 1995). Expla-
nations for this require a strong asymmetry in the red
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giant mass outflow that might be more easily understood
in a binary system. The binary solutions further subdi-
vide into accretion models (Podsiadlowski and Joss,
1989; Tuchman and Wheeler, 1990; De Loore and Van-
beveren, 1992) and merger models (Hillebrandt and
Meyer, 1989; Podsiadlowski, Joss, and Rappaport, 1990;
Podsiadlowski, 1992, 1994). The accretion models in-
voke the addition of mass, which may be helium and
nitrogen rich, after the main-sequence evolution of the
supernova progenitor is complete. This requires some
tuning of time scales and the disappearance of the mass
donor in an earlier supernova explosion, but creates a
blue solution by increasing the envelope mass and he-
lium content of the SN 1987A progenitor. The merger
scenarios, which may be more natural, invoke a common
envelope phase that triggers the transition from red to
blue. A red supergiant of about 16–18M( becomes a
red supergiant late during helium burning (true if there
is ample semiconvection) and expands to encompass a
companion of ;3M( , which is probably a main-
sequence star. Part of the ensuing common envelope is
ejected in the merger, but the main-sequence star is
eventually tidally disrupted. Much of the material lost in
the common envelope phase comes out in the orbital
plane. Some helium may be dredged up or donated in
the merger. The larger mass of the envelope plus its he-
lium content cause the star to move to the blue on a
thermal time scale. The additional dredging up of core
material might explain the large nitrogen enhancement
observed in the circumstellar medium and, in extreme
cases, even s-process elements (Williams, 1987; Dan-
ziger et al., 1988). A possible difficulty with the merger
model is that it requires fine tuning to get the merger to
happen just 30 000 years before the supernova and
makes SN 1987A an uncommon event.

Podsiadlowski, Joss, and Hsu (1992) estimate that 5%
of all massive stars may end their lives as blue super-
giants because of merger with a companion. If this is the
explanation for the progenitor of SN 1987A one would
expect most (other) supernovae in the Large Magellanic
Cloud to occur in red supergiants and further that a few
percent of all supernovae, even those occurring in re-
gions of solar metallicity, would be like SN 1987A. So far
observations do not test this prediction.

C. Nucleosynthesis during hydrogen burning

In massive stars, hydrogen burning is not particularly
productive nucleosynthetically, at least compared with
hydrogen burning in lower-mass stars (which make most
of 13C, 14N, and some 23Na) and with other hotter burn-
ing stages in massive stars. It is estimated (Timmes,
Woosley, and Weaver, 1995) that massive stars produce
about one-fifth of the 14N in the sun and even less 13C
and 15N (Sec. VIII.E.1).

Another hydrogen-burning product of interest is the
long-lived radioactivity 26Al made in hydrogen burning
and ejected in the winds of those massive stars that end
up as Wolf-Rayet stars (M.35M(). The 26Al is made
by proton capture on 25Mg and is ejected before it has
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time to decay. Meynet et al. (1997) estimate that from
20% to 70% of the two M( of 26Al inferred to exist in
the interstellar medium could be produced by such
winds. However, Timmes et al. (1995) find that neon and
carbon burning alone, without any contribution from
stellar winds, can produce the abundance of 26Al in-
ferred from measurements of gamma-ray lines (Sec.
VIII.E.2).

The production of 17O in massive stars calculated by
Woosley and Weaver (1995), though in good agreement
with the solar value, is an overestimate when recent re-
visions to key reaction rates are included. Aubert, Prant-
zos, and Baraffe (1996) and Hoffman, Woosley, and
Weaver (2001) find a substantially smaller yield using
much larger reaction rates for 17O(p ,g)18F and
17O(p ,a)14N (Landré et al., 1990; Blackmon et al.,
1995). Should these larger cross sections be confirmed
[see the critical discussion of 17O(p ,a)14N in Adelberger
et al., 1998], 17O may have to be attributed to lower-mass
stars or to novae (Jose and Hernanz, 1998).

D. Nucleosynthesis during helium burning

1. Carbon and oxygen

The principal products of helium burning are 12C and
16O. The ratio of these products affects not only their
own nucleosynthesis but the future evolution of the star
during carbon, neon, and oxygen burning. This ratio is
determined by competition between the 3a reaction and
12C(a ,g)16O, as shown in the rate equation

dY~12C!

dt
5Ya

3 r2l3a2Y~12C!Yarlag~12C!. (16)

It is an interesting coincidence of nature, characteristic
only of helium burning, that two reactions should com-
pete so nearly equally in the consumption of a major
fuel. Carbon production occurs early on when the abun-
dance of carbon is low and helium high; oxygen is made
later. Equation (16) also shows that carbon production
will be favored by high density, i.e., will be larger in stars
of lower mass (lower entropy). A larger rate for
12C(a ,g)16O also obviously favors a larger oxygen-to-
carbon ratio at the end of helium burning.

Figure 6 shows the carbon abundance by mass frac-
tion at the center of a grid of massive stars at a time
when helium has all burned but carbon has not yet ig-
nited. The expected gradual decrease of carbon abun-
dance with increasing mass (decreasing density) is ap-
parent. The evolution of helium cores (stars whose
calculation is begun at helium burning rather than fol-
lowed through the main-sequence evolution and whose
mass is assumed constant) will give different results for
the carbon-to-oxygen ratio. Growth of the helium core
by hydrogen-shell burning is appreciable in massive
stars, so the nucleosynthesis calculated for a helium core
of constant mass will be different from that of a helium
core of the same final mass evolved inside a star. In par-
ticular, the carbon mass fraction will be larger, reflecting
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FIG. 6. Central carbon abundance at the end
of helium burning (Tc553108 K) using a
value for the 12C(a ,g)16O reaction rate equal
to 1.2 times that of Buchmann (1996); L, so-
lar metallicity stars; 1, for early Pop-II star
(1024 solar metallicity); n, Pop-III stars (Z
50). The differences between points at a
given mass reflect the different extent of the
helium convection zone in the three popula-
tions. Mass loss was included in all calcula-
tions, but was important only for the case of
solar metallicity.
the fact that a substantial fraction of helium burning oc-
curred at lower mass and entropy.

The total amount of carbon and oxygen produced in a
massive star is also sensitive to the treatment of semi-
convection, convective boundary layers, and mass loss.
If the amount of semiconvection is small or zero, a nu-
merical instability often leads to the formation of semi-
convective layers that split the helium convective core
into subregions that show only little mixing with each
other. The carbon-oxygen core that emerges is much
smaller for a given helium-core mass (Langer, El Eid,
and Fricke, 1985) and typically has a lower carbon abun-
dance. It is doubtful that this instability exists in real
multidimensional stars. It may also be removed by rota-
tion (Heger, Langer, and Woosley, 2000; Maeder and
Meynet, 2001). Carbon nucleosynthesis can also be in-
creased by mass loss from the helium core. As the sur-
face of the helium star moves in, the helium convective
core shrinks, leaving behind the carbon-rich ashes of
partial helium burning. It is possible that even most so-
lar carbon is created in this way, though it is also reason-
able to expect a contribution from low-mass stars. Ignor-
ing mass loss, Timmes, Woosley, and Weaver (1995) find
that about 1/3 of solar carbon is made in stars more
massive than 8M( . Certainly most of the oxygen in the
universe comes from helium and neon burning in mas-
sive stars.

2. 18O, 19F, and 21,22Ne

The neutron-rich isotope of oxygen, 18O, is made in
massive stars by the reaction sequence
14N(a ,g)18F(e1n)18O and is also destroyed at higher
temperature by 18O(a ,g)22Ne. Its production is sensi-
tive to a-capture rates and to the treatment of semicon-
vection. Use of the Ledoux criterion tends to give larger
18O production, perhaps too much (Weaver and Woos-
ley, 1993). On the other hand, the reaction rate for
18O(a ,g)22Ne may be much larger than the Caughlan
and Fowler (1988) value (Giesen et al., 1993), and this
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may reduce the 18O yield (Aubert, Prantzos, and Bar-
affe, 1996). Woosley and Weaver (1995), using the
Caughlan and Fowler rate and moderate semiconvec-
tion, find agreement with the solar abundance (Timmes,
Woosley, and Weaver, 1995).

A portion of fluorine is also made during helium burn-
ing in massive stars by the reaction 15N(a ,g)19F with
15N from 18O(p ,a)15N and protons from 14N(n ,p)14C
(Meynet and Arnould, 1993, 2000). However, most of
the 19F is probably made by the neutrino process (Sec.
VIII.B.4).

The neutron-rich isotopes of neon, 21Ne and 22Ne, are
produced in helium burning, though 21Ne is also made in
carbon burning. The abundances of 18O, 19F, and 22Ne
all scale with the initial metallicity of the star since they
are derived from nitrogen.

E. The s process

The s process is one of nucleosynthesis by slow neu-
tron capture—slow compared to the beta-decay life-
times of nuclei near the line of stability (Burbidge et al.,
1957). Analysis of the solar abundances shows that two
kinds of s processes have contributed to the synthesis of
elements heavier than iron (Ulrich, 1973; Ward and
Newman, 1978; Käppeler et al., 1982; Walter, Beer, Käp-
peler, and Penzhorn, 1986; Walter, Beer, Käppeler,
Reffo, and Fabbri, 1986), one characterized by a rela-
tively weak neutron irradiation at relatively low tem-
perature and the other stronger and hotter. The neutron
density and temperature of the two components can be
determined by an analysis of branching points along the
s-process path where a beta decay is sensitive to the
excited-state population of the parent nucleus. The re-
sults indicate a typical neutron density of 0.5–1.3
3108 cm23 (Walter, Beer, Käppeler, and Penzhorn,
1986; Walter, Beer, Käppeler, Reffo, and Fabbri 1986)
and temperature of about 33108 K for the weak com-
ponent associated with massive stars (Couch, Schmiede-
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FIG. 7. Composition of a 25M( star of solar metallicity at the end of helium burning compared with solar abundances (Rauscher
et al., 2002). The edit includes all mass outside the collapsed remnant mass including fallback (1.96M( ; see also Fig. 27) and all
mass lost by stellar winds. Isotopes of a given element have the same color and are connected by lines. The plot is truncated at
A5100. Little modification has occurred to species heavier than this. The prominent s-process production between A560 and 88
is sensitive to the choice of key reaction rates, especially 22Ne(a ,n)25Mg. Here the recent results of Jaeger et al. (2001) were
employed. All values greater than unity indicate net production in hydrogen and helium burning [Color].
kamp, and Arnett 1974; Lamb et al., 1977). The stronger
s process is believed to occur in lower-mass stars found
on the asymptotic giant branch (AGB) during a series of
helium-shell flashes. It can be shown that these flashes
give conditions that not only allow the production of
s-process isotopes up to lead, but also naturally give a
quasiexponential distribution of exposures (with only a
small amount of material experiencing the strongest ex-
posure), as is essential if the solar abundances are to be
replicated (Ulrich, 1973).

The weak s-process component from massive stars,
responsible for synthesizing isotopes up to A'88, oc-
curs chiefly during helium burning. Carbon and neon
burning add a small additional exposure, perhaps of or-
der 10%, and oxygen burning destroys whatever
s-process nuclei its convective shell encompasses (Sec.
VIII.B.3), so a completely accurate calculation of the
s-process yield can be complicated. However, the
helium-burning s process in massive stars has been stud-
ied many times (see, for example, Prantzos, Hashimoto,
and Nomoto, 1990; Käppeller et al., 1994; The, El Eid,
and Meyer, 2000; Hoffman, Woosley, and Weaver, 2001),
and the yields, for a given set of reaction cross sections
are well determined. A recent calculation is shown in
Fig. 7.
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The reaction that produces neutrons for the s process
in massive stars is 22Ne(a ,n)25Mg with the 22Ne coming
from two a captures on the 14N left over from the CNO
cycle. The amount of 22Ne thus scales linearly with the
initial metallicity of the star. So, too, does the abundance
of seed nuclei that capture neutrons, so the neutron-to-
seed ratio is approximately constant independent of me-
tallicity. The reaction 22Ne(a ,n)25Mg is, to an appre-
ciable extent, ‘‘self-poisoning’’ in that most of the
neutrons it produces are captured by 25Mg. The remain-
der capture on other nuclei having appreciable abun-
dances and neutron capture cross sections. Of these 56Fe
is most important, but other nuclei also participate and,
given the rapid decline in natural abundances that oc-
curs above mass number A560, it turns out that even
this weak exposure can produce most of the solar
s-process abundances up to mass number 88.

Because the 22Ne(a ,n)25Mg reaction requires high
temperature, the s process occurs late during helium
burning, almost at the end, and full consumption of 22Ne
occurs only in the more massive stars. An alternate way
of converting 22Ne into 26Mg exists by 22Ne(a ,g)26Mg
that does not liberate free neutrons. The rates for these
two reactions are uncertain and comparable during the
conditions under which the s process occurs. Thus the
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FIG. 8. Logarithm of the energy generation during the advanced burning stages of a massive star. The center of the star is assumed
to follow a typical adiabat, r5106T9

3 (Fig. 1). Neutrino losses (Munakata et al., 1985) as a function of temperature are given as the
dark line labeled ‘‘Neutrinos.’’ The four steeper lines are simple approximations to the nuclear energy generation during carbon
(C), neon (Ne), oxygen (O), and silicon (Si) burning that are discussed in the text. The intersections of these lines define the
burning temperature for the given fuel—T950.7 (C), 1.45 (Ne), 1.9 (O), and 3.4 (Si). The slopes of the lines near the intersection
give the power of the temperature to which the burning is sensitive—n532 (C), 50 (Ne), 36 (O), and 49 (Si). These include the
assumed temperature scaling of the density and are for assumed mass fractions C50.2, O50.7, Ne50.2, and Si50.5. Combustion
of each gram of these four fuels yields a relatively constant energy, q/1017 erg g2154.0 (C), 1.1 (Ne), 5.0 (O), and 1.9 (Si). The
lifetime of the burning stage is approximately q times the mass fraction divided by the energy generation at balanced power, i.e.,
from thousands of years for C to less than a day for Si (Table I).
strength of the s process is sensitive to poorly deter-
mined nuclear quantities. Of particular interest is the
633-keV resonance in the 22Ne1a channel (Käppeller
et al., 1994). Various choices for the parameters of this
resonance can give quite different strengths for the s
process, though none so powerful as to move the
s-process peak much above A590. Recent studies by
Jaeger et al. (2001) suggest a diminished role for this
resonance and a reaction rate no larger than the ‘‘lower
bound’’ recommended by Käppeler et al. (1994). Figure
7 used the Jaeger et al. rate for 22Ne(a ,n)25Mg and
other recent reaction rates as described by Rauscher
et al. (2001).

For stars with significantly less than solar metallicity,
12C and 16O can become significant poisons, resulting in
a still weaker s process than the low seed abundances
might suggest (Nagai et al., 1995). For lower-mass stars
in which 22Ne(a ,n)25Mg is deferred until carbon burn-
ing, other poisons produced by carbon burning (Sec.
IV.A.1) can also weaken the s process. The final s pro-
cess ejected by a 15M( supernova is significantly weaker
than that for a 25M( supernova (Rauscher et al., 2001).

While the s process is often thought of as a way of
making elements heavier than iron, a number of lighter
isotopes are also made mostly by the s process in mas-
sive stars. These include 36S, 37Cl, 40Ar, 40K, and 45Sc.
Appreciable amounts of 43Ca and 47Ti are also made by
the s process in massive stars, though probably not
enough to account for their solar abundance.
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IV. ADVANCED NUCLEAR BURNING STAGES

Because of the importance of neutrino losses, stellar
evolution after helium burning is qualitatively different.
Once the central temperature exceeds ;53108 K, neu-
trino losses from pair annihilation dominate the energy
budget. Radiative diffusion and convection remain im-
portant to the star’s structure and appearance, but it is
neutrino losses that, globally, balance the power gener-
ated by gravitational contraction and nuclear reactions
(Arnett, 1972a; Woosley, Arnett, and Clayton, 1972). In-
deed, the advanced burning stages of a massive star can
be envisioned overall as the neutrino-mediated Kelvin-
Helmholtz contraction of a carbon-oxygen core (Fig. 1),
punctuated by occasional delays when the burning of a
nuclear fuel provides enough energy to balance neutrino
losses. Burning can go on simultaneously in the center of
the star and in multiple shells, and the structure and
composition can become quite complex. Owing to the
extreme temperature sensitivity of the nuclear reactions,
however, each burning stage occurs at a nearly unique
value of temperature and density (Fig. 8).

Nucleosynthesis in these late stages is characterized
by a great variety of nuclear reactions made possible by
the higher temperature, the proliferation of trace ele-
ments from previous burning stages, and the fact that
some of the key reactions, like carbon and oxygen fu-
sion, liberate free neutrons, protons, and a particles. It is
impossible to keep track of all these nuclear transmuta-
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tions using closed analytic expressions, and one must re-
sort to ‘‘nuclear reaction networks,’’ coupled linearized
arrays of differential rate equations, to solve for the evo-
lution of the composition. As we shall see, these late
burning stages, both before and during the explosion of
massive stars, account for the synthesis of most of the
heavy elements between atomic mass 16 and 64, as well
as the p process and probably the r process.

Except for a range of transition masses around
8 –11M( , each massive star ignites a successive burning
stage at its center using the ashes of the previous stage
as fuel for the next (see Table I). Four distinct burning
stages follow helium burning, characterized by their
principal fuel—carbon, neon, oxygen, and silicon. Only
two of these—carbon burning and oxygen burning—
occur by binary fusion reactions. The other two require
the partial photodisintegration of the fuel by thermal
photons.

Because the late stages transpire so quickly (Table I;
Fig. 8), the surface evolution fails to keep pace and
‘‘freezes out.’’ If the star is a red supergiant, then the
Kelvin-Helmholtz time scale for its hydrogen envelope
is approximately 10 000 years. Once carbon burning has
started, the luminosity and effective emission tempera-
ture do not change until the star explodes. Wolf-Rayet
stars, the progenitors of type-Ib supernovae, continue to
evolve at their surface right up to the time of core col-
lapse.

