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Abstract

In this chapter, we review the modelling and pre-supernova evolution of massive
stars with a particular emphasis on the effects of rotation and mass loss. We
then present the stellar wind contribution to nucleosynthesis and the production
of weak s-process at various metallicities (Z). We also review the transition
between intermediate-mass and massive stars and the major nuclear and stellar
uncertainties involved. Rotation and mass loss both have a strong impact on the
evolution and nucleosynthesis in massive stars. The effects of rotation on pre-
supernova models are most spectacular for stars between 15 and 25 Mˇ. For
M > 30Mˇ, mass loss dominates over the effects of rotation. Massive stars near
solar metallicity lose more than half their initial mass for stars more massive
than 20 Mˇ. The stellar wind contribution to nucleosynthesis consists mostly
of hydrogen-burning products and to a smaller extent helium-burning products
since mass loss is generally small during the advanced phases.

At low and very low Z, one expects mass loss and the production of secondary
elements like 14N to decrease and gradually become negligible. Rotation changes
this picture. For the most massive stars (M & 60 Mˇ), primary production
of CNO elements raises the overall metallicity of the surface drastically, and
significant mass loss may occur during the red supergiant stage. The production
of primary 14N and also 22Ne in rotating massive stars at low Z opens the door to
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produce s-process elements at low Z. The strong dependence of the production
of the barium peak on metallicity and initial rotation rate means that rotating
models provide a natural explanation for the observed scatter in the strontium
over barium ratio ([Sr/Ba]) at low metallicities.
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1 Introduction

Massive stars play a key role in the universe through the light they shine, their
energetic death, and the chemical elements they produce. Indeed, the most massive
stars known to exist have a luminosity roughly ten million times larger than that of
our sun (Crowther et al. 2010). Their very strong radiation field leads to strong mass
loss. Thus massive stars near solar metallicity (Zˇ) lose a large fraction of their
initial mass, more than half their initial mass for stars more massive than 20 Mˇ.
Most of the mass loss takes place during hydrogen- and helium-burning phases.
This implies that the stellar wind contribution to nucleosynthesis consists mostly
of hydrogen-burning products and to a smaller extent helium-burning products,
i.e., elements up to aluminum. Observations from the Integral gamma-ray satellite
(Diehl et al. 2006) confirm that massive stars in our galaxy produce significant
amounts of 26Al, a radioactive element with half-life of � 7:2 � 105 years and
emitting photons at 1808.65 keV. Following helium burning, massive stars go
through four additional burning stages: carbon, neon, oxygen, and silicon. During
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these phases, they produce elements up to iron via mainly fusion, alpha-particle
capture (and photo-disintegration) reactions. Weak interactions play a increasing
role as evolution proceeds and are key to reduce the electron fraction for the iron
core to collapse (Arnett and Thielemann 1985; Chieffi et al. 1998; Thielemann and
Arnett 1985). Massive stars produce elements heavier than iron via neutron captures
during helium and carbon burning, the so-called weak s-process since the production
generally stops at the first peak (strontium-zirconium).

This chapter is organized as follows. Section 2 reviews the stellar structure
equations and physical ingredients of stellar evolution models. Section 3 reviews
the general evolution of the massive stars as well as that of the main elements
(H, He, C, N, O, . . . ). Section 4 reviews the mass loss history and describes the
stellar winds contribution to nucleosynthesis. Section 5 discusses the metallicity
dependence of the evolution and nucleosynthesis of massive stars. Section 6 presents
comprehensive weak s-process nucleosynthesis calculations at various metallicities.
Most sections also discuss the evolution and effects of rotation. The reader is also
referred to the review by Langer (2012) concerning the evolution of binary stars.

2 Stellar Evolution Models

Stellar evolution models require a wide range of input physics ranging from nuclear
reaction rates to mass loss prescriptions. In this section, we review the basic
equations that govern the structure and evolution of stars as well as some of the key
input physics with a special emphasis on mass loss, rotation, and magnetic fields.

2.1 Stellar Structure Equations

There are four equations describing the evolution of the structure of stars: the
mass, momentum, and energy conservation equations and the energy transport
equation, which we recall below. On top of that, the equations of the evolution
of chemical elements abundances and angular momentum are to be followed.
These equations are discussed in Sect. 2.3. In the Geneva stellar evolution code
(GENEC; see Eggenberger et al. 2007), which we base our presentation on in
this section, the problem is treated in one dimension (1D) and the equations of
the evolution of chemical elements abundances are calculated separately from
the structure equations, as in the original version of Kippenhahn and Weigert
(Kippenhahn and Weigert 1990; Kippenhahn et al. 1967). In GENEC, rotation is
included, and spherical symmetry is no longer assumed. The effective gravity (sum
of the centrifugal force and gravity) can in fact no longer be derived from a potential,
and the case is said to be nonconservative. The problem can still be treated in 1D by
assuming that the angular velocity is constant on isobars. This assumes that there
is a strong horizontal (along isobars) turbulence which enforces constant angular
velocity on isobars (Zahn 1992). The case is referred to as “shellular” rotation,
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and using reasonable simplifications described in Meynet and Maeder (1997), the
usual set of four structure equations (as used for non-rotating stellar models) can be
recovered:

• Energy conservation:
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where LP is the luminosity, MP the Lagrangian mass coordinate, and "nucl , "� ,
and "grav are the energy generation rates per unit mass for nuclear reactions,
neutrinos, and gravitational energy changes due to contraction or expansion,
respectively. T is the temperature, cP the specific heat at constant pressure, t
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• Momentum equation:
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where rP is the radius of the shell enclosing mass MP and G the gravitational
constant.

• Mass conservation (continuity equation):
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• Energy transport equation:
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< x > is x averaged on an isobaric surface, x is x averaged in the volume separating
two successive isobars, and the index P refers to the isobar with a pressure equal
to P . g is the effective gravity and SP is the surface of the isobar (see Meynet and
Maeder 1997, for more details). The implementation of the structure equations into
other stellar evolution codes is presented, for example, in Paxton et al. (2011) and
Chieffi et al. (1998).

2.2 Mass Loss

Mass loss strongly affects the evolution of massive stars, especially for stars more
massive than 30 Mˇ, as we shall describe below. We recall here the different mass
loss prescriptions used in stellar evolution calculations and how they relate to each
other. In the models presented in this chapter, the following prescriptions were
used. For main-sequence stars, the prescription for radiative line-driven winds from
Vink et al. (2001) was used. For stars in a domain not covered by the Vink et al.
prescription, the de Jager et al. (1988) prescription was applied to models with
log.Teff/ > 3:7. For log.Teff/ � 3:7, a linear fit to the data from Sylvester et al.
(1998) and van Loon et al. (1999) (see Crowther 2001) was performed. The formula
used is given in Eq. 2.1 in Bennett et al. (2012). For cool stars, dust and pulsation
most probably play a role in the driving of the wind, but the driving mechanism is
not fully understood.

In stellar evolution simulations, the stellar wind is not simulated self-consistently,
and a criterion is used to determine when a star becomes a WR star. Usually, a star is
considered to become a WR when the surface hydrogen mass fraction, Xs , becomes
inferior to 0.3 (sometimes when it is inferior to 0.4) and the effective temperature,
log.Teff/, is greater than 4.0. The mass loss rate used during the WR phase depends
on the WR subtype. For the eWNL phase (when 0:3 > Xs > 0:05), the Gräfener
and Hamann (2008) recipe was used (in the validity domain of this prescription,
which usually covers most of the eWNL phase). In many cases, the WR mass loss
rate of Gräfener and Hamann (2008) is lower than the rate of Vink et al. (2001), in
which case, the latter was used. For the eWNE phase – when 0:05 > Xs and the
ratio of the mass fractions of (12C C 16O/=4He < 0:03 – and WC/WO phases, when
(12C C 16O/=4He > 0:03, the corresponding prescriptions of Nugis and Lamers
(2000) were used. Note also that both the Nugis and Lamers (2000) and Gräfener
and Hamann (2008) mass loss rates account for clumping effects (Muijres et al.
2011).

The mass loss rates from Nugis and Lamers (2000) for the eWNE phase are much
larger than in other phases, and thus the largest mass loss occurs during this phase.
In Crowther et al. (2010), the mass loss prescription from Nugis and Lamers (2000)
was used for both the eWNL and eWNE phases (with a clumping factor, f D 0:1).
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More recent models, such as those of Yusof et al. (2013), thus lose less mass than
those presented in Crowther et al. (2010) during the eWNL phase.