A. General nuclear characteristics

1. Carbon burning

The principal nuclear reaction during carbon burning
is the fusion of two 12C nuclei to produce compound
nuclear states of 24Mg (here ‘‘* ’’ indicates highly excited
nuclear states of the nucleus), which then decay through
three channels:

12C112C→ 24Mg* →23Mg1n22.62 MeV

→ 20Ne1a14.62 MeV

→23Na1p12.24 MeV. (17)

The probability of decay through the proton channel is
approximately the same as that for decay through the a
channel, hence Bp'Ba'(12Bn)/2 (Caughlan and
Fowler, 1988). The neutron branching ratio is tempera-
ture sensitive since the reaction is endoergic. At T9
50.8, 1.0, 1.2, and 5, Bn is 0.011%, 0.11%, 0.40%, and
5.4%, respectively (Dayras, Switkowski, and Woosley,
1977). Though small, the production of 23Mg is impor-
tant since it may frequently decay [in competition with
23Mg(n ,p)23Na at higher temperature] to 23Na with
a consequent change in the neutron excess. Other
reactions that significantly increase the neutron
excess during carbon burning are (Arnett and
Truran, 1969) 20Ne(p ,g)21Na(e1n)21Ne and
21Ne(p ,g)22Na(e1n)22Ne. Owing to these reactions,
even a star having zero initial metallicity develops, in
those regions experiencing carbon burning and more ad-
vanced stages, an excess of neutrons (i.e., Ye,0.50) that
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is critical to its nucleosynthesis. In 15M( and 25M(

stars of solar metallicity, h5122Ye52.2431023 and
1.9631023 at the end of central carbon burning. Here
the neutron excess is due chiefly to the production of
22Ne from 14N during helium burning. In 15M( and
25M( stars of zero initial metallicity, the neutron ex-
cesses are 1.2431023 and 6.8031024.

Since the neutrons, protons, and a particles released
by carbon fusion may react on the principal products as
well as with subsequent daughters, a host of reactions is
possible, especially when one considers the large assort-
ment of heavy nuclei left over from star formation, he-
lium burning, and the helium-burning s process. The fi-
nal nucleosynthesis can only be determined using a
nuclear reaction network of at least several hundred nu-
clei. The principal nuclei produced by carbon burning
are (see, for example, Arnett and Thielemann, 1985)
16O (a survivor from helium burning), 20,21,22Ne, 23Na,
24,25,26Mg, and 26,27Al, with smaller amounts of 29,30Si
and 31P. The production of species having N.Z is sen-
sitive to the neutron excess. There is also a milder s
process than in helium burning (Cameron, 1959; Ac-
oragi, Langer, and Arnould, 1991; Raiteri et al., 1991).

The specific energy from carbon burning for a typical
mix of neon and magnesium product nuclei is 4.0
31017 erg g21 and the nuclear energy generation rate is
(Woosley, 1986)

Ṡnuc~
12C!'4.831018Y2~12C!rl12,12 erg g21 s21,

(18)

where Y(12C) is the carbon mass fraction divided by 12
and l12,12 is the rate factor for carbon fusion as given, for
example, by Caughlan and Fowler (1988). In the rel-
evant temperature range for carbon burning, T950.6 to
1.2, neglecting electron screening, l12,12'4310211T9

29 to
within a factor of 2. Equating this to neutrino losses im-
plies a carbon-burning temperature in balanced power
of T950.7 to 0.8 (Fig. 8; Arnett, 1972b) and a carbon-
burning lifetime, t125(rY12l12,12)

21, of a few hundred
years. Convection can lengthen this value (Table I). The
specific energy released by carbon burning is qnuc(

12C)
54.031017 X(12C) erg g21.

2. Neon burning

Following carbon burning, the composition consists
chiefly of 16O, 20Ne, and 24Mg. Oxygen has the smallest
Coulomb barrier, but before the temperature required
for oxygen fusion is reached, 20Ne(g ,a)16O becomes en-
ergetically feasible using high-energy photons from the
tail of the Planck distribution. The a-particle separation
energies of 16O (doubly magic), 20Ne, and 24Mg are 7.16,
4.73, and 9.32 MeV, respectively, so 20Ne is the more
fragile nucleus. The a particle released by the disintegra-
tion of 20Ne initially adds back onto 16O restoring 20Ne,
but soon this reaction reaches equilibrium
@YaY(16O)rlag(16O)'Y(20Ne)lga(20Ne)# and the a
particles begin to add onto 20Ne to produce 24Mg. The
net result is that for each two 20Ne nuclei that disappear,
one 16O nucleus and one 24Mg nucleus appear.
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Other secondary reactions of interest to nucleosynthe-
sis (but not to energy generation) are 24Mg(a ,g)28Si,
25Mg(a ,n)28Si, 26Mg(a ,n)29Si, 26Mg(p ,n)26Al,
26Mg(a ,g)30Si, 27Al(a ,p)30Si, and 30Si(p ,g)31P. Thus
the final composition is enhanced in 16O, all the isotopes
of magnesium, aluminum, silicon, and phosphorus as
well as additional quantities of 36S, 40K, 46Ca, 58Fe,
61,62,64Ni, and traces of the radioactivities 22Na and 26Al,
important for g-line astronomy.

Energy generation comes mostly from the rearrange-
ment reaction

2 20Ne→16O124Mg14.59 MeV. (19)

An analytic solution for the energy generation can be
found using the steady-state a-particle abundance
implied by the condition YaY(16O)rlag(16O)
'Y(20Ne)lga(20Ne) in the rate equation

dY~16O!

dt
5

dY~24Mg!

dt
52

1
2

dY~20Ne!

dt

5YaY~20Ne!rlag~20Ne!.

(20)

The energy generation is then

Ṡnuc~
20Ne!'2.531029T9

3/2S Y2~20Ne!

Y~16O! Dlag~20Ne!

3exp ~254.89/T9! erg g21 s21. (21)

In the temperature range near 1.53109 K the rate factor
lag(20Ne) is approximately (Caughlan and Fowler,
1988) 331023T9

10.5 cm3 mol21 s21. The actual energy
generation is sensitive to a much higher power of the
temperature (;T9

50) owing to the exponential depen-
dence on temperature of the a-particle mass fraction.
The balanced power condition gives a neon-burning
temperature of about T951.5 and a lifetime of a few
months—lengthened again, where appropriate, by con-
vection. The energy yield is qnuc(20Ne)51.10
31017X(20Ne) erg g21, or about 1/4 that of carbon
burning.

Owing to this small energy yield, the importance of
neon burning was overlooked for some time (Arnett,
1974a), but it is important for nucleosynthesis and for
altering the entropy structure of some (lower-mass) pre-
supernova stars.

3. Oxygen burning

Following neon burning one has 16O, 24Mg, and 28Si
with traces of 25,26Mg, 26,27Al, 29,30Si, 31P, 32S, and the
s-process elements. Oxygen is lightest and the next to
burn (Arnett, 1972a, 1974b). For temperatures at which
oxygen will burn in a massive star (T9;2), oxygen fu-
sion is favored over its photodisintegration. During ex-
plosive oxygen burning (T9;3 –4) both the photodisin-
tegration of 16O [by 16O(g ,a)12C] and the oxygen fusion
reaction can occur at comparable rates. Also under ex-
plosive conditions the reaction 12C116O will be of some
importance. Even so, the bulk nucleosynthesis and
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nuclear energy generation will be similar to that which
we now describe for oxygen burning in hydrostatic equi-
librium.

The oxygen fusion reaction produces compound
nuclear states of 32S that may decay by any of four chan-
nels,

16O116O→32S* →31S1n11.45 MeV

→31P1p17.68 MeV

→30P1d22.41 MeV

→28Si1a19.59 MeV. (22)

The branching ratios for the neutron, proton, deuteron,
and a channels are (Caughlan and Fowler, 1988) 5%,
56%, 5%, and 34%, respectively, at high temperatures
when the endoergic deuteron channel is fully open. At
lower temperatures the deuteron channel is inhibited
and the other channels correspondingly increased. The
deuteron produced at the high temperature characteris-
tic of oxygen burning is immediately photodisintegrated
into a neutron and a proton.

Once again many secondary reactions are of impor-
tance and nucleosynthesis can only be determined with
any accuracy by using a reaction network. When all re-
actions are considered, the chief products of oxygen
burning are 28Si, 32,33,34S, 35,37Cl (with 37Cl produced as
37Ar), 36,38Ar, 39,41K (with 41K produced as 41Ca), and
40,42Ca. Of these, 28Si and 32S constitute the bulk
(;90%) of the final composition. Interestingly all the
very heavy nuclei (above nickel) that had undergone
substantial s processing during neon, carbon, and (espe-
cially) helium burning now begin to be destroyed by
photodisintegration reactions that melt them down into
the iron group. During the process some of the
p-process isotopes are produced (Arnould, 1976), but by
the end of oxygen burning the isotopes heavier than the
iron group have been destroyed. Some p-process iso-
topes may survive, however, in a shell of incomplete
oxygen burning farther out in the star.

Also of importance during central oxygen burning is a
substantial increase in neutron excess that occurs be-
cause of the weak interactions 30P(e1n)30S,
33S(e2,n)33P, 35Cl(e2,n)35S, and 37Ar(e2,n)37 Cl. The
neutron excess had already begun to increase from its
initial value, ;0.002(Z/Z(), during carbon burning but
now, in the center of the star, it assumes values so large
(h*0.01) that very nonsolar nucleosynthesis would re-
sult from its ejection (Woosley, Arnett, and Clayton,
1972). Thus the products of central hydrostatic oxygen
burning are probably never ejected into the interstellar
medium. Oxygen (as well as carbon, neon, and silicon)
can also burn in a shell, however, and there the tempera-
ture is higher and the density lower. Less electron cap-
ture occurs. As a result the nucleosynthesis outside what
will subsequently become the ‘‘iron core’’ retains
memory of its initial neutron excess.

Energy generation during oxygen burning can be esti-
mated by assuming, as is energetically approximately
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correct, that the net result of the fusion of two oxygen
nuclei is 32S (Woosley, 1986),

Ṡnuc~
16O!'831018 Y2~16O!rl16,16 erg g21 s21.

(23)

Near 23109 K, l16,16 is approximately (Caughlan and
Fowler, 1988) 2.8310212 (T9/2)33 (neglecting screen-
ing). The specific energy released by oxygen burning is
qnuc(16O)'5.031017X(16O) erg g21. This implies an
oxygen-burning lifetime of several months (Fig. 8).

Another interesting occurrence during oxygen burn-
ing is the coming into existence of a number of isolated
quasiequilibrium clusters, groups of nuclei coupled by
strong and electromagnetic reactions that are occurring
at rates nearly balanced by their inverses. For example,
near the end of oxygen burning 28Si(n ,g)29Si is occur-
ring at a rate balanced by 29Si(g ,n)28Si and 29Si(p ,g)30P
is balanced by 30P(g ,p)29Si. Thus 28Si, 29Si, and 30P are
all in equilibrium with one another. Similarly 34,35S and
35,36Cl are in equilibrium with one another (but not with
28Si) and so on. As the temperature rises, more nuclei
join in such groups and smaller groups merge into larger
ones. By the time silicon burning ignites, there are two
large clusters composed on the one hand of nuclei from
A524 to 46 and on the other with heavier nuclei in the
iron group. After a little silicon burns, these two groups
merge into one (Woosley, Arnett, and Clayton, 1973).

4. Silicon burning

Unlike carbon and oxygen burning, silicon burning
does not occur predominantly as a fusion reaction. That
is, one does not have 28Si128Si→56Ni. Instead silicon
burns in a unique fashion resembling, in some ways, the
rearrangement that characterized neon burning. A por-
tion of the 28Si ‘‘melts’’ by a sequence of photodisinte-
gration reactions into neutrons, protons, and especially
a particles by the chain 28Si(g ,a)24Mg(g ,a)20Ne(g ,
a)16O(g ,a)12C(g ,2a)a . An equilibrium is further
maintained between the a particles and free nucleons
by the existence of chains such as 28Si(a ,g)32S(g ,
p)31P(g ,p)30Si(g ,n)29Si(g ,n)28Si, each reaction being
in equilibrium with its inverse. The a particles (and their
associated nucleons) released by silicon photodisintegra-
tion add onto the big quasiequilibrium group above 28Si,
gradually increasing its mean atomic weight. Eventually
most of the material becomes concentrated in tightly
bound species within the iron group and the silicon
abundance becomes small.

Within the quasiequilibrium group, which includes all
nuclei heavier than 24Mg, the abundance of species AZ
is given (Bodansky, Clayton, and Fowler, 1968) by

Y~AZ !5C~AZ ,r ,T9!Y~28Si!Ya
da Yn

dnYp
dp . (24)

Here da , dn , and dp are the (integer) numbers of a
particles, neutrons, and protons, respectively, in excess
of those contained in 28Si. Additionally, the a-particle
abundance is related to the free nucleon abundances by

Ya5~rNA! 3Ca~T9!Yn
2Yp

2 . (25)
Rev. Mod. Phys., Vol. 74, No. 4, October 2002
Expressions for the thermodynamic factors C are given
by Bodansky et al. (1968). More recent expressions are
similar but include the temperature dependence of the
partition function, i.e., the contribution of nuclear ex-
cited states to the Saha equation.

Examination of Eqs. (24) and (25) shows that the
abundance of all species heavier than 24Mg is uniquely
specified by five parameters, r, T9 , Yn , Yp , and
Y(28Si). Using mass conservation, (AiYi51, and the
fact that the abundances of species lighter than 24Mg are
small reduces the number of free parameters to four.
These could be, for example, r, T9 , Y(28Si), and h. As
the silicon mass fraction decreases, the mean atomic
weight of the quasiequilibrium group increases.

In the simplest case where the neutron excess is small,
h&0.01, and the fuel is chiefly 28Si and 32S, an approxi-
mation to the energy generation can be obtained by as-
suming that for each two 28Si nuclei that melt (one mak-
ing the a particles that ‘‘add on’’ to the other), one 56Ni
nucleus is formed. The critical reaction that allows the
photodisintegration of 28Si is 24Mg(g ,a)20Ne [at higher
temperatures in explosive silicon burning it is
16O(g ,a)12C]. Thus the rate of destruction of 28Si is

dY~28Si!
dt

522 Y~24Mg!lga~24Mg!. (26)

Solution of this equation requires knowledge of the
magnesium abundance, which can be determined if the
a particle and 28Si abundances are known. If we assume
that only 28Si and 56Ni have substantial abundances so
that 56Y(56Ni)51228Y(28Si), then the a-particle abun-
dance, and thus the 24Mg abundance, can be obtained
from the ratio of 56Ni to 28Si and will in fact depend only
on the 1/7 root of the assumed ratio. Bodansky et al.
(1968) have given the solution for the energy generation
in this situation:

Ṡnuc~
28Si!'1.831028 T9

3/2X~28Si!e2142.07/T9

3lag~20Ne!erg g21 s21. (27)

Near 3.53109 K, lag(20Ne) is approximately
120(T9/3.5)5 and the overall temperature dependence
of the energy generation rate is ;T49. The energy re-
lease from burning two 28Si nuclei to 56Ni is qnuc(28Si)
'1.931017X(28Si) erg g21, considerably less than from
oxygen burning.

For silicon burning in the core of a massive star, sub-
stantial electron capture will already have occurred so
that the fuel consists of a mixture of 28Si and 29,30Si in
comparable amounts. The burning then is not governed
entirely by the photodisintegration of 24Mg, but also by
(p ,a) and (n ,a) reactions on 25Mg and 26Mg. Further-
more, the dominant product is not 56Ni, but 54Fe or even
56Fe. The real situation must be followed carefully with
a large quasiequilibrium group coupled with a reaction
network to describe the evolution of those species
lighter than magnesium that have not attained equilib-
rium. The evolution of the neutron excess by way of
weak interactions must also be followed carefully, as it
affects not only the nucleosynthesis but the structure of
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the star. Indeed, silicon burning is the most computa-
tionally intensive and potentially numerically unstable
stage in the computer modeling of the evolution of a
massive star. The coupling of silicon burning to convec-
tion is particularly problematic because the nuclear re-
arrangement time for nuclei in the quasiequilibrium
cluster is almost instantaneous and the energy genera-
tion rate is very stiff in the temperature. A stable model
requires implicit coupling of the nuclear burning to the
equation-of-state routine, multiple schemes for recovery
when the stiff quasiequilibrium equations do not con-
verge, and convection not of individual nuclei but of
equilibrium parameters—h and Y(28Si). Several groups
have different approaches to silicon burning. Weaver,
Zimmerman, and Woosley (1978 and subsequent work)
carry a 128-isotope quasiequilibrium network coupled to
a small reaction network below magnesium. Nomoto
and Hashimoto (1988) use tables to give energy genera-
tion and the evolution of Ye , and Chieffi, Limongi, and
Straniero (1998) carry a large reaction network and do
not assume quasiequilibrium.

Following silicon burning, the composition consists of
the most tightly bound iron-group nuclei allowed at the
given temperature, density, and neutron excess. In the
case of explosive silicon burning, the ejected composi-
tion depends upon how much silicon was burned in the
explosion and agrees with solar abundances only for a
very limited range of neutron excess, h&0.006. For this
neutron excess, near solar abundances are produced of
48,49Ti, 51V, 50,52,53Cr, 55Mn, 54,56,57Fe, and, if they are
not consumed in the explosion, 28Si, 32S, 36Ar, and 40Ca.

5. Nuclear statistical equilibrium

As the abundance of 28Si becomes very small at the
end of silicon burning, the nonequilibrated reactions
linking magnesium with neon, carbon with oxygen, and
carbon with a particles finally become balanced by their
inverses. The very last reaction to achieve equilibrium is
the triple-alpha reaction, which eventually occurs at a
rate balancing carbon photodisintegration. Once this
happens, the silicon abundance can be expressed in
terms of the a-particle abundance by a Saha equation.
This additional constraint allows all abundances to be
specified by only three independent parameters: tem-
perature, density, and neutron excess. All strong and
electromagnetic reactions are occurring at rates bal-
anced by their inverses and the abundances are given by
the nuclear Saha equation:

Y~AZ !5C~AZ ,r ,T9!Yn
N Yp

Z,

C~AZ ,r ,T9!5~rNA!A21C8~AZ ,T9!,

C~AZ ,T9!5
G~AZ ,T9!A3/2

2A u12A exp@BE~AZ !/kT# ,

u55.94331033 T9
3/2 . (28)

These equations have the interesting property of favor-
ing, for low temperatures (say, T9&1010 K), the most
tightly bound nuclei of the given neutron excess h. For
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compositions having near neutron-proton equality, that
species is 56Ni, a fact that has important consequences
for both nucleosynthesis and the light curves of superno-
vae. For neutron excesses more characteristic of matter
near the valley of b stability, h'0.07, the most tightly
bound nucleus is 56Fe, and for compositions containing
still greater neutron-to-proton ratios the equilibrium
shifts to heavier isotopes (Aufderheide, Fushiki, Woos-
ley, and Hartmann, 1994). The most tightly bound
nucleus of all is, in fact, 62Ni.

As the temperature of an equilibrium composition is
raised, the binding energy becomes of decreasing impor-
tance relative to both the partition function (that must
account for all the bound excited states of the nucleus)
and the phase space available to free a particles and
nucleons. Thus, for a given density, as the temperature is
raised, an increasing fraction of the composition resides
in lighter particles. This photodisintegration is of great
importance, both for triggering the collapse of the iron
core of a massive evolved star and for causing losses to
the shock wave generated by core bounce. In tearing
56Fe to free a particles and neutrons, for example, 1.7
31018 erg must be provided. In fact this photodisinte-
gration does not go to completion during the collapse of
the iron core.