The metallicity dependence of the mass loss rates is commonly included in the
following way. The mass loss rate used at a given metallicity, PM.Z/, is the mass
loss rate at solar metallicity, PM .Zˇ/, multiplied by the ratio of the metallicities to
the power of ˛: PM.Z/ D PM.Zˇ/.Z=Zˇ/˛ . ˛ was set to 0.85 for the O-type phase
and WN phase and 0.66 for the WC and WO phases; and for WR stars, the initial
metallicity rather than the actual surface metallicity was used in the equation above
following Eldridge and Vink (2006). ˛ was set to 0.5 for the de Jager et al. (1988)
prescription.

For rotating models, the correction factor described below in Eq. 5 is applied
to the radiative mass loss rate. Line-driven wind mass loss rates in hot stars are
relatively well determined and constrained by observations (Crowther et al. 2010;
Muijres et al. 2011). On the other hand, the mass loss rates for red supergiants
and luminous blue variables as well as their metallicity dependence are not
fully understood and still very uncertain with unfortunately little hope for major
improvements in the near future. We will come back to this point when we discuss
the metallicity dependence in Sect. 5.

2.3 Rotation and Magnetic Fields

The physics of rotation included in stellar evolution codes has been developed
extensively over the last 20 years. A recent review of this development can be found
in Maeder and Meynet (2012). The effects induced by rotation can be divided into
three categories.
(1) Hydrostatic effects: The centrifugal force changes the hydrostatic equilibrium
of the star. The star becomes oblate, and the equations describing the stellar structure
have to be modified as described above.
(2) Mass loss enhancement and anisotropy: Mass loss depends on the opacity and
the effective gravity (sum of gravity and centrifugal force) at the surface. The larger
the opacity, the larger the mass loss. The higher the effective gravity, the higher
the radiative flux (von Zeipel 1924) and effective temperature. Rotation, via the
centrifugal force, reduces the surface effective gravity at the equator compared to the
pole. As a result, the radiative flux of the star is larger at the pole than at the equator.
In massive hot stars, since the opacity is dominated by the temperature-independent
electron scattering, rotation enhances mass loss at the pole. If the opacity increases
when the temperature decreases (in cooler stars), mass loss can be enhanced at the
equator when the bistability is reached (Vink et al. 2001).

For rotating models, the mass loss rates can be obtained by applying a correction
factor to the radiative mass loss rate as described in Maeder and Meynet (2000):

PM.˝/ D F˝ � PM.˝ D 0/ D F˝ � PMrad
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with F˝ D
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where � D L=LEdd D �L=.4�cGM/ is the Eddington factor (with � the total
opacity) and ˛ the Teff�dependent force multiplier parameter. Enhancement factors
(F˝) are generally close to one, but they may become very large when � & 0:7 or
˝=˝crit > 0:9 (see Georgy et al. 2011; Maeder and Meynet 2000, for more details).
If critical rotation, where the centrifugal force balances gravity at the equator, is
reached, mechanical mass loss may occur and produce a decretion disk (see Krtička
et al. 2011, for more details). In most stellar evolution codes, the mass loss is
artificially enhanced when ˝=˝crit & 0:95 to ensure that the ratio does not become
larger than unity, but multidimensional simulations are required to provide new
prescriptions to use in stellar evolution codes.
(3) Rotation-driven instabilities: The main rotation-driven instabilities are hor-
izontal turbulence, meridional circulation, and dynamical and secular shear (see
Maeder 2009, for a comprehensive description of rotation-induced instabilities).

Horizontal turbulence corresponds to turbulence along the isobars. If this turbu-
lence is strong, rotation is constant on isobars, and the situation is usually referred
to as “shellular rotation” (Zahn 1992). The horizontal turbulence is expected to be
stronger than the vertical turbulence because there is no restoring buoyancy force
along isobars (see Maeder 2003, for a discussion on this topic).

Meridional circulation, also referred to as Eddington–Sweet circulation, arises
from the local breakdown of radiative equilibrium in rotating stars. This is due to the
fact that surfaces of constant temperature do not coincide with surfaces of constant
pressure. Indeed, since rotation elongates isobars at the equator, the temperature on
the same isobar is lower at the equator than at the pole. This induces large-scale
circulation of matter, in which matter usually rises at the pole and descends at the
equator (see Fig. 1).