For a Fermi-gas representation of the nuclear level
density, the nuclear partition function will be given ap-
proximately at high temperatures by (see, for example,
Fowler, Woosley, and Engelbrecht 1978)

G~T9!'
p

6akT
exp~akT !, (29)

with a the nuclear level-density parameter, approxi-
mately given by A/9. Thus at very high temperature the
partition function will be as important as the nuclear
binding energy in determining the abundances.

It can also be shown by integration of the energy-
weighted partition function that at high temperature the
total energy stored in the excited states of a bound
nucleus is about

Eex'a~kT !2. (30)

At a temperature of 531010 K, for example, the excita-
tion energy of an average iron nucleus is about 115 MeV,
or 2.031018 erg g21. This is an important sink of energy
during core collapse. Indeed, as Bethe et al. (1979) first
pointed out, it is this storage of energy in excited states
coupled with the large partition function assigned to
those states that allows discrete bound nuclei to persist
and remain relatively cool until the core has collapsed to
nuclear density.

B. Stellar models

1. 8M( to 11M(

Stars below a certain mass, M1 , develop a degenerate
core and do not ignite carbon burning. Above M2 , on
the other hand, carbon and neon both ignite nondegen-
erately near the center of the star. The exact values of
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M1 and M2 depend upon the assumed helium abun-
dance, metallicity, and especially the treatment of con-
vection and convective overshoot. Iben and Renzini
(1983) gave a value M158 –9M( depending upon com-
position, and 8M( is commonly adopted. However, a
large postulated degree of overshoot beyond the edge of
the convective core during the main-sequence phase can
reduce M1 significantly. For example, assuming mixing
by half of a pressure scale height beyond the formal
edge of the convective core, Bressan et al. (1993) find
that, for Z50.02 and Y50.28, M 1 is in the range
5 –6M( . M2 is also uncertain, but generally thought to
be 11–12M( in those models that do not employ much
overshoot mixing. Woosley and Weaver (1995) found
that a 12M( model (3.2M( helium core) ignited neon
(and oxygen and silicon) burning centrally. There are
also indications that bare helium cores do not experi-
ence the growth in convective core mass and nonmono-
tonic behavior in final carbon abundance seen by their
full star counterparts, while an 11M( model (2.9M( he-
lium core) ignited off center. A similar helium-core mass
(3.3M() for M2 was also found by Nomoto and Hash-
imoto (1988).

Between M1 and M2 stellar evolution during carbon
and neon burning is quite complicated, with the residual
effects of degeneracy playing a major role and off-center
ignition being the rule rather than the exception. The
carbon-oxygen core, and later the oxygen-neon core, is
surrounded by a steep density gradient wherein lies a
thermally pulsing thin helium shell. These are high-mass
equivalents to asymptotic giant branch stars and, as
such, may be endowed with ‘‘superwinds’’ of up to
1024M( y21. If so, then in most cases the final evolu-
tionary state will not be a supernova, but an oxygen-
neon white dwarf. In any case, because of the steep den-
sity gradient, such stars will not contribute appreciably
to the galactic nucleosynthesis of abundant nuclei like
oxygen, silicon, and iron.

The existence of this interesting branch of stellar evo-
lution was pointed out by Barkat, Reiss, and Rakavy
(1974). Miyaji et al. (1980) and Woosley, Weaver, and
Taam (1980) first studied the late evolution of 10M(

stars and found seemingly discrepant results. Miyaji
et al., who did not follow hydrogen, helium, or carbon
burning, but accreted neon and oxygen onto a core of
the same composition, found that neon ignited owing to
electron capture at about 2.531010 g cm23. A degener-
ate runaway ensued in which the loss of pressure to elec-
tron capture more than compensated for the rising tem-
perature and the core collapsed to a neutron star.
Woosley et al., who followed an entire 10M( star, but
used coarse zoning in the helium-burning shell, found
that neon ignited off-center in a series of strong flashes
that propagated to the center of the star, turning it into
silicon and other oxygen-burning products. Continued
evolution thru silicon burning produced an iron core in
the usual way, which collapsed. Interestingly the strong
neon flashes in this (poorly zoned) model were sufficient
to eject the hydrogen envelope about ten years before
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the final explosion, with interesting consequences for the
light curve. Modern calculations now call into question
all these conclusions.

Nomoto (1984, 1987), Habets (1986), Miyaji and No-
moto (1987), and Nomoto and Hashimoto (1988) fol-
lowed the evolution of helium cores in the mass range
2.0–4.0M( through helium and carbon burning, assum-
ing that they would mimic the evolution of full stars of
four times that mass, and uncovered some interesting
systematics. For helium cores in the range 2.2–2.5M(

(main-sequence stars of about 9 –10M(), neon never
burned stably in hydrostatic equilibrium. The core grew
to the Chandrasekhar mass and neon ignited by electron
capture at ;53109 g cm23. The ensuing deflagration to
nuclear statistical equilibrium was accompanied by such
copious electron capture that the core collapsed to a
neutron star (Bruenn, 1972). Bounce and shock propa-
gation were studied by Hillebrandt, Nomoto, and Wolff
(1984), Burrows and Lattimer (1985), and Mayle and
Wilson (1988), who, after some initial confusion, deter-
mined that the presence of unburned nuclear fuel in the
collapsing core caused only a minor perturbation. The
explosion mechanism was essentially the same as in col-
lapsing iron cores of the same mass—neutrino powered.

However, Nomoto (1984) observed that his 2.6M( he-
lium core ignited neon in a series of strong off-center
flashes that did not lead immediately to core collapse,
i.e., the same behavior observed by Woosley, Weaver,
and Taam (1980) in their 10M( (2.7M( helium core)
star. Later Nomoto and Hashimoto (1988) revised their
estimate for neon ignition in a stable star upwards from
2.6M( to 2.8M( . Clearly this is a range of masses in
which the final evolution is sensitive to moderate
changes in the degeneracy. Nomoto (1984) also deter-
mined that the critical mass for neon ignition lies above
1.37M( (compare to 1.06M( for carbon ignition).

All of the calculations by Nomoto et al. and Woosley
et al. in this mass range neglected mass loss and used
zoning that was inadequate to follow the thin helium-
shell flashes surrounding the degenerate core that devel-
ops for helium cores of less than about 2.5M( (though
see Fig. 1 of Nomoto, 1987). More recently calculations
by Garcia-Berro and co-workers (Garcia-Berro and
Iben, 1994; Ritossa, Garcia-Berro, and Iben, 1996, 1999;
Garcia-Berro, Ritossa, and Iben, 1997; Iben, Ritossa,
and Garcia-Berro, 1997) have addressed these deficien-
cies in a study of the post-helium-burning evolution of
main-sequence stars of 9.0M(, 10.0M(, 10.5M(, and
11.0M( . All of these stars except the 11M( model ig-
nited carbon off-center and a convectively bounded car-
bon fusion flame conveyed burning to the center of each
(see also Timmes, Woosley, and Taam, 1994). Each star
ended its life as a thermally pulsing AGB star with a
superwind. The 9.0M(, 10.0M(, and 10.5M( models
ejected their hydrogen envelopes and ended up as
oxygen-neon white dwarfs of 1.16M(, 1.25M(, and
1.31M( , respectively. However, the 11.0M( model had
an oxygen-neon core of 1.368M( and presumably will
finish its life collapsing as an electron-capture supernova
as described by Miyaji et al. before losing its entire en-
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FIG. 9. Final composition by mass fraction of two presupernova stars of mass 15M( (top) and 25M( (bottom). Both stars were
evolved from the main sequence, including mass loss (Heger, Woosley, Rauscher, and Hoffman, 2002). The notation ‘‘iron’’ refers
to the sum of neutron-rich isotopes in the iron group, especially 54Fe, 56Fe, and 58Fe [Color].
velope. It seems, though, that in realistic models the
mass range for electron-capture supernovae is quite nar
row.

There are some indications that the Crab supernova
had a progenitor star in the 8 –11M( range (Nomoto
et al., 1984).
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2. 11M( to 100M(

While the effects of partial degeneracy and the conse-
quent off-center ignition of fuels, especially oxygen, may
persist on up to 15M( , all stars heavier than about
11M( complete all the advanced burning stages, includ-
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ing silicon burning, in hydrostatic equilibrium prior to
collapse. The presupernova star is thus characterized by
an iron core of roughly the Chandrasekhar mass (Sec.
V.A) surrounded by active burning shells and the accu-
mulated ashes of oxygen, neon, carbon, and helium
burning (Fig. 9). If the star has not lost its hydrogen
envelope along they way, most of the radius and an ap-
preciable part of the mass may still consist of unburned
hydrogen and helium.

Because of the comparative simplicity of the nuclear
physics, many groups have studied the evolution of stars
in this mass range through carbon burning (e.g., Lamb
et al. 1977; Acoragi, Langer, and Arnould, 1991; Schaller
et al., 1992; Mowlavi et al., 1998), but relatively few have
followed the star through oxygen and silicon burning to
obtain presupernova models.2

In addition to the complex interplay among thermal
neutrino losses, degeneracy, and nuclear energy genera-
tion discussed in Sec. IV.A, the core structure is sensitive
to the location and timing of numerous episodes of
convective burning (Fig. 10). Each stage of core or shell
burning redistributes the entropy in such a way as to
create regions where its radial derivative is small.
Since the burning typically ignites at the bottom of a
region of unburned fuel where the entropy is initially the
least, the greatest rises in entropy occur at the bottoms
of convective shells. These discontinuities serve as
barriers to the outward penetration of subsequent
convection zones. Since a typical star (e.g., 15M( ;
Woosley and Weaver, 1995; Fig. 10) may have four
stages of convective carbon burning (core burning plus
three stages of shell burning) and two or three stages
each of neon, oxygen, and silicon burning, the distribu-
tion of the composition becomes complicated. Indeed
the location of the bases of convective shells and even
the masses of iron cores in presupernova stars of vari-
able mass may be quite nonmonotonic (Barkat and Ma-
rom, 1990; Fig. 17 below). Moreover, the use of mixing-
length theory during oxygen and silicon burning is
particularly problematic (Bazan and Arnett, 1994, 1998)
since the nuclear and convective time scales become
comparable.

The late stages of evolution in these stars are also
governed by (a) the tendency of more massive stars to
have higher entropy at all stages of their evolution and
(b) the tendency (though not absolute) of the core to
lose entropy, particularly during carbon burning. Neutri-
nos carry away both energy and entropy; nuclear burn-
ing, locally at least, generates both. However, nuclear
burning coupled to convection can actually lead to an
overall decrease in the entropy (Fig. 11), and the pres-
ence of an active burning shell within the core of a star

2Exceptions are Arnett (1974b, 1977); Weaver, Zimmerman,
and Woosley (1978); Nomoto and Hashimoto (1988); Hash-
imoto et al. (1993); Woosley and Weaver (1995); Chieffi, Li-
mongi, and Straniero (1998); Heger, Langer, and Woosley
(2000); and Rauscher et al. (2002).
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lends support and stability while the matter interior to
that shell cools off. Globally, burning can act to decrease
the entropy.

This helps to explain the remarkable behavior of the
iron-core mass as a function of stellar mass. Above
about 19M( for current choice of the reaction rate for
12C(a ,g)16O, the central carbon abundance following
helium burning is too small (&15%) ever to generate
energy in excess of the neutrino losses powered by core
contraction. The carbon burns, as do its products neon
and magnesium, but the net energy generation including
neutrinos does not become positive. The central part of
the star is not convective during carbon and neon burn-
ing. There are several reasons for the small carbon
abundance. One is the well-known tendency of entropy
to be higher in stars of higher mass. Another is the ex-
istence of so-called ‘‘breathing modes’’ that mix helium
into the helium-depleted core, reducing the final carbon
abundance appreciably (Sec. III.D.1).

We note that the final evolution of massive stars will
also be sensitive to metallicity (Sec. VIII.D) and particu-
larly the larger presupernova masses at low metallicity
(Fig. 12), especially above 30M( .

C. Role of weak interactions

Though the stars are powered chiefly by fusion reac-
tions (i.e., the strong interaction) from start to finish,
weak interactions play an important role in determining
both the presupernova stellar structure and the nucleo-
synthesis. They affect the structure because, at all times,
the pressure is mostly due to electrons—at first, nonrel-
ativistic and nondegenerate, but later neither—and
weak reactions change Ye [Eq. (4)]. They affect the nu-
cleosynthesis because the synthesis of all nuclei except
those with equal numbers of neutrons and protons is
sensitive to the neutron excess, h5122Ye . The neutri-
nos lost in weak interactions also affect the energy and
entropy budgets of the star, losses that are especially
important in the final collapse of the star (Sec. V.B).

For the weak-interaction rates prior to oxygen burn-
ing, one can use the measured decay rates of unstable
nuclei prone to beta decay, electron capture, and posi-
tron emission. In some cases where low-lying levels exist
with known ft values for weak decay, a thermal distribu-
tion of excited states is assumed and an effective rate is
computed. There are, of course, special cases like 26Al in
which the states may not achieve a thermal population
at all temperatures of interest. In such cases the indi-
vidual levels must be followed explicitly, but in any case
the change in neutron excess prior to oxygen burning
has only a slight effect on the stellar structure.

After oxygen burning, though, weak interactions take
on a different character. Such a large number of excited
states with uncertain properties become populated that
their decay must be dealt with statistically. Early at-
tempts in this direction were made by Hansen (1968),
Mazurek (1973), Mazurek, Truran, and Cameron (1974),
and Takahashi, Yamada, and Kondo (1973). However, it
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FIG. 10. Convective history during carbon, neon, oxygen, and silicon burning for stars of 15M( (top) and 25M( (bottom). Time
is measured logarithmically in years until collapse. Shading and hatching have the same meaning as in Fig. 3, with darker blue
indicating higher positive net energy generation and darker pink showing larger losses. Note the existence of well-developed
convective carbon burning at the center of the 15M( star that is absent in the 25M( model. The final iron-core masses in these two
stars were 1.45M( and 1.62M( , respectively [Color].
was Fuller, Fowler, and Newman (1980, 1982a, 1982b,
1985) who recognized the key role played by the
Gamow-Teller resonance and noted that measured de-
cay rates exploited only a small fraction of the available
Rev. Mod. Phys., Vol. 74, No. 4, October 2002
strength. More recently new shell-model calculations of
the distribution of Gamow-Teller strength have resulted
in an improved—and often reduced—estimate of its
strength (Langanke and Martı́nez-Pinedo, 1999, 2000).
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The alteration in some important rates, such as electron
capture on 60Co, is as large as two orders of magnitude
in important astrophysical circumstances.

The effects of including the new weak-interaction rate
set in a 15M( model star are shown in Figs. 13 and 14
(Heger, Langanke, et al., 2001; Heger, Woosley, et al.,
2001). The most dramatic decline in Ye occurs early
during silicon burning which ignites at about log(to2t)
'6 in the 15M( model shown and lasts until log(to2t)
'5, but appreciable decreases continue as the iron
core sits in hydrostatic equilibrium surrounded by
active shells of silicon burning that impede its collapse.
Some of the most important weak flows (using the re-
cent Langanke and Martı́nez-Pinedo rates) include elec-
tron capture on 35Cl, 32,33S, 53Fe, 55Co, and 56Ni early
on. Later electron capture on 54,55,56Fe and 61Ni becomes
important, as does the beta decay of 32P, 52V,
54,55,56,58Mn, and 62,64Co. The final value of Ye50.43 is
not particularly sensitive to the weak rates or to the stel-
lar mass.

FIG. 11. Evolution of the entropy in the interior of a 15M(

star. The total entropy per baryon, S/NAk , is given on the main
sequence, following helium burning, at the end of carbon burn-
ing, at the end of oxygen burning, and for the presupernova
star. Neutrino losses during the late stages of evolution lead to
a dramatic increase in the core entropy and convergence upon
a common, degenerate structure for the iron core.
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Interestingly, as Fig. 14 shows, there is a period, be-
ginning about the time that silicon disappears from
the center of the star, when the weak interactions reach
a state of dynamic equilibrium (see also Aufderheide,
Fushiki, Fuller, and Weaver, 1994). This is not true
equilibrium in the sense that every weak rate occurs at a
rate balanced by its inverse, and certainly neutrino cap-
ture is not balancing electron capture, but the sum of all
weak flows that increase Ye , i.e., beta decay, balances
the sum of flows that decrease it, i.e., electron capture.
For a given set of weak rates, then, Ye takes on a value
at a given temperature and density that is independent
of its previous evolution. For heavier-mass stars, 25 and
40M( evolved without mass loss, Heger et al. find that
this beta equilibrium is approached but not quite
reached to the extent shown here for the 15M( star. As
the iron core contracts during the last 1000 s of the star’s
life, weak equilibrium is again lost as the filled phase
space hinders beta decay and favors electron capture.
But by this point the final value of Ye has almost been
determined.

D. Effects of rotation in the late stages

As discussed in Sec II.F, the effects of rotation on
compositional mixing are known to be important during
hydrogen and helium burning, but what about the later
stages? Will rotation be dynamically important in core
collapse? Is it possible to predict, from first principles,
the rotation rate of pulsars?

Calculations by Heger, Langer, and Woosley (2000)
suggest that rotation is still important in causing addi-
tional mixing during the advanced burning stages, espe-
cially by shear instabilities. There is also a cumulative
effect because the larger helium cores obtained from
calculations that include rotation affect the nucleosyn-
thesis and structure through all phases.

With regard to angular momentum, early numerical
studies of rotating massive stars found that the stellar
core would reach breakup rotation before carbon igni-
tion (Kippenhahn, Meyer-Hofmeister, and Thomas,
1970; Endal and Sophia, 1976). In more recent models,
additional angular momentum is lost from the core be-
fore carbon burning (Heger, Langer, and Woosley, 2000;
Maeder and Meynet, 2001), but presupernova core rota-
tion rates that would lead to neutron stars of breakup
velocity are still predicted. These studies imply that ro-
tation will become an important dynamic effect during
core collapse (Fig. 15; Fryer and Heger, 2000). They also
predict that neutron stars will be born with angular mo-
mentum j;1016 cm2 s21 and periods ;1 ms. Such large
rotation rates are inconsistent with the currently ob-
served slow rotation rate of pulsars, but gravitational
radiation owing to the r-mode instability could rapidly
brake the rotation of young neutron stars (Lindblom
et al., 2001; Stergioulas and Font, 2001; though see Arras
et al., 2002).
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FIG. 12. Initial-final mass function of nonrotating primordial stars (Z50). The x axis gives the initial stellar mass. The y axis gives
both the final mass of the collapsed remnant (thick red curve) and the mass of the star when the event that produces that remnant
begins [e.g., mass loss in asymptotic giant branch (AGB) stars, supernova explosion for those stars that make a neutron star, etc.;
thick blue curve]. Dark green indicates regions of heavy-element (Z.2) synthesis and cross-hatched green shows regions of
partial helium burning to carbon and oxygen. We distinguish four regimes of initial mass: low-mass stars below ;10M( that form
white dwarfs; massive stars between ;10M( and ;100M( ; very massive stars between ;100M( and ;1000M( ; and supermas-
sive stars (arbitrarily) above ;1000M( . Since no mass loss is expected for Z50 stars, the blue curve corresponds approximately
to the (dotted) line of no mass loss, except for ;100–140M( where the pulsational pair instability ejects the outer layers of the
star before it collapses, and above ;500M( where pulsational instabilities in red supergiants may lead to significant mass loss.
Since the magnitude of the latter is uncertain, lines are dashed. In the low-mass regime we assume, even in Z50 stars, that mass
loss on the asymptotic giant branch removes the envelope of the star, leaving a CO or NeO white dwarf (though the mechanism
and thus the resulting initial-final mass function may differ from solar composition stars). Massive stars are defined as stars that
ignite carbon and oxygen burning nondegenerately and do not leave white dwarfs. The hydrogen-rich envelope and parts of the
helium core (dash-double-dotted curve) are ejected in a supernova explosion. Below initial masses of ;25M( neutron stars are
formed. Above that, black holes form, either in a delayed manner by fallback of the ejecta or directly during iron-core collapse
(above ;40M(). The defining characteristic of very massive stars is their electron-positron pair instability after carbon burning.
This begins as a pulsational instability for helium cores of ;40M( (MZAMS;100M(). As the mass increases, the pulsations
become more violent, ejecting any remaining hydrogen envelope and an increasing fraction of the helium core itself. An iron core
can still form in hydrostatic equilibrium in such stars, but it collapses to a black hole. Above MHe563M( or about MZAMS
5140M( , and on up to MHe5133M( or about MZAMS5260M( , a single pulse disrupts the star. Above 260M( , the pair
instability in nonrotating stars results in complete collapse to a black hole [Color].
Rev. Mod. Phys., Vol. 74, No. 4, October 2002
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What is bad news for pulsars may be good news
for gamma-ray bursts (and vice versa) since all
current gamma-ray-burst models that invoke massive
star progenitors require considerably higher angular
momenta than exist in the surfaces of most pulsars
(Sec. VI.B).

E. Magnetic fields

If rotation is as important as models suggest, a self-
consistent depiction of angular momentum transport

FIG. 13. Evolution of Ye in the center of a 15M( star using
three choices of weak interaction rate sets followed from cen-
tral oxygen depletion until the onset of core collapse. LMP
uses the weak rate set of Langanke and Martı́nez-Pinedo
(2000); LMP-b0 and LMP-b2 are the results using the same
rates with beta decay multiplied by zero and two. While the
increase does not change the result much, neglecting beta de-
cays makes a significant difference. For more details see Heger,
Langanke, et al. (2001) and Heger, Woosley, et al. (2001).
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should include the magnetic torques that exist between
differentially rotating shells. Widely varying estimates of
the importance of these magnetic torques can be found
in the literature. Spruit and Phinney (1998) concluded
that the magnetic interaction between the rapidly rotat-

FIG. 14. Partial contributions to the evolution of the central
electron mole number Ye as a function of time until collapse
in a 15M( star using the Langanke and Martinez-Pinedo rates.
Note the initial dominance of electron capture, but a period
around log(tb2t)53.5 to 4.5 when beta decay balances elec-
tron capture. Still later, the increasing density in the contract-
ing core favors electron capture again and beta decay cannot
keep up. However, time has become so short that Ye changes
very little in these last few hours (Fig. 10). The shaded region
is the epoch of convective silicon-core burning. For more de-
tails see Heger, Langanke, et al. (2001) and Heger, Woosley,
et al. (2001).
FIG. 15. Angular velocity as a function of
mass coordinates at different stages of evolu-
tion for a rotating 15M( star of solar compo-
sition with an initial surface rotation rate of
200 km s21 on the zero-age main sequence
(ZAMS). Beyond helium depletion the angu-
lar velocity profile in the envelope (outside of
4.3M() coincides with that of the presuper-
nova model. The star has a fully convective
hydrogen-rich envelope. The presupernova
model is defined as the point where the core
of the star reaches an infall velocity of
900 km s21. Note that the scale on the x axis
changes at an enclosed mass of six solar
masses (Heger, Langer, and Woosley, 2000).
Magnetic fields were not included in this cal-
culation.
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FIG. 16. Initial-final mass function of nonrotating stars of solar composition, similar to Fig. 12. Mass loss reduces the mass of the
envelope (blue curve) until, for a mass above ;33M( the helium core is uncovered before the star reaches core collapse. At this
point the star becomes a Wolf-Rayet star and the strong Wolf-Rayet mass loss sets in. We give two scenarios for the uncertain
strength of the Wolf-Rayet-mass-loss rate: The short-dashed red and blue lines are for a high mass-loss rate. Here a ‘‘window’’ of
initial masses may exist around 50M( , where neutron stars are still formed (bound by higher- and lower-mass stars that make
black holes). For a low Wolf-Rayet mass-loss rate (long-dashed red and blue lines) the final mass at core collapse is higher and the
‘‘neutron star window’’ may not exist. Then only black boles are formed above ;21M(. ‘‘RSG,’’ ‘‘WE,’’ ‘‘WC,’’ and ‘‘WO’’
indicate the type of the last mass-loss phase and also the (spectral) type of the star when it explodes. The heavy-element
production (green and green cross hatched) is given only for the low-mass-loss case [Color].
ing helium core and an essentially stationary red giant
envelope would halt the rotation of the former in far less
than a helium-burning lifetime. The iron cores of mas-
sive stars, for them, collapsed without rotation, and pul-
sars acquired whatever spin they have from asymmetries
in the explosion mechanism. The magnetic torque is pro-
portional to the product of the radial component of the
field Br and the poloidal component Bf . The latter can
become quite large owing to differential winding, but
will still reach a maximum given by instabilities and re-
connection. The radial field, on the other hand, is given
Rev. Mod. Phys., Vol. 74, No. 4, October 2002
almost entirely by instabilities. Spruit and Phinney took
Br;Bf .

More recent work by Spruit (1999, 2002), which uses a
physical model to estimate Br , suggests an important
but diminished role for magnetic torques. Using Spruit’s
new prescription, Heger, Woosley, and Spruit (2002)
find angular momenta in their presupernova models
corresponding to pulsar rotation rates that, though rapid
(;10 ms), are well below breakup. Clearly this is
an area of rapid development and current great uncer-
tainty. Unfortunately it is difficult to say today whether
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FIG. 17. The mass of the final iron cores and
location of the oxygen-burning shells in a
large number of presupernova stars of solar
metallicity (Heger, Woosley, Rauscher, and
Hoffman, 2002). The baryonic mass of the
neutron star remnant might lie between these
two masses.
rotation (and possibly magnetic fields) are overwhelm-
ingly important or quite unimportant in the explosion.

F. Effect of metallicity on the presupernova model

The principal effects of low metallicity on the presu-
pernova structure come about because of the diminished
mass loss. For solar metallicity, the helium core at death
reaches a maximum of ;12M( , corresponding to an
initial main-sequence mass of 35M( (Fig. 16). This does
not preclude the existence of more massive Wolf-Rayet
stars at an earlier stage in their evolution, but for higher-
mass main-sequence stars of solar metallicity, the presu-
pernova mass decreases rapidly above 35M( because of
efficient mass loss from Wolf-Rayet stars [Eq. (15)]. This
saturation of the core mass manifests itself in a variety
of ways directly relevant to the explosion mechanism.
Rev. Mod. Phys., Vol. 74, No. 4, October 2002
Since the helium-core mass of the presupernova star
ceases to grow, the iron-core mass and especially the
location of the oxygen-burning shell quit increasing at
around 30M( (Fig. 17). The binding energy of all matter
outside the iron core also ceases to increase and even
decreases a little. This suggests that the final products of
extremely massive solar metallicity stars (30M( to
.100M() may be no more difficult to explode than
their lower-mass counterparts. We believe that such stars
have their counterparts in nature as type-Ib/Ic superno-
vae and (if MpreSN*4M() subluminous type-Ib super-
novae.

Presupernova stars of lower metallicity have signifi-
cantly different characteristics, at least at high mass. Be-
cause of the metallicity dependence of mass loss (Sec.
II.G), the mass of the lightest single star to lose its hy-
drogen envelope increases with declining metallicity
and, along with it, the mass of its helium core at death.
FIG. 18. The mass of the final iron cores and
location of the oxygen-burning shells in a
large number of presupernova stars of 1024

solar metallicity (Heger, Woosley, Rauscher,
and Hoffman, 2002).
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FIG. 19. Binding energy of the star outside of
the iron core in a large number of presuper-
nova stars of solar metallicity and 1024 solar
metallicity. Above about 35M( , the presu-
pernova mass of solar metallicity stars de-
creases due to mass loss, along with the bind-
ing energy.
In fact, for zero-metallicity stars, the helium core in-
creases without bound in near proportion to the main-
sequence mass (Fig. 12). Consequently, the iron cores
and oxygen shell masses also increase (Fig. 18) along
with the binding energy (Fig. 19). A comparison at
50M( is educational. For a solar metallicity star, the fi-
nal helium-core mass is in the range 3.6–7.5 for a range
of mass-loss rates equal to one to three times Eq. (15).
The corresponding iron-core masses are 1.45–1.51M(

and the binding energy outside the iron core is
0.51–0.7931051 erg. This core should be no more diffi-
cult to blow up than similar cores that develop from the
15M( to 25M( main-sequence stars thought respon-
sible for common supernovae.

Using the same physics, but with mass loss reduced by
Z1/2, the supernova progenitor coming from a 50M( star
of 1024 solar metallicity is very different. For one thing
it still has a hydrogen envelope (presupernova mass is
49.8M(); the iron-, silicon-, and helium-core masses are
2.0M(, 4.2M(, and 20.2M( , respectively, and the
binding energy outside of the iron core is 2.831051 erg.
It is difficult to believe that this star will avoid becoming
a black hole. One conclusion, then, is that black-hole
formation may have occurred much more frequently, or
at least in larger stars in the early universe than now. See
also Secs. VI.B, VI.A, and VII. The Z dependence of
mass loss, however, is clearly a major uncertainty.

V. CORE COLLAPSE AND EXPLOSION

A. The iron core

During carbon and oxygen burning, pair neutrino
losses lead to a sufficient decrease in the central entropy
of a massive star that the concept of Chandrasekhar
mass becomes, in an approximate sense, meaningful.
Traditionally (Chandrasekhar, 1938)

MCh055.83Ye
2, (31)
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which for Ye50.50 is 1.457M( . Typical iron cores at
collapse have a central Ye of 0.42, which rises gradually
to 0.48 at the edge (Fig. 20). Taking Ye50.45 as an av-
erage, one might expect a Chandrasekhar mass of
1.18M( . But there are numerous corrections (Timmes,
Woosley, and Weaver, 1996), some of which are large.
These corrections take into account the thermal struc-
ture of the core, in particular that its entropy is not zero,
the fact that the particles responsible for the pressure
have charge (Coulomb corrections), the fact that the
iron core is surrounded by matter (and thus has a sur-
face boundary pressure), and the usual special and gen-
eral relativistic corrections (Shapiro and Teukolsky,
1983) that, by themselves, reduce MCh0 to 1.42M( for
Ye50.50 and 1.15M( for Ye50.45.

The loss of entropy can facilitate the collapse of a core
that is already near the Chandrasekhar mass. To a first
approximation

FIG. 20. Distribution of Ye (solid line) and collapse velocity
(dashed line) in the inner 2.5M( of a 15M( presupernova star.
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MCh.MCh0F11S p2k2T2

eF
2 D G , (32)

where eF is the Fermi energy for the relativistic and par-
tially degenerate electrons

eF51.11~r7Ye!1/3 MeV. (33)

The effective Chandrasekhar mass may also be ex-
pressed in terms of the electronic entropy per baryon

MCh'MCh0F11S se

pYe
D 2G , (34)

where se in units of the Boltzmann constant k is (Coo-
perstein and Baron, 1990)

se5
Se

NAk
5

p2TYe

eF
.0.50r10

21/3S Ye

0.42D
2/3

TMeV . (35)

At the time the iron core in a 15M( star collapses, the
electronic entropy typically ranges from 0.4 in the center
to 1 at the edge of the iron core. Taking 0.7 as a rough
average (and again Ye'0.45), one has an ‘‘effective
Chandrasekhar mass’’ of 1.34M( , which is in fact close
to calculated values (Timmes, Woosley, and Weaver,
1996). For a 25M( star, the presupernova core entropy
ranges from 0.5 to 1.8, suggesting a Chandrasekhar mass
of 1.79M( . More massive stars have more entropy and,
on average, produce larger iron cores and possibly more
massive neutron stars. However, that general tendency is
modulated (Fig. 17) by the loss and redistribution of en-
tropy that occurs during the late burning stages.

The presence or lack of exoergic, convective carbon
burning at the center of the star and the number and
intensity of carbon convective shells have an important
impact especially visible around 20M( [for the current
choice of 12C(a ,g)16O]. Below 20M( carbon burns con-
vectively at the middle of the star (Fig. 10); above it
burns radiatively. In fact, for stars heavier than 20M( ,
neither carbon nor neon burning ever achieves energy
generation in excess of neutrino losses at the middle of
the star. Carbon still burns convectively in exoergic
shells (cf. the 25M( star in Fig. 10), but above 20M( ,
the number and location of these shells shift abruptly,
going from four convective carbon-burning episodes in a
19M( star to two in a 21M( star. During these convec-
tive shell-burning phases, the center of the star sheds
entropy by neutrino emission. This accounts for the
abrupt change in central entropy in the presupernova
models (Fig. 21), which is in turn reflected in the iron-
core masses.

However, central entropy is not the whole story. The
growth of the last silicon shell (whose extent determines
the size of the iron core) is dependent upon the location
of the oxygen-burning shell above, whose location may
in turn have been influenced by the carbon and neon
burning before. So long as there is an active burning
shell within the core, it will not collapse; contraction
leads to accelerated nuclear burning and expansion.
Rev. Mod. Phys., Vol. 74, No. 4, October 2002
However, the iron core does not grow by radiative dif-
fusion, but by a series of convective shell-burning epi-
sodes, the last of which overshoots the (generalized)
Chandrasekhar mass (usually there are just one or two
such episodes). How far each silicon-burning shell ex-
tends is sensitive both to the previous entropy history in
the inner regions of the star (i.e., its entire life history,
especially the location of the previous oxygen-burning
shells) and to how convection is treated (e.g., semicon-
vection or no semiconvection). This leads to some as-
pects of chaos and uncertainty in the presupernova iron-
core mass: chaos in the sense that two stars separated by
only a small mass on the main sequence can have iron-
core masses that differ appreciably if one of them re-
quires an additional shell-burning episode; uncertainty
in the sense that mixing-length convection theory during
oxygen and silicon burning is not very accurate (Bazan
and Arnett, 1994, 1998).

B. Collapse and bounce

A degenerate iron core in excess of the Chan-
drasekhar mass, appropriately adjusted for Ye , entropy,
boundary pressure, etc., will collapse. The core does not
cross this transition abruptly, however, but on a thermal
time scale, as copious neutrinos carry away the binding
energy of the core. Collapse is accelerated by two insta-
bilities. First, as the density rises, electrons capture onto
iron-group nuclei, leading to a composition that is in-
creasingly neutron rich. As Ye goes below about 0.41,
the mean atomic weight of the dominant nuclei begins to
increase well above mass 70. This removes electrons that
were contributing to the pressure and reduces the struc-
tural adiabatic index. A second instability, dominant in
the more massive stars, is photodisintegration. Continu-
ing to follow a path of approximately rc}Tc

3 carries the

FIG. 21. Final central entropies for a large number of presu-
pernova stars of solar metallicity (diamonds) and 1024 solar
metallicity (crosses; Heger, Woosley, Rauscher, and Hoffman,
2002). In general the entropy increases with stellar mass but
with significant scatter and structure imposed by the number of
burning shells. This distribution of central entropies is also re-
flected in the iron-core masses (Figs. 17 and 18).
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star into a region where nuclear statistical equilibrium
favors a large abundance of free a particles. The nuclear
binding energy of this new composition is less, so the
core does not gain sufficient thermal energy in the con-
traction to keep pace with gravity. Considered from an
entropy point of view, the production of alpha particles
increases the ionic entropy (one nucleus becomes 14)
but, since the overall contraction is approximately adia-
batic (neglecting neutrino losses), the electronic entropy
must decrease (Cooperstein and Baron, 1990). This re-
duces the effective Chandrasekhar mass and favors col-
lapse. However, full dissociation into a particles does
not occur.

Prior to about 1980, it was thought that the iron core
might photodisintegrate not only into a particles but
completely into nucleons. Electrons would then capture
on free protons, not bound nuclei, and the supernova
core might experience a thermal bounce at a density
well below nuclear. Bethe et al. (1979) emphasized the
role of the nuclear partition function—especially the ex-
ponential growth of the number of excited nuclear states
populated at high temperature—in keeping the matter
from totally disintegrating. As a result, it was under-
stood that the bounce would be relatively cold, with
heavy bound nuclei persisting until they touched and
merged at just below nuclear density. The resulting en-
semble, essentially one gigantic stellar mass nucleus,
would then bounce, overshooting nuclear density by a
factor of several. Here the repulsive hard-core potential
of the nucleus acts as a stiff spring storing up energy in
the compressive phase, then rebounding as the compres-
sion phase ends. That portion of the collapsed, neutron-
ized core that stays in sonic communication, the sonic
mass, and the so-called ‘‘homologous core mass,’’ that
part of the core that collapses with v}r , are approxi-
mately equal. Just outside of these, a shock wave ini-
tially forms as the rebounding core encounters matter
that is continuing to fall in. The impact is supersonic; the
bouncing core has positive velocity, the infalling material
is negative. In a perfectly elastic collision, the infalling
outer core could bounce back to the radius from which it
fell, even if the inner core were stationary. The outward
motion of the inner core thus gives rise to the possibility
of a ‘‘superelastic bounce.’’

For a time it was thought that this bounce shock
would successfully explode the star (Baron, Cooper-
stein, and Kahana, 1985; Baron et al., 1987). Now we
know that, for models with realistically sized iron cores,
it does not (Bruenn, 1989a, 1989b; Myra and Bludman,
1989; Baron and Cooperstein, 1990; Cooperstein and
Baron, 1990). Two effects act to prohibit the develop-
ment of the prompt explosion. The first is photodisinte-
gration. As the shock moves through infalling bound nu-
clei, it heats them and tears them apart to neutrons and
protons (despite the large partition function). The shock
spends roughly 1051 erg for each 0.1M( .

The second effect is neutrino emission from behind
the shock, especially as it moves to lower-density regions
below 1012 g cm23 where neutrinos can diffuse out
ahead of the shock. m and t neutrinos participate in this
Rev. Mod. Phys., Vol. 74, No. 4, October 2002
shock-wave cooling, as do electron neutrinos. The scat-
tering of neutrinos of all flavors with electrons behind
the shock is also important. Unlike the coherent scatter-
ing off of nuclei and nucleons that provides the major
source of neutrino opacity, electron scattering does not
conserve neutrino energy. By reducing the mean neu-
trino energy, electron scattering makes it easier for neu-
trinos to escape. The successful prompt shock explosions
of Baron, Cooperstein, and Kahana (1985) neglected m
and t neutrinos and electron scattering and thus gave
unrealistic explosions.

And so one is left, about 10 ms after the core has
bounced, with a hot dense proto-neutron star accreting
matter at its outer boundary at a high rate
(1 –10M( s21; Fig. 22).

C. Neutrino energy deposition and convection; the shock
is launched

A successful explosion then requires a new energy
source. This is now thought to be neutrino energy depo-
sition (Colgate and White, 1966; Bethe and Wilson,
1985; Mayle, 1985, 1990; Wilson, 1985; Wilson et al.,
1986; Bethe, 1990; Mayle and Wilson, 1991). The shock
wave is revived on a time ;0.1 s, long compared to the
hydrodynamic time scale, a few ms for the shock to
reach the edge of the core, but short compared to the
3–10 s Kelvin-Helmholtz time scale for the neutron star

FIG. 22. Collapse and bounce of the iron core in a 13M(

supernova. Radial velocity vs enclosed mass at 20.5 ms,
10.2 ms, and 2.0 ms with respect to bounce. The blip at 1.5M(

is due to the explosive nuclear burning of oxygen in the infall
(Herant and Woosley, 1996).
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FIG. 23. Neutrino-driven convection 50 ms after the bounce of the core of a 13M( supernova. The entropy is color coded (Herant
and Woosley, 1996) [Color].
to emit its binding energy. Considerable progress has
been made in the last decade in simulating this event in
two dimensions.3

Multidimensional calculations (or at least a paramet-
ric representation of multidimensional effects) are es-
sential in order to reveal the convective flow responsible
for boosting the neutrino luminosity of the proto-
neutron star. This flow also increases the efficiency of
neutrino absorption (by cooling the region where neu-
trinos deposit their energy) and carries neutrino-
deposited energy out to the shock (Fig. 23). Most of the

3See the work of Herant, Benz, and Colgate, 1992; Burrows
and Fryxell, 1993; Herant et al., 1994; Bruenn and Mezza-
cappa, 1994; Burrows, Hayes, and Fryxell, 1995; Janka and
Müller, 1995, 1996; Mezzacappa et al., 1998; Fryer and Heger
2000.
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calculations cited above have found successful explo-
sions in two dimensions when these convective effects
are included.

Not all agree, however. Bruenn and Mezzacappa find
that convection does not lead to explosion. Moreover, all
of these exploratory calculations were done for a very
limited range of stellar masses (13M( and 15M() and
metallicities (solar) and with overly simple prescriptions
for neutrino energy transport. Two-dimensional (2D)
calculations of turbulent flow are also known to misrep-
resent the turbulent cascade. Work is underway by all
the groups listed above for their 2D work to rectify
these problems, and we may expect progress in the near
future.

Those two-dimensional models that do explode so far
share common problems when compared to observation.
Because neutrino interactions with nucleons in the con-
vective hot bubble lead to a significant lowering of Ye ,
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FIG. 24. Mixing in the explosion of a 15M( red supergiant. From Kifonidis et al., 2000 [Color].
they eject too much neutron-rich nucleosynthesis. Most
of the calculations so far follow the explosion for a very
limited time and it is not known with any accuracy how
the kinetic energy produced by the supernova depends
Rev. Mod. Phys., Vol. 74, No. 4, October 2002
on the initial stellar mass (though see Fryer, 1999).
Those calculations that do produce an explosion tend to
blow away a portion of the neutron star and leave rem-
nant masses that are too small. The degree of fallback
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(Sec. VI.A) also remains uncertain.

D. Shock propagation and mixing

Given an outgoing shock, there are instabilities that
will affect its propagation and, even for initially spheri-
cally symmetric explosions, produce mixing and irregu-
lar structure. Falk and Arnett (1973) and Chevalier and
Klein (1978) pointed out that passage of the shock
leaves behind regions of inverted gravitational and den-
sity gradients subject to Rayleigh-Taylor instability. Nu-
merous multidimensional calculations since that time4

have shown the importance of this instability and its de-
pendence upon stellar mass and density structure. In
general, stars with more massive extended envelopes,
that is, red supergiants that have not lost a lot of mass,
experience the greatest degree of mixing and clumping.
Stars that have lost much of their hydrogen envelope
experience less, but even stars with no hydrogen enve-
lope experience some mixing at the interfaces between
the silicon core, the carbon-oxygen core, and the helium
core (Kifonidis et al., 2000; Fig. 24). Such mixing may be
necessary in supernovae without hydrogen in order to
explain the light curves and spectra of type-Ib and
type-Ic supernovae (Shigeyama et al., 1990; Woosley and
Eastman, 1997). Without mixing, the heating from 56Ni
and 56Co decay is concentrated in too small a volume
and the photosphere recedes rapidly with time, produc-
ing a supernova that is overly blue. The rise time of the
light curve is also affected. Lacking the nonthermal ex-
citation of gamma rays from radioactive decay, distinc-
tive lines in the spectrum, especially He I [5876A], are
absent.

The criterion for mixing is that the outgoing shock
slow down in a region where the density is declining.
The Sedov solution shows that the shock will decelerate
when passing through a region where the quantity rr3

increases (Herant and Woosley, 1994; Fig. 22). Of course
appreciable mixing can also be introduced if the central
engine powering the explosion inputs its energy in an
asymmetric way. Calculations to study this are still in an
early stage (Burrows, Hayes, and Fryxell, 1995; Na-
gataki, Shimizu, and Sato, 1998; Fryer and Heger, 2000).
Seeds for the mixing may already be present in the con-
vective shells prior to shock-wave passage (Bazan and
Arnett, 1998).

One of the principal lessons of SN 1987A was the
importance of mixing for understanding even the quali-
tative shape of the light curve (Shigeyama, Nomoto, and
Hashimoto, 1988; Woosley, 1988; Arnett and Fu, 1989;
Shigeyama and Nomoto, 1990) as well as details of the
spectrum (Utrobin, Chugai, and Andronova, 1995), the
high velocity of heavy elements (Witteborn et al., 1989),
and the early appearance of x rays and gamma rays from

4See, for example, Arnett, Fryxell, and Müller, 1989; Müller,
Fryxell, and Arnett, 1991; Herant and Benz, 1992; Hachisu
et al., 1994; Herant and Woosley, 1994; Iwamoto et al., 1997;
Nagataki, Shimisu, and Sato, 1998; Kifonidis et al., 2000.
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radioactive decay (Itoh et al., 1987; Kumagai et al., 1988,
1989; Pinto and Woosley, 1988a, 1988b).

VI. NEUTRON STARS AND BLACK HOLES

Given the uncertainties surrounding the explosion
mechanism (Sec. V.C), it is difficult to say with any pre-
cision just what the mass of the collapsed remnant will
be for a given presupernova model. However, some gen-
eral restrictions and tendencies can be noted. First, on
nucleosynthetic grounds, the average supernova cannot
eject more than about 0.01M( of its presupernova iron
core. Material inside the last silicon convective shell is
quite neutron rich and limits on 54Fe production—if not
rarer, more neutron-rich species—limit its ejection
(Weaver, Zimmerman, and Woosley, 1978). It may thus
be safely assumed that the iron-core mass is a lower
limit to the baryonic mass of the remnant. For stars be-
tween about 8M( and 10M( , the falloff of density out-
side the iron core is so rapid that any successful explo-
sion should eject it all. For these stars, the iron-core
mass is also approximately an upper limit on the rem-
nant mass. No such upper bound exists for heavier stars
unless one imposes information about the engine—for
example, that it provide a certain energy (Woosley and
Weaver, 1995). However, there is a jump in entropy at
the base of the oxygen-burning shell that signals a rapid
falloff in density outside. A neutrino-powered explosion
that accretes matter up to this point will experience a
rapid decline in ram pressure from the infalling material.

In the absence of definitive explosion models, one
may then assume that the remnant will have a baryonic
mass between the iron-core and oxygen-shell masses
given in Figs. 17 and 18. For progenitor stars between
11M( and 20M( this gives remnant masses in the range
1.3–1.6M( . The explosion physics of larger stars is even
more uncertain, but the plots indicate that they may
make either larger neutron stars or, at some point, black
holes. After radiating away its binding energy as neutri-
nos, a neutron star loses ;10–15 % of its rest mass, with
the larger stars radiating a larger fraction. One therefore
expects gravitational masses (for the most frequent
events) in the range 1.2–1.4M( . The average gravita-
tional mass for 26 neutron stars observed in binary sys-
tems is 1.3560.04M( (Thorsett and Chakrabarty, 1999).
Given all the uncertainties in the stellar and supernova
models, this is remarkable agreement and suggests that
in many events the mass cut has not occurred far outside
the oxygen shell. However, the dispersion about the
mean is much smaller in the observations than theory
would suggest (Fig. 17). A possible explanation is that
the observed neutron star masses are all obtained from
binary systems (accurate masses are thus far impossible
to obtain elsewhere) which may have experienced mass
exchange prior to producing supernovae. Removing the
hydrogen envelopes from massive stars results in the
convergence upon a narrow range of presupernova
masses (Fig. 5), around 3 –4M( . This same small range
is necessary to explain the near uniformity and narrow
peaks of the light curves of type-Ib supernovae. Any
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4M( core mass resembles in structure, though not nec-
essarily in composition, the helium core of a ;15M(

supernova (Fig. 4). From 13M( to 17M( the mass of the
silicon core (interior to the oxygen-burning shell) varies
little and is almost always between 1.5M( and 1.6M(

(gravitational mass 1.3–1.4M().
Above 25M( , for solar metallicity, the iron-core mass

stops rising, reflecting the diminished mass of the star by
mass loss (Table I; Fig. 16). The gravitational binding
energy of the star outside the iron core also stops in-
creasing. Whether such stars leave black holes depends
upon an uncertain equation of state for the neutron star
and unresolved details of the explosion (see especially
Sec. VI.A).

A. Fallback during the explosion

Even if a successful shock is launched and a stable
neutron star is left behind, the story of the compact rem-
nant is not over. The shock must have sufficient energy
(and maintain sufficient pressure at the origin) to eject
all the rest of the star. Since the shock’s energy is deter-
mined on a time scale of about 0.1 s, but it takes tens of
seconds to sample the mass and binding energy of the
overlying matter, the shock cannot know ahead of time
how hard it will be to explode the star. Obviously if the
shock energy is less than the binding energy of the star
outside the iron core, some matter must fail to achieve
escape velocity, but actually the criterion for fallback is
more complicated and restrictive due to the nonmono-
tonic behavior of the shock velocity in the overlying star
(Sec. V.D; Fig. 25).

Woosley and Weaver (1995) and MacFadyen, Woos-
ley, and Heger (2001) have shown that the amount of
mass that falls into the collapsed remnant is very sensi-
tive to the explosion energy and the presupernova mass
of the star. In their (1D) calculations many supernovae
leave black holes formed a few hours after launching
successful shocks that make bright optical events. In

FIG. 25. The distribution of rr3 in the interior of a 15M(

presupernova star (right-hand axis) and the shock speed (left-
hand axis) as a function of mass for an explosion of 1.2
31051 erg. The 15M( progenitor is a red supergiant. Note the
correlation between shock acceleration and declining rr3.
When the shock decelerates it leaves behind a region that is
unstable to mixing. The edge of the helium core is at 4.2M( so
a large degree of mixing occurs as the helium core runs into
the hydrogen envelope. From Woosley and Weaver, 1995.
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some cases the radioactive 56Ni falls back, which re-
moves its contribution to the light curve and nucleosyn-
thesis. In others, the entire heavy-element core im-
plodes. One expects the effect to be even more
important in stars of low metallicity because of both the
larger binding energy of such stars (Fig. 19) and the en-
hanced fallback expected for blue supergiants as com-
pared with red ones (Chevalier, 1989).

The type-II supernova atlas of Patat et al. (1993, 1994)
shows that many type-II supernovae have exponential
tails compatible with what is expected from the decay of
56Co. One possible signature of black-hole formation
would be a bright optical supernova that lacked the ra-
dioactive tail because all the 56Ni fell into the remnant.
A low 56Ni mass might also be produced in supernovae
around 10M( (Wilson and Mayle, 1988), and mixing
could result in some 56Ni’s being ejected even in events
that make black holes, so this is not a unique diagnostic,
but the larger the black hole the more likely that no 56Ni
was ejected at all (Turatto et al., 1998).

B. Fate of ‘‘failed’’ supernovae

It is to be emphasized that black-hole production and
supernovae are not mutually incompatible outcomes.
Even without rotation, a metastable proto-neutron star
could form, launch a successful shock, and collapse after
some delay to a black hole (Bethe and Brown, 1995;
Ellis, Lattimer, and Prakash, 1996; Pons et al., 1999).
This can occur only if the remnant core mass is only
slightly above the maximum stable neutron star mass. A
more likely pathway for making black holes in superno-
vae is fallback (Sec. VI.A).

With rotation, the possibilities become richer. Nuclear
burning cannot, by itself, reverse the implosion of a mas-
sive star that has formed a neutron star or black hole at
its center (Woosley and Weaver, 1982; though see Sec.
VII). But if the ‘‘braking action of rotation’’ (Fowler and
Hoyle, 1964) is included, a thermonuclear supernova is
possible (Bodenheimer and Woosley, 1983). The amount
of angular momentum required is large, however (Mac-
Fadyen and Woosley, 1999), over 1017 erg s in the
mantle, in order that centrifugal stagnation occurs deep
enough for explosive oxygen burning (T9*3), but not
so deep as to cause photodisintegration (T9*5). The
actual rotation rates are likely to be slower so that the
infalling material does photodisintegrate but still has
sufficient angular momentum to pile up in an accretion
disk outside the event horizon (j*1016 erg s). What fol-
lows then depends on the uncertain physics of magneto-
hydrodynamics accretion into a rapidly rotating black
hole.

Based upon both theory (see, for example, Blandford
and Znajek, 1977; MacFadyen and Woosley, 1999) and
observations of jets in active galactic nuclei, it seems
likely that some fraction, of order 1–10 %, of the mass
that accretes through the disk will be converted into the
energy of twin jets propagating along the rotational
axes. The mechanism for converting disk energy to jet
energy could be neutrino transport, magnetic-field dissi-
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pation in the disk, extraction of part of the black hole’s
rotational energy, or other more exotic processes. For
1% efficiency, over 1052 erg of jet energy would be pro-
vided by the accretion of only 1M( of mantle material.
The accretion would take ;10 s, the free-fall time scale
for a mantle with average density ;104 g cm23. This jet
would explode the rest of the star (MacFadyen, Woos-
ley, and Heger, 2001), but would still maintain a large
fraction of its initial energy after breaking out (Aloy
et al., 2000; Zhang, Woosley, and MacFadyen, 2002). In-
teraction of this relativistic jet with the circumstellar
matter would produce a cosmic gamma-ray burst (Woos-
ley, 1993; Jaroczynski, 1996; MacFadyen and Woosley,
1999). It is important in this gamma-ray-burst model
that the star have lost its hydrogen envelope prior to
iron core collapse, otherwise the jet dissipates its energy
prior to breaking out. Though detrimental for gamma-
ray bursts, a star with an extended envelope might still
make a very powerful, bright supernova.

MacFadyen (2001) and MacFadyen and Woosley
(1999) have also pointed out that, even in the absence of
jets, the disk itself produces a strong ‘‘wind,’’ composed
initially of nucleons and later of 56Ni, that carries over
1051 erg of kinetic energy. This wind alone could power
a supernova. The relation between gamma-ray bursts
and supernovae is an area of rapid progress in which one
can expect significant revisions in the near future. For
now we merely point out that there may be more than
one way to explode a massive star and a ‘‘fail-safe’’
mechanism that operates even when the ordinary neu-
trino energy paradigm fails (see also Wheeler et al.,
2000).

Of course in the absence of rotation, and without an
outgoing shock produced by neutrino energy deposition,
there is no supernova. The star simply disappears.

VII. PAIR-INSTABILITY SUPERNOVAE

Thus far our discussions have focused on main-
sequence stars of under 100M( . If the presupernova
star has a helium core in excess of 40M( a new kind of
explosion mechanism becomes accessible, one powered
by nuclear burning. This is the domain of the pair-
instability supernova. Following helium burning, the star
contracts at an accelerated rate. Energy that might have
gone into raising the temperature and providing more
pressure support is diverted to the production of
electron-positron pairs. The creation of these particles’
rest mass temporarily drives the structural adiabatic in-
dex below 4/3 and a runaway collapse develops—higher
temperature makes more pairs and accelerates the im-
plosion. Nuclear energy generation from carbon and
neon burning is insufficient to halt this contraction, but,
in some cases, oxygen burning can. By this point,
though, the collapse has already become dynamic and
the star overshoots the temperature and density that
might have provided hydrostatic equilibrium. The en-
ergy release from very temperature-dependent fusion
reactions eventually halts the infall if the collapse veloc-
ity is not too high or the star already too tightly bound,
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but it is more than that necessary for an elastic bounce.
Implosion becomes explosion. The more massive the he-
lium core, the deeper the bounce, the higher the bounce
temperature, and the greater the amount of oxygen
burned. For quite high stellar masses, oxygen burning is
inadequate to reverse the implosion and, in the absence
of rotation, the star becomes a black hole.

Explosions of this sort have been studied for many
years (Rakavy, Shaviv, and Zinamon, 1967; Bond, Ar-
nett, and Carr, 1984; Glatzel, Fricke, and El Eid, 1985;
Woosley, 1986), but there has been a recent resurgence
of interest because such massive stars may have been an
important component of Population III, the first stars to
form in the universe (Bromm, Coppi, and Larson, 1999;
Abel, Bryan, and Norman, 2000; Nakamura and Ume-
mura, 2000). In order to die with a helium-core mass
over 40M( , not only must main-sequence stars be con-
siderably over 100M( (El Eid and Langer, 1986; Langer
and El Eid, 1986), but mass loss must not erode the
helium core. Mass loss may be driven either by radiation
or by nuclear pulsations, and it has long been known
that stars in this mass range would be subject to both
(Schwarzschild and Härm, 1959; Appenzeller, 1970; Tal-
bot, 1971a, 1971b; Papaloizou, 1973a, 1973b). Probably
pair-instability supernovae do not exist at solar metallic-
ity.

However, the situation changes again at low metallic-
ity, where it is possible not only to make such stars but to
preserve them. Radiative winds depend on the metallic-
ity and can be neglected in very metal-deficient stars.
Recent studies by Baraffe, Heger, and Woosley (2001)
also suggest that very massive stars, up to at least several
hundred solar masses, may be stable to the usual epsilon
instability on the main sequence.

Recent studies by Heger and Woosley (2002) have
helped to clarify both the behavior of pair-instability su-
pernovae as a function of progenitor mass and their nu-
cleosynthesis. For helium cores between about 40M(

and 65M( , corresponding to main-sequence masses in
the range 100–140M( , the pair instability leads to vio-
lent mass-ejecting pulsations, but not the complete dis-
ruption of the star. Multiple pulses, each with super-
novalike energy, eject sufficient material that the
instability is relieved and the star ends its life eventually,
producing an iron core that collapses much like those in
the lighter stars (Woosley, 1986). If collapse of the iron
core leads to another strong explosion, collision among
the shells could produce a very bright light curve,
though this remains to be explored in any detail. The
first pulse ejects what remains of the hydrogen envelope,
and subsequent pulsations may continue for years (for
helium cores near 40M() or even centuries (for helium
cores near 65M().

Above 65M( and below 133M( (or main-sequence
masses ;140–260M(), the core of helium and heavier
elements is completely disrupted by a single thermo-
nuclear explosion of increasing violence. The peak tem-
perature achieved during the thermal bounce increases
with mass, and heavier elements are produced. The ki-
netic energy of the explosion also increases with mass.
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In the explosion of a 70M( helium core, only 0.1M( of
56Fe is produced (made as 56Ni), but by the time the
core mass reaches 130M( , 40M( of iron is made in a
single explosion that reaches a bounce temperature of
6.23109 K. The net kinetic energies in the 70M( and
130M( core explosions are 4.931051 erg and 8.7
31052 erg, respectively, possibly making these the big-
gest stellar explosions in the universe. Those stars that
make tens of solar masses of 56Ni are brighter than sev-
eral type-Ia supernovae put together and stay that bright
for many months (Heger, Pinto, and Woosley, 2002).
Sometimes they are referred to as hypernovae (Woosley
and Weaver, 1982).

Above 133M( (main-sequence mass 260M(), without
rotation, helium cores collapse directly to black holes.
Nuclear burning is unable to reverse the momentum of
the implosion before a large fraction of the core encoun-
ters the photodisintegration instability. This suggests
that if many stars were born in the early universe with
mass over 260M( , black-hole production may have
been a common occurrence. With rotation, the mass
limit for black-hole formation increases and still more
violent explosions can occur. Possibly these stars too
make black holes with transient accretion disks and may
also produce some form of energetic electromagnetic
display (Fryer, Woosley, and Heger, 2001).

In terms of nucleosynthesis, depending on the initial
mass function, pair-instability supernovae can produce a
nearly solar distribution of elements from oxygen
through nickel, but with a large deficit of nuclei with odd
nuclear charge (N, F, Na, Al, P, etc.). This reflects the
lack of appreciable weak interactions during the explo-
sion in all but the most massive events (Heger and
Woosley, 2002), hence Ye remains very close to 0.50.
Pair-instability supernovae make no elements by the r ,
s , or p processes and eject no elements heavier than
zinc.

VIII. NUCLEOSYNTHESIS RESULTING FROM
GRAVITATIONALLY POWERED EXPLOSIONS

Nucleosynthesis in both the preexplosive and explo-
sive phases of massive stellar evolution has been exten-
sively reviewed.5 Here we present both a summary of
conditions and processes, difficult to find in any single
reference thus far, as well as some recent results using
the latest stellar models and nuclear physics.

A. Conditions for explosive nucleosynthesis

The conditions for explosive nucleosynthesis in mas-
sive stars are characterized primarily by the peak tem-
perature achieved in the matter as the shock passes and

5See Burbidge et al. (1957), Trimble (1975), Arnett and
Thielemann (1985), Thielemann and Arnett (1985), Woosley
(1986), Arnett (1995, 1996), Woosley and Weaver (1995),
Thielemann, Nomoto, and Hashimoto (1996), and Wallerstein
et al. (1997).
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the time for which that temperature persists. A typical
time for the density to e-fold is the hydrodynamic time

tHD'
446
r1/2 s, (36)

where r is the mean density interior to r , or very ap-
proximately, the local density. Except for small radii
near the origin of the shock, the peak temperature at
radius r can be obtained by setting (4/3)pr3aTs

4

'KE inf'1051 erg. This assumes that the heat capacity
of the material behind the shock is in the radiation field
and that expansion and pressure waves behind the shock
are capable of maintaining nearly isothermal conditions.
The shock temperature at radius r is then given to good
accuracy (Fig. 26) by

Ts~r !51.3331010S KE inf

1051 ergD
1/4 S r

108 cmD 23/4

K.

(37)

Temperatures greater than 5 billion K will be achieved
interior to ;3700 km. At such high temperatures, any
initial composition is processed into nuclear statistical
equilibrium on a hydrodynamic time scale. Conse-
quently any part of the presupernova star ejected from
the interior to 3700 km will be iron-group elements. At a
radius of 5000 km the shock temperature falls below 4
billion K and at 13 000 km to 2 billion K. At this point
explosive nuclear processing ceases for all fuels heavier
than helium.

In fact the necessary condition for explosive modifica-
tion of the preexplosive composition is that the burning
lifetime at the shock temperature be less than the hydro-
dynamical time scale. Defining tnuc as qnuc /Ṡnuc and us-
ing Eqs. (18), (21), (23), and (27), one finds that silicon
will burn explosively between 4 and 5 billion K; oxygen

FIG. 26. Shock temperature as a function of mass for a 25M(

supernova of final kinetic energy at infinity of 1.231051 erg.
The dashed line is an approximation [Eq. (37)] discussed in the
text.
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between 3 and 4; neon between 2.5 and 3; and carbon
between 1.8 and 2.5. The products of explosive nucleo-
synthesis are more sensitive to the peak temperature
than the initial composition. Material heated to 5 billion
K will become iron whether it started as silicon or car-
bon. Of course, if explosive processing is negligible the
initial composition is ejected without appreciable modi-
fication. This is the case for most elements lighter than
silicon.

One other parameter to which explosive nucleosyn-
thesis is sensitive is the neutron excess. Except very near
the neutron star, the explosion happens too quickly for h
to be changed, so the ejecta are characterized by the
neutron excess of the preexplosive composition.

B. Explosive processes

1. Explosive oxygen and silicon burning

The products of explosive oxygen and silicon burning
are similar to those made by burning the same initial
composition in hydrostatic equilibrium, though the iso-
topic patterns are altered somewhat by the higher
freeze-out temperature (Truran and Arnett, 1970; Woos-
ley, Arnett, and Clayton, 1973; Meyer, Krishnan, and
Clayton, 1998). An important distinction is the fact that
stable oxygen or silicon burning in the middle of a mas-
sive star is accompanied by a lot of electron capture.
Typically, at the end of oxygen burning in the center of a
15M( star, h'0.01. By the time silicon ignites, this has
increased to 0.024, and by the time silicon is depleted at
the center, h'0.05. In the shells of oxygen, silicon, and
neon that will experience explosive oxygen and silicon
burning and be ejected, however, h is still approximately
constant at 0.002–0.004 for solar metallicity stars. In a
15M( presupernova star of initially solar metallicity, for
example (Woosley and Weaver, 1995), for the silicon and
oxygen shells, 1.29–1.77M( , 1200–6400 km, h
50.002–0.004 (increasing inwards). In a star of 0.01
times solar metallicity, the silicon and oxygen shells are
found between 1.54M( and 1.78M( , 2200–4100 km.
Despite the smaller radii, the neutron excess ranges
from 231024 to 0.001. Thus the products of explosive
oxygen and silicon burning do retain some sensitivity,
albeit less than linear, to the initial metallicity.

For the relevant values of h, the chief products of
explosive silicon burning that goes to completion (T9s
*5) are 48,49Ti (as 48,49Cr), 50Cr, 51Mn (as 51V), 52,53Cr
(as 52,53Fe), 54Fe, 55Mn (as 55Co), and 56,57Fe (as 56,57Ni),
all in approximately solar proportions. If the density is
low and the expansion time fast, free a particles will
exist in abundance and be unable to reassemble to
heavier elements on a hydrodynamic time scale. This
gives rise to the ‘‘a-rich freeze-out’’ (Woosley, Arnett,
and Clayton, 1973) which makes 44Ca (as 44Ti), 56,57Fe
(as 56,57Ni), 59Co (as 59Cu), 58Ni, 60,61,62Ni (as 60,61,62Zn),
and traces of 43Ca and 64,66Zn (as 64,66Ge). Some of
these same species are produced by the s process in mas-
sive stars, especially 59Co, 60,61,62Ni, and 66Zn. In more
extreme versions of the a-rich freeze-out, still heavier
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nuclei are produced until, for the very high entropies
and large neutron excesses characterizing the neutrino-
powered wind, one merges into the r process (Woosley
and Hoffman, 1992; Sec. VIII.B.5).

For incomplete silicon burning (T9s'4 to 5), the
products include those listed above for complete silicon
burning as well as important amounts of 28Si, 32S, 36Ar,
and 40Ca, i.e., the same as silicon burning in hydrostatic
equilibrium (Sec. IV.A.4). Similarly the products of ex-
plosive oxygen burning resemble those of ordinary oxy-
gen burning (Sec. IV.A.3). The ejected iron-group ele-
ments are only made explosively, but the intermediate
mass elements Si–Ca have appreciable contributions
from both hydrostatic and explosive burning.

For common supernovae below 25M( , typical
amounts of 56Ni ejected in the models of Woosley and
Weaver (1995) are consistent with the empirical values
of 0.0760.01M( for SN 1987A (Arnett, Bahcall, et al.,
1989; Arnett, Fryxell, et al., 1989) and 0.0860.02M( for
SN 1993J (Woosley, Eastman, et al., 1994; Shigeyama
et al., 1994). Other type-IIp supernovae have radioactive
tails on their light curves that suggest similar amounts of
56Ni (Patat et al., 1993, 1994).

Explosive oxygen burning, between T9 of 3 and 4, is
responsible for producing most of the intermediate-mass
elements from 28Si to 42Ca, at least those isotopes not
already made in hydrostatic neon and carbon burning or
by the s process. These include 28Si, 32,33,34S, 35,37Cl,
36,38Ar, 39,41K, 40,42Ca, 46Ti, and part of 47Ti, 51V, and
53Cr (Woosley, Arnett, and Clayton, 1973). Some of
these isotopes are produced in oxygen shell burning
prior to core collapse, and just which dominates—
hydrostatic or explosive burning—depends on details of
convection (do the carbon, oxygen, and neon shells link
up?) and varies from mass to mass.

2. Explosive neon and carbon burning

Between roughly 2 and 33109 K—7000–13 000 km
from the blast—part, but usually not all of the carbon
and neon convective shells are reprocessed in the explo-
sion (Arnett, 1969). The primary products resemble car-
bon and neon burning before the explosion (Secs. IV.A.1
and IV.A.2), but because of the high temperature, a brief
burst of protons and neutrons is generated that leads to
interesting synthesis of many rare isotopes (Howard
et al., 1972; Lee et al., 1979; Wefel et al., 1981). Thus, in
addition to important yields of 23Na, 24,25,26Mg, 27Al,
29,30Si, and 31P, explosive carbon and neon burning pro-
duce many neutron-rich isotopes from sulfur through
zirconium (A536–88; Fig. 27). Production occurs as
sort of a ‘‘mini-r process’’ as neutrons are copiously lib-
erated from 22Ne and 25,26Mg. The neutrons are released
by (a ,n) reactions with a particles from the main neon-
and carbon-burning reactions. Among these neutron-
rich isotopes is 60Fe, a potential candidate for g-ray as-
tronomy.

Not all of the interesting products are neutron rich.
The neon-carbon shell is also the principal site for the
production of 26Al, another favorite target of g-ray as-
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FIG. 27. Final nucleosynthesis
from a 25M( supernova com-
pared to solar abundances (He-
ger, Woosley, Rauscher, and
Hoffman, 2002). Isotopes of a
given element are all the same
color and are connected by
lines. All ejecta, including the
wind, are included. A possible r
process in the neutrino wind is
not taken into account here.
The production factor is the ra-
tio of the mass fraction in the
ejecta divided by the mass frac-
tion in the sun [Color].
tronomers (Woosley and Weaver, 1980). This isotope is
produced by proton reactions on 25Mg and is partly de-
stroyed by the neutron flux @26Al(n ,p)26Mg# .

In fact, there is some ambiguity in separating the
products of explosive neon and carbon burning from
preexplosive burning. In many massive stars the carbon
and neon convective burning shells (and sometimes even
the oxygen-burning shell) merge in the last hours of the
star’s life (Fig. 9). Temperatures are so high at the base
of the convective shell that carbon and neon burn while
being convected downwards. Since the convective
speeds are not too much less than the sound speed (and
the sound speed is comparable to the escape velocity),
the condition tnuc'tconv is not so different from the clas-
sic condition for explosive nucleosynthesis, tnuc'tHD
with tHD given by Eq. (35).

3. The p process

Between roughly 2 and 33109 K the s-process nuclei
produced in helium and carbon burning, as well as those
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incorporated into the original star, experience a partial
meltdown to the iron group. Along the way, chiefly by a
combination of (g ,n), (g ,p), and (g,a), the p process
nuclei are produced (Arnould, 1976; Woosley and
Howard, 1978; Rayet et al., 1995).

Figure 27 shows the production of a large number of
p-process nuclei in our fiducial 25M( supernova explo-
sion. The p-process isotopes of Hg, Os, W, Hf, Yb, Sm,
Ce, Ba, and Xe are particularly well produced with a
yield consistent with other major productions in the
same star. More problematic are the p isotopes of Pt, Er,
Dy, Gd, and all the elements below Te and heavier than
Zr (Z between 40 and 52). Especially disturbing are the
small productions of 92,94Mo and 96,98Ru, which have
relatively large abundances in the sun (doubtless related
to the closed neutron shell at N550). Of course this is
but one star and the relevant reaction rates are more
uncertain here than for the lighter nuclei. Still, these
deficiencies are difficult to explain away. Production
would be improved, especially for Mo and Ru, if the
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preexplosive s process were stronger (Costa et al., 2000).
Unfortunately this may require larger cross sections for
22Ne(a ,n)25Mg than the laboratory allows (Jaeger et al.,
2001). Hoffman et al. (1996) have suggested that 92,94Mo
at least might be produced in neutrino-powered winds
(Sec. VIII.B.5), and Howard, Meyer, and Woosley
(1991) have described a possible production site for the
p process in type-Ia supernovae that can, in certain cir-
cumstances, produce Mo and Ru. For now, we have a
qualitatively correct model for the p process, but there
remain many unanswered details.

Rauscher et al. (2001) find that in some, but not all,
massive stars the oxygen, neon, and carbon convective
burning shells merge shortly before core collapse, bring-
ing s-process seed and other relatively fragile nuclei into
a high-temperature region. In such stars much of the p
process actually transpires before the explosion as seed
nuclei are mixed into and out of regions as hot as 3
3109 K (see also Hoffman, Woosley, and Weaver, 2001).

4. The neutrino process

It was recognized early on (Domogatskii and Nady-
ozhin, 1977, 1980; Woosley, 1977) that the passage of the
huge flux of neutrinos through a star experiencing core
collapse would cause interesting transmutation of the el-
ements, even in the relatively cool outer regions. Be-
cause of the small cross section, production was re-
stricted to rare species made from abundant targets such
as 2H from 1H (Woosley, 1977), 11B from 12C (Do-
mogatskii and Nadyozhin, 1980), or 19F from 20Ne
(Woosley and Haxton, 1988). The flurry of calculations
following SN 1987A led to a better understanding of the
neutrino spectra and fluxes, especially for the m and t
neutrinos that carry the bulk of the energy. The first
survey to include a realistic presupernova structure, ap-
propriate cross sections for the neutral-current excita-
tion to the giant-dipole resonance (Haxton, 1988), and a
description of both neutrino processing and shock repro-
cessing was carried out by Woosley et al. (1990). Those
calculations suggested significant production of 7Li, 11B,
19F, and possibly a dozen other species, including 15N
and 26Al. The synthesis resulted from the inelastic scat-
tering of m and t neutrinos, which excited abundant tar-
gets to unbound levels that decayed by ejecting nucle-
ons. For example, 19F was made by 20Ne(nx ,nx8p)19F
and 20Ne(nx ,nx8n)19Ne(e1n)19F. Some 7Li was made in
helium-rich regions by 4He(nx ,nx8n)3He(a ,g)7Be, and
so on.

Later Woosley and Weaver (1995) included reaction
rates provided by Haxton for dozens of neutral- and
charged-current neutrino-induced reactions in their sur-
vey of supernova nucleosynthesis and confirmed the im-
portant production of 7Li, 11B, and 19F in realistic mod-
els of varying metallicity. The results were sensitive to
the assumed spectra of m and t neutrinos, with the best
results being obtained for a thermal spectrum with tem-
perature kT'6 –8 MeV. Larger and smaller values
overproduced (or underproduced) key species. The neu-
trino process synthesis is thus a potential thermometer
Rev. Mod. Phys., Vol. 74, No. 4, October 2002
for the m and t neutrinos. Several authors (e.g., Myra
and Burrows, 1990) have pointed out that the real neu-
trino spectra are likely to be nonthermal and deficient
on their high-energy tails, thus lowering the equivalent
temperature of the neutrinos in a supernova model to
5–6 MeV. Revised neutrino reaction cross sections have
also been provided by Kolbe and Langanke (2001), but
neither the new spectra nor cross sections have yet been
employed in realistic nucleosynthesis models. It does not
appear likely, though, that the basic conclusions will
change—neutrinos with equivalent blackbody tempera-
tures of ;6 MeV are responsible for producing 11B and
19F from 12C and 20Ne and some 7Li. These nuclei are
thus ‘‘primary’’ and this fact should be reflected in their
abundance history in the Galaxy (e.g., Vangioni-Flam
et al., 1998). For current choices of cross sections, the
production of 6Li, 9Be, and 10B by the n process is neg-
ligible.

5. The r process

One of the greatest obstacles remaining in the way of
a complete understanding of the origin of the elements
is uncertainty in the site of the r process. There is gen-
eral agreement with the original argument of Hoyle and
Fowler (1960) that the requisite large neutron densities
to produce the solar r process are achieved in a region
that has been heated to such high temperature that the a
particle is at least partly broken down by photodisinte-
gration into nucleons and cooled rapidly so that only a
small portion of the nucleons and a’s assemble into
heavy elements. It also helps if the material initially had
an appreciable excess of neutrons over protons (i.e., Ye
,0.5).

Many possible sites for the r process have been dis-
cussed (Hillebrandt, 1978; Mathews and Cowan, 1990;
Cowan, Thielemann, and Truran, 1991), but observa-
tions of abundances in metal-poor stars suggest an asso-
ciation with first-generation massive stars, especially su-
pernovae (Ryan, Norris, and Beers, 1996; Sneden et al.,
1996, 1998, 2000) as originally suggested by Burbidge
et al. (1957) and Cameron (1957). Three possible sites
warrant the most serious consideration. One is the
merger of a neutron star with another compact object,
originally proposed by Lattimer and Schramm (1974,
1976). Recent calculations (Freiburghaus, Rosswog, and
Thielemann, 1999) show that sufficient matter is ejected
in such a merger and that, for certain parameters, the
abundances agree with solar. Qian (2000), using argu-
ments based upon estimates of mixing, concludes that
supernovae are preferred over merging neutron stars be-
cause the mass of r process produced in the latter is too
great and the event rate too low.

The other two sites involve the collapsed iron core of
a massive star. A current favorite is the neutrino-
powered wind of a young neutron star (Duncan, Sha-
piro, and Wasserman, 1986) experiencing its Kelvin-
Helmholtz evolution (t'10 s). The proto-neutron star
contracts, giving up its binding energy, roughly 3
31053 erg, to neutrino emission, chiefly from pair anni-
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hilation. The deposition of these neutrinos in the atmo-
sphere of the young neutron star drives an outflow of
roughly 231025M(L52

5/3 s21, where L52 is the total neu-
trino luminosity in all flavors in units of 1052 erg s21.
Several studies show that this wind could be a good
r-process site (Woosley and Hoffman, 1992; Woosley,
Wilson, et al., 1994; Takahashi, Witti, and Janka, 1994;
Wanajo et al., 2001) but that it may be difficult to
achieve the necessary high entropy and short time scales
(Witti, Janka, and Takahashi, 1994; Qian and Woosley,
1996; Thompson, Burrows, and Meyer, 2001) in the
ejecta. To understand the dependence on entropy (es-
sentially 5.2TMeV

3 /r8 for these radiation- and pair-
dominated winds), one must consider the physics of the
ejection process. The wind orginates from a hot region
(T*4 MeV) where matter is composed of free nucle-
ons. It requires many neutrino interactions to eject each
nucleon from the deep gravitational potential (roughly
200 MeV/nucleon), so that dynamic weak equilibrium is
achieved, that is, the neutron-to-proton ratio in the wind
is set by the fluxes and spectra of ne and n̄e [since
ne(n ,p)e2 is in steady state with n̄e(p ,n)e1]. During
the time when most of the neutrinos’ energy is emitted,
the fluxes of ne and n̄e are very similar (Janka, 1995), but
the antineutrinos have a hotter spectrum because they
originate from deeper in the neutron star (the outer lay-
ers of the neutron star are neutron rich and thus have
greater opacity to ne). Thus, at late times, the neutrino-
powered wind is neutron rich with typical Ye'0.40
(Woosley, Wilson, et al., 1994).

As the wind expands and cools, the nucleons reas-
semble until at T'1010 K the protons have mostly been
absorbed into a particles, leaving behind an excess of
neutrons (the inverse of this happens in big-bang nu-
cleosynthesis). From 1010 K on down to 33109 K, some
of the a particles reassemble into heavy nuclei, but most
do not. If one can reach a temperature of less than 2
3109 K while still burning less than 10% of the a’s into
heavy seed nuclei (A'100), one will have a neutron-to-
seed ratio of order 100 and a strong r process. The
higher the entropy the lower the density and the less
efficient are reactions like a(an ,g)9Be that limit the
conversion of a’s to heavies. A fast expansion time scale
is also helpful in keeping the neutron-to-seed ratio high
(Hoffman, Woosley, and Qian, 1997).

Current supernova models (see, for example, Thomp-
son, Burrows, and Meyer, 2001) give entropies of around
100 when what is needed to make the heaviest r-process
nuclei is 300 to 400. The following possible solutions to
this dilemma have been proposed (Qian and Woosley,
1996):

(a) the neutrino wind does not make all the solar r
process, but only the lighter nuclei;

(b) there are extra energy inputs into the wind, such as
magnetic fields, rotation, and shocks, that have
been ignored and that might increase the entropy
of the wind or decrease its time scale;

(c) the nuclear equation of state is very soft and the
typical neutron star mass involved in making the r
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process is very close to the maximum allowed (not
the average neutron star); this raises the gravita-
tional potential, which has the effect of increasing
the speed and entropy of the wind (see also Cardall
and Fuller, 1997; Otsuki et al., 2000);

(d) important multidimensional effects (clumping?) or
general relativistic effects in the neutrino transport
have been left out; or

(e) new particle physics, e.g., flavor mixing, might af-
fect Ye in the wind or its dynamics (Qian et al.,
1993; Qian and Fuller, 1995).

In addition to occurring in supernovae, the neutrino
wind model for the r process has other appealing char-
acteristics. Because it is a wind, the total mass ejected
can be small. About 1025M( of r process (A*100) per
supernova would be produced, and this is in good accord
with the demands of galactic chemical evolution
(Mathews and Cowan, 1990). In addition, since the
properties of the wind are determined by the neutron
star and not the presupernova star, the r process might
have very similar properties from event to event for neu-
tron stars of a constant mass. Finally, unless all of the
ejected material eventually falls back onto the neutron
star (Sec. VI.A), the neutrino wind is an event that must
exist in nature. It is doubtful that its nucleosynthetic
contribution is negligible, especially for the lighter
r-process isotopes (e.g., Sr, Y, Zr).

Early on, the Ye in the neutrino-powered wind is
larger because the spectra of the ne and n̄e are similar.
For Ye close to 0.5, Hoffman et al. (1996) and Swift et al.
(2000) have shown that some of the light p-process nu-
clei, e.g., 92,94Mo, may be produced. This would imply
that a portion but not all of the p process is primary and
should be correlated with the (light?) r process. The re-
mainder of the p process would be secondary, made
from the s process. The nucleus 64Zn is also abundantly
produced in these winds and zinc would also behave like
a primary element, i.e., its synthesis would be indepen-
dent of the initial metallicity of the star.

The second possibility for making the solar r process
in massive stars relies upon a very asymmetric explosion
and jetlike outflows (LeBlanc and Wilson, 1970; Symbal-
isty, Schramm, and Wilson, 1985; Cameron, 2001).
Whether r-process synthesis would occur in common su-
pernovae or some particularly energetic subset (those
that make gamma-ray bursts?) is not clear, and the de-
tails of the synthesis vary from model to model. One
could envision a neutron-rich wind from an accretion
disk flowing into a black hole or neutron star either dur-
ing or shortly after core collapse. Or perhaps the jet is
energized by a rapidly rotating, highly magnetic neutron
star (Wheeler et al., 2000). The strength and weakness of
such jet-powered models is that the thermodynamic con-
ditions are at present poorly determined. However, it
does seem reasonable that the necessary amount of
nucleonic matter might expand and cool on a very rapid
time scale. Indeed, it may be too much material for the
synthesis to happen in every supernova.
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A mild r process also occurs in supernovae near the
base of the helium shell as the shock wave passes
though. This process was originally envisioned as a much
stronger event (Hillebrandt and Thielemann, 1978; Tru-
ran, Cowan, and Cameron, 1978). The helium shell in
modern models is situated too far out (typically 5
31010 cm) to become hot enough to generate the sort of
neutron fluxes from 22Ne(a ,n)25Mg needed for a strong
r process. Still a number of neutron-rich species be-
tween mass 60 and 90 are produced in considerable
abundance using the preexisting s-process enhance-
ments in these layers as seed. Examples of such nuclei
are 70Zn, 71Ga, 76Ge, and 82Se. Perhaps most notewor-
thy in this region is the production of trace radioactivi-
ties, especially 60Fe and 60Co. Explosive carbon and
neon burning also contributes to these same neutron-
rich nuclei.

C. Reaction-rate sensitivity

The results of explosive nucleosynthesis, as contrasted
with presupernova nucleosynthesis, are chiefly sensitive
to well-determined nuclear binding energies and cross
sections that can be calculated using Hauser-Feshbach
theory (Hoffman et al., 1999). Weak interactions, except
those involved in the neutrino and r processes, are neg-
ligible in the explosion. The standard set of Hauser-
Feshbach rates, which was until recently (depending
upon the group doing the calculations) that of either
Thielemann, Arnould, and Truran (1987) or Woosley
et al. (1978) plus Holmes et al. (1976), has been im-
proved and revised by Rauscher and Thielemann (2000),
which is now the new standard. The new rate set cor-
rects uncertainties in level density and nuclear potential
and also incorporates an improved treatment of the pho-
ton transmission function for self-conjugate (Z5N) nu-
clei. Errors remain at the factor of 2 level, and more for
nuclei in which the level density at the particle separa-
tion energy is low; these can be addressed by further
experiment, but compared with the effects of
12C(a ,g)16O and 22Ne(a ,n)25Mg on presupernova nu-
cleosynthesis, the uncertainties in rates affecting bulk
explosive nucleosynthesis are tolerable.

Exceptions are (a) cross sections, decay rates, and
binding energies for the r process; (b) neutrino cross
sections for the n process; and (c) charged particle cap-
ture rates (and their inverse photodisintegration rates)
for nuclei heavier than the iron group—rates especially
important for the p process. If nucleosynthesis is to be-
come a precision science with accuracy better than a
factor of 2, one also needs further improvements in the
photon transmission function for nuclei in the mass
range 28–64, especially better rates for (n ,g) and (a,g)
reactions.

D. The effects of metallicity

As abundances of increasing precision become avail-
able, not only for objects in our Galaxy but for more
distant galaxies, it is worth considering how nucleosyn-
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thesis at high redshift—and low metallicity—might have
differed from what we see in the sun. The work of
Timmes, Woosley, and Weaver (1995) included low-
metallicity stars but no effects of mass loss and binary
membership.

One of the best understood and documented effects
of metallicity is its effect on the synthesis of elements
with odd nuclear charge and of isotopes with Z.N . The
production of such nuclei requires an excess of neutrons
and is sensitive to the degree by which Ye [Eq. (4)] dif-
fers from 0.5, in particular the neutron excess, h51
22Ye . Helium burning sets an initial value to h when it
converts 14N to 18O and 22Ne (Sec. III.D.2). This gives

h'0.0018~Z/Z(!. (38)

One of the triumphs of nucleosynthesis theory has been
the demonstration (Truran and Arnett, 1971; Woosley,
Arnett, and Clayton, 1973; Arnett, 1995) that this degree
of neutron enrichment is exactly what is needed to ex-
plain the abundances of odd-Z elements and isotopes
with neutron excesses (25,26Mg, 29,30Si, 33,34S, etc.).
Qualitatively, the predicted trends are seen in observa-
tions of metal-deficient stars for intermediate-mass ele-
ments like Na and Al (Timmes, Woosley, and Weaver,
1995 and references therein).

Unfortunately, what might have been an unambiguous
prediction of nucleosynthesis theory across the periodic
chart of intermediate-mass and iron-group elements is
muddled by the weak interactions that go on during
post-helium-burning evolution. In carbon burning (Ar-
nett and Truran, 1969), the weak interactions
12C(12C,n)23Mg(e1n)23Na, 20Ne(p ,g)21Na(e1n)21Ne,
and 21Ne(p ,g)22Na(e1n)22Ne create a finite value of h
even in very metal-deficient stars. During oxygen burn-
ing, other reactions, especially 33S(e2,n)33P, increase h
still further (Woosley, Arnett, and Clayton, 1972) until,
by the end of oxygen burning, memory of the initial me-
tallicity has been essentially lost. Thus the metallicity
effect on the iron group is essentially indiscernible and
the effect on intermediate-mass elements—Si through
Ca—is mild.

Heger and Woosley (2002) have recently found that
the odd-even abundance signature originally predicted
by Truran and Arnett is radically greater in pair-
instability supernovae because such stars, which have
low metallicity to start with, explode without having ex-
perienced stable carbon and oxygen burning.

Many other indirect effects of metallicity on nucleo-
synthesis are expected because of its role in determining
the initial mass function (Sec. VII), the stability of very
massive stars (Sec. VII), mass-loss rates (Secs. II.G and
IV.F), the mass cut (Sec. VI.A), and the radius of stars in
interacting binaries. Working all these out is currently an
area of very active research.

E. Nucleosynthesis summary

1. Processes and products

We have discussed many different processes charac-
teristic of a massive star, both before and during its ex-
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TABLE III. The origin of the light and intermediate-mass elements.

Species Origin Species Origin Species Origin

1H BB 30Si C,Ne 51V a ,Ia-det,xSi,xO,n
2H BB 31P C,Ne 50Cr xSi,xO,a ,Ia-det
3He BB,L* 32S xO,O 52Cr xSi,a ,Ia-det
4He BB,L* ,H 33S xO,xNe 53Cr xO,xSi
6Li CR 34S xO,O 54Cr nse-IaMCh
7Li BB,n ,L* ,CR 36S He(s),C,Ne 55Mn Ia,xSi,n
9Be CR 35Cl xO,xNe,n 54Fe Ia,xSi
10B CR 37Cl He(s),xO,xNe 56Fe xSi,Ia
11B n 36Ar xO,O 57Fe xSi,Ia
12C L* ,He 38Ar xO,O 58Fe He(s),nse-IaMCh
13C L* ,H 40Ar He(s),C,Ne 59Co He(s),a,Ia,n
14N L* ,H 39K xO,O.n 58Ni a
15N novae,n 40K He(s),C,Ne 60Ni a, He(s)
16O He 41K xO 61Ni He(s),a,Ia-det
17O novae, L* 40Ca xO,O 62Ni He(s),a
18O He 42Ca xO 64Ni He(s)
19F n ,He,L* 43Ca C,Ne,a 63Cu He(s),C,Ne
20Ne C 44Ca a,Ia-det 65Cu He(s)
21Ne C 46Ca C,Ne 64Zn n-wind,a,He(s)
22Ne He 48Ca nse-IaMCh 66Zn He(s),a,nse-IaMCh
23Na C,Ne,H 45Sc a,C,Ne,n 67Zn He(s)
24Mg C,Ne 46Ti xO,Ia-det 68Zn He(s)
25Mg C,Ne 47Ti Ia-det,xO,xSi r n-wind
26Mg C,Ne 48Ti xSi,Ia-det p xNe,O
27Al C,Ne 49Ti xSi s(A,90) He(s)
28Si xO,O 50Ti nse-IaMCh,He(s) s(A.90) L*
29Si C,Ne 50V C,Ne,xNe,xO
plosion as a supernova. Table III summarizes our best
estimates of where each isotope of the elements lighter
than zinc has been created in Nature. We adopt as our
standard the composition of the sun.

In this table, ‘‘BB’’ stands for the big bang. Stable
isotopes of both hydrogen and 3He, most of 4He, and
some 7Li were made there (see, for example Walker
et al., 1991; Olive, Steigman, and Walker, 2000). ‘‘CR’’ is
for cosmic-ray spallation, responsible for some of the
rarest, most fragile isotopes in nature, 6Li, 9Be, and 10B
(Fields and Olive, 1999; Fields et al., 2000; Ramaty et al.,
2000). Other light isotopes, especially 11B, 19F, and some
7Li, are made by the neutrino process in massive stars
(Sec. VIII.B.4). ‘‘L’’ here, means that the isotope is syn-
thesized in stars lighter than 8M( . Notable examples
are most of 13C and 14N (Renzini and Voli, 1981), half or
more of 12C (Timmes, Woosley, and Weaver, 1995), and
the s process above mass 90 (Renzini and Voli, 1981;
Meyer, 1994; Busso et al., 2001).

Type-Ia supernovae are responsible for making part
of the iron group (including about one-half of 56Fe;
Thielemann, Nomoto, and Yokoi, 1986; Timmes, Woos-
ley, and Weaver, 1995). Rare varieties of type-Ia super-
novae may be necessary for the production of a few iso-
topes not adequately made elsewhere. These include
neutron-rich isotopes of Ca, Ti, Cr, and Fe made in ac-
creting white dwarfs that ignite carbon deflagration at
., Vol. 74, No. 4, October 2002
densities so high that they almost collapse to neutron
stars (Woosley, 1997; Iwamoto et al., 1999). We call these
‘‘nse-IaMCh’’ for carbon deflagrations in white dwarfs
very near the Chandrasekhar mass. Temperatures near
1010 K assure nuclear statistical equilibrium and densi-
ties near 63109 g cm23 cause electron capture until Ye
'0.42. Another rare variety of type-Ia supernovae are
the helium detonations (‘‘Ia-det’’; Woosley and Weaver,
1995). These give temperatures of billions of K in
helium-rich zones and may be necessary in order to un-
derstand the relatively large solar abundance of 44Ca
(made in supernovae as radioactive 44Ti) only in regions
of high temperature and large helium mass fraction. This
may also explain the production of a few other rare iso-
topes like 43Ca and 47Ti. Classical novae seem necessary
to explain the origin of 15N (in the beta-limited CNO
cycle) and 17O (Jose and Hernanz, 1998). Prior to 1995,
17O was regarded as a product of massive stars (Woosley
and Weaver, 1995).

All the other labels in Table III refer to burning stages
in massive stars: ‘‘He’’ for helium burning, ‘‘C’’ for car-
bon burning, etc. An ‘‘x’’ in front of the elemental sym-
bol indicates that the burning is of the explosive variety,
not the presupernova evolution in hydrostatic equilib-
rium. ‘‘a’’ stands for the a-rich freeze-out from nuclear
statistical equilibrium (Woosley, Arnett, and Clayton,
1973) and n wind is the neutrino-powered wind (Sec.
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FIG. 28. Integrated nucleosynthesis from a grid of massive stars (11–40M() of various metallicities (0Z(, 1024Z(, 0.01Z(,
0.1Z(, and 1Z() compared to the solar abundances (Timmes, 1996). This figure also includes contributions from the big bang
(hence 2H) but not from low-mass stars (especially 12C and 14N) or type-Ia supernovae (especially 55Mn, 54,56Fe, and 58Ni) or
novae (15N, 17O). The overproduction of Zn and Ni isotopes may reflect an overly large rate for 22Ne(a ,n)25Mg during the s
process [Color].
VIII.B.5). ‘‘He(s)’’ is the helium-burning s process in
massive stars (Sec. III.E).

Figure 27 shows the final nucleosynthesis in the super-
nova explosion of a 25M( star (12.5M( at death; Table
I). The network included all necessary isotopes through
mass 210 and reaction rates current as of 2001. Certainly
the solar abundances do not originate from any one
mass of star, or even any group of stars with a single
metallicity, but the consistent production of so many
species in a single model is impressive. With rare excep-
tions that probably have alternate explanations (Table
II), all the isotopes from oxygen through nickel are con-
sistently co-produced in solar proportions with a produc-
tion factor of about 15 (in this figure, the initial compo-
sition of the sun would be a set of points all lying on ‘‘1’’;
a production factor of 15 means that the sun’s comple-
ment of metals could be understood if 1/15 of its mass
passed through conditions like those in this 25M( star).
The r , s , and p processes are also well produced, per-
haps a little overproduced, from nickel to about A588.
In a 15M( star (not shown here) the s-process yield is
less. The yield of these ‘‘trans-iron’’ elements is also sen-
sitive to a still poorly determined rate for
22Ne(a ,n)25Mg. Above mass 90, nucleosynthesis in mas-
sive stars is mostly restricted to the p process and possi-
bly the r process.

Using a grid of masses and metallicities, Timmes,
Woosley, and Weaver (1995) computed the integrated
Rev. Mod. Phys., Vol. 74, No. 4, October 2002
nucleosynthesis of stars above 8M( . Mass loss was not
included in their models, the nuclear physics was that of
1993, the grid of masses was coarse, and species heavier
than zinc were not studied. Still, Fig. 28 shows that the
good agreement with solar abundances in Fig. 27 is, if
anything, improved by considering an ensemble of stars.
The slight overproductions of Ni, Cu, and Zn may reflect
an overestimate of the 22Ne(a ,n)25Mg reaction rate.
Better agreement can be achieved by adding sources
other than the big bang, massive supernovae, and AGB
stars that are in Fig. 29, but then the number of free
parameters becomes large.

2. Gamma-ray lines and meteorite anomalies

Not obvious in Table III is a variety of moderate- to
long-lived radioactive isotopes produced in massive
stars. Chief among them are 22Na (2.6 y), 26Al (7.5
3105 y), 44Ti, (60 y) 56,57Ni (6.1 d, 1.5 d), 56,57,60Co (77.1
d, 271 d, 5.27 y), and 60Fe (1.53106 y), the numbers in
parentheses being the half-lives. The observation of
characteristic lines from these nuclear decays poses a
particular challenge to the gamma-ray astronomer, and
their signals can yield important information on many
fronts—the rate and distribution of massive star forma-
tion and supernovae in the galaxy (26Al and 60Fe); the
mass cut and degree of fallback (44Ti, 56,57Ni, 56,57Co);
explosive helium and carbon burning (60Fe, 60Co); and a
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FIG. 29. The agreement in Fig. 28 is greatly improved if one includes the iron-group production from three varieties of type-Ia
supernovae (see text and Table III) as well as classical novae (Timmes, 1996) [Color].
variety of other aspects of the supernova progenitor and
explosion mechanism (Clayton, Colgate, and Fishman,
1969; Clayton, 1982; Diehl and Timmes, 1998).

Thus far gamma-ray lines of 26Al have been studied
extensively in the disk of the Milky Way (Diehl et al.,
1995); 56Co and 57Co have been detected in SN 1987A
(reviewed by Arnett, Bahcall, et al., 1989) and 44Ti has
been found in the case A supernova remnant (Iyudin
et al., 1994). In all cases, the observed fluxes are consis-
tent with theoretical expectations from massive star nu-
cleosynthesis (Timmes et al., 1995, 1996; Meynet et al.,
1997) given a reasonable but liberal error bar on the
latter, especially for 44Ti. An active campaign is under-
way by the INTEGRAL mission to find lines of 60Fe at
the predicted level (Timmes et al., 1995).

Convincing evidence also exists that at least one of the
above radioactivities, 44Ti, along with many other prod-
ucts of massive star nucleosynthesis, found their way
into interstellar dust particles and later into meteorites
(Travaglio et al., 1999). Interestingly the abundance
anomalies resulting from 44Ti decay are found in carbide
grains, whereas the 44Ti likely formed in regions with a
large oxygen excess. Clayton, Liu, and Dalgarno (1999)
have explained how this might be possible in a radioac-
tive background where gamma rays dissociate carbon
monoxide.
Rev. Mod. Phys., Vol. 74, No. 4, October 2002
Evidence for 26Al in meteorites (see, for example,
Lee, Papanastassiou, and Wasserburg, 1977) has also
been interpreted as implying the injection of radioactive
fallout into the primitive solar nebula by a nearby super-
nova. Other short-lived radioactivities such as 36Cl,
41Ca, 60Fe, and 182Hf may also have been injected (see,
for example, Meyer and Clayton, 2000).

Taken together, the gamma-ray lines and meteoritic
anomalies give strong support to a theory in which many
isotopes are synthesized in nature explosively with a
short time scale.

IX. LIGHT CURVES AND SPECTRA OF TYPE-II AND
TYPE-IB SUPERNOVAE

The light curve of a supernova from a massive star
consists of three parts whose relative proportions vary
depending upon the mass of the hydrogen envelope (if
any), its radius, the explosion energy, and the mass of
56Ni produced in the explosion.

A. Shock breakout

The electromagnetic display commences as the shock
wave erupts from the surface of the star (Garresberg,
Imshennik, and Nadyozhin, 1971; Chevalier, 1976; Falk,
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1978; Klein and Chevalier, 1978). The matter is highly
ionized and the dominant opacity is electron scattering.
As the material expands the diffusing radiation is cooled
and the luminosity and temperature decline rapidly.

Ensman and Burrows (1992) did the first two-
temperature calculations and found for the specific (and
atypical) case of SN 1987A a burst of approximately
three minutes’ duration with color temperature near
106 K and a luminosity of 531044 erg s21.

No breakout transient has ever been observed directly
for any supernova. Narrow uv and optical emission lines
of [C III], [N III], [N IV], and [N V] attest to the bril-
liance and hardness of this initial transient. Fransson and
Lundquist (1989) estimate 231046 erg of ionizing radia-
tion with temperature in the range 4 –83105 K. More
recent results of Blinnikov et al. (2000), who use multi-
group radiation transport, are in good accord with the
results of Ensman and Burrows.

The breakout transient associated with more common
type-IIp supernovae is brighter, longer, and cooler, as
one would expect for stars with ten times the radius. The
color temperature is about half as great (43105 K) and
the transient lasts about 10–15 min. The luminosity is
5 –1031044 erg s21 (Blinnikov et al., 2001).

The Sedov solution for a constant-density envelope
implies that shock breakout occurs in
7000(Menv /E51)

1/2R13 s, where Menv is the mass of the
hydrogen envelope in solar masses, E51 is the kinetic
energy of the explosion in units of 1051 erg, and R13 is
the radius of the presupernova star in units of 1013 cm.
For SN 1987A, Menv'10, E51'1.2, and R13'0.35,
hence breakout occurs about two hours after the core
collapses.

B. Type-II light curve: The plateau

The plateau commences as hydrogen-rich zones ex-
pand and cool below about 5500 K. For typical densities,
hydrogen recombines at this point, releasing trapped ra-
diation. This ‘‘recombination wave’’ propagates inwards
in mass, though initially outwards in radius, maintaining
an approximately constant effective temperature. The
radiation is approximately that of a blackbody and the
constancy of the temperature thus implies a luminosity
that scales as Rphoto

2 .
The amount of mass that has recombined by time t is

quadratic in t . More specifically (Woosley, 1988),

M'
Lt2

q~ tb!tb
, (39)

where q(tb) is the energy per gram in the hydrogen en-
velope following shock passage and tb is the breakout
time given above.

The duration is given by Popov (1993):

tp'99
k0.34

1/6 M10
1/2R0,500

1/6

E51
1/6Tion ,5054

2/3 d, (40)

where R0,500 is the radius in units of 500R( , M10 is the
mass of the hydrogen envelope in units of 10M( , E51 is
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the explosion energy divided by 1051 erg, and Tion ,5054 is
the photospheric temperature divided by 5054 K.

The luminosity on the plateau is

Lbol'1.6431042
R0,500

2/3 E51
5/6Tion ,5054

4/3

M10
1/2k0.34

1/3 erg s21. (41)

Clearly stars with smaller radii will have shorter,
fainter plateaus. Starting from a smaller radius, a similar
amount of shock-deposited internal energy is adiabati-
cally degraded by a larger factor before reaching the
recombination radius, a few times 1015 cm. An example
is SN 1987A, a blue supergiant with a radius ten times
smaller than the more typical red supergiant, which had
a luminosity on the plateau about five times fainter. In-
deed the plateau was so faint that the emission of 87A at
peak was dominated by radioactive decay.

Figure 30 shows the comparison between theoretical
expectations for the explosion of a 15M( red supergiant,
probably the most common variety of type-II supernova,
and observations of SN 1992H. The calculations by East-
man et al. (1993) and Eastman, Woosley, and Weaver
(1994) did not include the shock breakout phase (which
was also unobserved), but used a detailed model for the
ionization and level populations and a multifrequency
calculation of the radiation transport. Agreement with
observations is excellent, except perhaps in the U band,
which is affected by nonlocal thermodynamic equilib-
rium corrections not included in the model.

C. Type II-light curve: The tail

After the hydrogen has recombined, the display from
shock-deposited energy quickly declines. The energy in

FIG. 30. Five-color photometry of a model 15M( supernova
compared to observations of type-II-p SN 1992H (Eastman
et al., 1993; Eastman, Woosley, et al., 1994). The I, R, V, and U
magnitudes have been adjusted by the indicated shifts for plot-
ting. The model calculations assume thermal level populations,
and the nonlocal thermodynamic equilibrium corrections are
appreciable, particularly for the U band. The supernova pro-
duced 0.06M( of 56Ni and the assumed distance modulus is
32.0, with no correction for extinction. Data are from Filip-
penko (1997).
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the helium core is degraded by about 105 in its expan-
sion to a few 31015 cm and is quite negligible. Once that
core is uncovered, the supernova would go out were it
not for a new energy source—radioactivity. For progeni-
tor masses over about 12M( and yet low enough in mass
to avoid significant reimplosion (Sec. VI.A), approxi-
mately 0.1M( of 56Ni is ejected in the explosion. Decay
of 56Ni to 56Co deposits 5.931048 erg/(0.1M() with a
half-life of 6.1 d. The further decay of 56Co to 56Fe pro-
duces 1.331049 erg/(0.1M() with a half-life of 77.3 d.
Most of the energy from 56Ni decay goes into accelerat-
ing the expansion of the interior of the supernova; little
escapes. However, the energy from 56Co decay is quite
significant. In red supergiants, 56Co decay gives a ‘‘radio-
active tail’’ to the light curve and a bolometric luminos-
ity that tracks its half-life. In blue stars like 87A, 56Co
decay dominates the light curve from an early time (af-
ter about 20 d) and is responsible for the peak. In
type-Ib and type-Ic supernovae, 56Co decay powers the
entire display. In massive stars that lose most but not all
of their hydrogen envelope, a brief plateau merges into
a 56Co powered tail, producing a type II-L (‘‘linear’’)
light curve (Young and Branch, 1989) perhaps aug-
mented by circumstellar shock interaction.

Other radioactivities such as 57Co (t1/25272 d) and
44Ti (t1/2560 y) may also be important to the light
curves of type-II supernovae at late times (see, for ex-
ample, Timmes et al., 1996).

D. Type-II supernovae—The spectrum and cosmological
applications

The spectrum of common type-II plateau supernovae
near peak luminosity is given (Fig. 31) by a quasithermal
continuum with a superposition of P-Cygni lines. Early

FIG. 31. Spectrum of the type-II-p SN 1992H (Filippenko,
1997) compared with a nonlocal thermodynamic equilibrium
calculation of a 15M( supernova explosion in a red supergiant
(Eastman, Woosley, and Weaver, 1994 and Eastman, Schmidt,
and Kirshner, 1996).
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on the temperature is high and the lines broad, but
within a few weeks it has declined to a value typical of
hydrogen recombination—5500 K (Filippenko, 1997).
The Balmer series is prominent, with Ha absorption
strengthening with time. Lines of Na D and singly ion-
ized metals are prominent and increase in strength with
time. After the plateau, emission lines of Ha , [Ca II],
[O I], and [Fe II] are also prominent. All of these obser-
vations are quite consistent with expectations of a model
explosion of a red supergiant with envelope mass of or-
der 10M( (Fig. 31) and are quite insensitive to the ex-
plosion mechanism (provided that there is one).

Given our good understanding of the typical type-II
supernova spectrum and light curve, it is natural to try to
use these objects for distance determination (Kirshner
and Kwan, 1974; Schmidt, Kirshner, Eastman, Hamuy,
et al., 1994; Schmidt, Kirshner, Eastman, Phillips, et al.,
1994; Eastman et al., 1996; Filippenko, 1998). Typical
values of Hubble’s constant obtained using this ‘‘expand-
ing photospheres method’’ are in the range 73
67(statistical)66(systematic) km s21 Mpc21.

E. Type-Ib and type-Ic supernovae

If the star has lost its hydrogen envelope before ex-
ploding then there is no plateau. Owing to the small
radius of the presupernova star, about a solar radius, the
breakout transient is brief, faint, and hard. What re-
mains then is a display powered by radioactivity much as
in type-Ia supernovae.

For a time, the approximate regularity and especially
the narrow width of the observed light curves for type-Ib
supernova were puzzling, implying a smaller mass than
observed for typical Wolf-Rayet stars (Ensman and
Woosley, 1988). The explanation is likely the mass de-
pendence of Wolf-Rayet mass-loss rates (Langer,
1989b), which results in a convergence of the final mass
on a value around 3 –4M( . The few Wolf-Rayet stars
that die with large masses (because they evolved as
single stars and lost their envelopes shortly before dy-
ing) could contribute a rare population of type-Ib super-
novae with broad faint light curves, or they may be the
progenitors of gamma-ray bursts (Sec. VI.B).

Typical Ib supernovae occur in regions where massive
stars might be present (i.e., not in elliptical galaxies) and
are strong radio sources, as might be expected from
their high mass-loss rates. The light curves are consistent
with the production of ;0.15M( of 56Ni, which is about
what one expects for a 1051-erg explosion in a helium (or
carbon-oxygen) core of 4M( (Woosley, Langer, and
Weaver, 1995). This is about 1/4 the 56Ni produced in a
normal type-Ia supernova and accounts for a similar de-
crease in the luminosity at peak. Because of their higher
mass and lower average velocities, type-Ib supernovae
trap the gamma rays from 56Co decay more effectively
than type-Ia and thus their radioactive tails may in some
cases track its half-life (Clocchiatti and Wheeler, 1997).
Other Ib’s, presumably of lower mass and high velocity,
do not.
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Type-Ic supernovae are similar in many ways to type
Ib but lack a distinctive He I absorption line at 5876 A
(Filippenko, 1997). It is debated whether this deficiency
implies an actual absence of He in the presupernova star
or reflects insufficient mixing of radioactivity in the Ic’s
to excite energetic transitions in helium (Woosley and
Eastman, 1993). Many of the helium stars in Fig. 5 have
lost most, but not all, of their helium shell and are es-
sentially balls of carbon and oxygen (plus an iron core)
when they explode.

X. CONCLUSIONS AND FUTURE DIRECTIONS

Qualitatively, the evolution of massive stars and their
explosion as supernovae is understood. This understand-
ing allows us to state with some confidence the origin of
the elements (Table II), the nature of supernova light
curves and spectra (Figs. 30 and 31), the expected
masses of neutron stars (Fig. 17), and probably even
how the star explodes (Sec. V.C). However, there remain
many uncertainties and perhaps it is appropriate to close
by enumerating some of them.

• Convection:
The greatest uncertainty still afflicting our under-
standing of the presupernova evolution of massive
stars—and stars in general—is the rudimentary theory
of convection used in their study. Neither the strict
Ledoux nor the Schwarzschild criterion is capable of
explaining all the observations, and a quantitative
theory of semiconvection and convective overshoot
mixing is lacking.

• The type-II supernova explosion mechanism:
Despite 50 years of intensive investigation, we still do
not understand exactly how massive stars blow up.
Models of increasing complexity and dimensionality
exist but still do not adequately predict such funda-
mentals as the explosion energy and mass cut (includ-
ing fallback). They are thus unable to predict with
necessary precision the mass of neutron stars or the
products of explosive silicon burning. Uncertainty in
the explosion mechanism as well as the nuclear equa-
tion of state makes it difficult to predict which stars
will leave neutron stars as remnants and which will
leave black holes.

• Rotation and magnetic fields:
Sufficient calculations have been done to show that
both rotation and magnetic fields are quite important
in the presupernova star and probably during the ex-
plosion. Even if the star rotates rigidly on the main
sequence, what is the final distribution of angular mo-
mentum? Why do pulsars have the rotation rates that
they do? What is their initial magnetic-field distribu-
tion and why? Do magnetic fields play a role in the
explosion?

• Uncertain nuclear reaction rates:
We are much better off than when Burbidge et al.
(1957) wrote their classic paper, but key nuclear quan-
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tities still have unacceptably large errors. Chief among
these are the reaction rates for 12C(a ,g)16O and
22Ne(a ,n)25Mg.

• The site for the r process and details of the p process:
The neutrino wind (Sec. VIII.B.5) is a promising site
for the r process, but the simple one-dimensional
models lack sufficient entropy or rapid enough expan-
sion to produce the heavy r process nuclei. For the p
process, how are the lighter ones, near N550, made?

• The relation of massive stars to gamma-ray bursts:
Increasing evidence points to a connection. Are some
supernovae powered by jets and not neutrinos? Which
stars make gamma-ray bursts and how? What does
the stellar counterpart to a gamma-ray burst look like
just after the explosion?

• Mass-loss rates:
The rate at which mass is lost from luminous blue
variable stars, red and blue supergiants, and Wolf-
Rayet stars greatly influences the presupernova model
(Sec. IV.F) and nucleosynthesis (Sec. VIII.D). Particu-
larly uncertain is the mass-loss rate for Wolf-Rayet
stars and how all these mass-loss rates scale with me-
tallicity, especially for very metal-deficient composi-
tions.

Given the importance of massive stars and superno-
vae to so many aspects of modern astrophysics as well as
the prowess of modern computers, we are confident that
considerable progress will be made on at least several of
these questions during the next decade—or at least dur-
ing the next 40 years.
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