In this situation, angular momentum is transported inward. It is however also
possible for the circulation to go in the reverse direction, and, in this second
case, angular momentum is transported outward. Circulation corresponds to an
advective process, which is different from diffusion because the latter can only
erode gradients. Advection can either build or erode angular velocity gradients (see
Maeder and Zahn 1998, for more details).

Dynamical shear occurs when the excess energy contained in differentially
rotating layers is larger than the work that needs to be done to overcome the
buoyancy force. The criterion for stability against dynamical shear instability is the
Richardson criterion:

Ri D
N 2

.@U =@z/2
>

1

4
D Ric; (6)

where U is the horizontal velocity, z the vertical coordinate, and N 2 the Brunt–
Väisälä frequency.
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Fig. 1 Streamlines of
meridional circulation in a
rotating 20 Mˇ model with
solar metallicity and
vini D 300 km s�1 at the
beginning of the H–burning
phase. The streamlines are in
the meridian plane. In the
upper hemisphere on the right
section, matter is turning
counterclockwise along the
outer streamline and
clockwise along the inner
one. The outer sphere is the
star surface and has a radius
equal to 5.2 Rˇ. The inner
sphere is the outer boundary
of the convective core. It has
a radius of 1.7 Rˇ

(Illustration taken from
Meynet and Maeder 2002a)

The critical value of the Richardson criterion, Ric D 1=4, corresponds to the
situation where the excess kinetic energy contained in the differentially rotating
layers is equal to the work done against the restoring force of the density gradient
(also called buoyancy force). It is therefore used by most authors as the limit for the
occurrence of the dynamical shear. Studies by Canuto (2002) show that turbulence
may occur as long as Ri . Ric � 1. This critical value is consistent with numerical
simulations done by Brüggen and Hillebrandt (2001) where they find shear mixing
for values of Ri greater than 1/4 (up to about 1.5). The latest 3D hydrodynamic
simulations (Edelmann et al. 2017), however, confirm the theoretical value of 1/4
and that this instability is reasonably implemented in 1D models although the
physical extent of the instability needs to revised.

Different dynamical shear diffusion coefficients, D, can be found in the litera-
ture. The one used in GENEC is:

D D
1

3
vl D

1

3

v

l
l2 D

1

3
r

d ˝

d r
	r2 D

1

3
r	˝ 	r (7)

where r is the mean radius of the zone where the instability occurs, 	˝ is the
variation of ˝ over this zone, and 	r is the extent of the zone. The zone is the
reunion of consecutive shells where Ri < Ric (see Hirschi et al. 2004, for more
details and references).

If the differential rotation is not strong enough to induce dynamical shear, it can
still induce the secular shear instability when thermal turbulence reduces the effect
of the buoyancy force. The secular shear instability occurs therefore on the thermal
time scale, which is much longer than the dynamical one. Note that the way the
inhibiting effect of the molecular weight (
) gradients on secular shear is taken into
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account impacts strongly the efficiency of the shear. In some work, the inhibiting
effect of 
 gradients is so strong that secular shear is suppressed below a certain
threshold value of differential rotation (Heger et al. 2000). In other work (Maeder
1997), thermal instabilities and horizontal turbulence reduce the inhibiting effect
of the 
 gradients. As a result, shear is not suppressed below a threshold value of
differential rotation but only decreased when 
 gradients are present.

There are other minor instabilities induced by rotation: the GSF instability
(Fricke 1968; Goldreich and Schubert 1967; Hirschi and Maeder 2010), the ABCD
instability (Heger et al. 2000; Knobloch and Spruit 1983), and the Solberg–
Høiland instability (Kippenhahn and Weigert 1990). The GSF instability is induced
by axisymmetric perturbations. The ABCD instability is a kind of horizontal
convection. Finally, Solberg–Høiland stability criterion is the criterion that should
be used instead of the Ledoux or Schwarzschild criterion in rotating stars. However,
including the dynamical shear instability also takes into account the Solberg–
Høiland instability (Hirschi et al. 2004).

2.3.1 Transport of Angular Momentum
For shellular rotation, the equation of transport of angular momentum (Zahn 1992)
in the vertical direction is (in Lagrangian coordinates):

�
d

dt

�
r2˝

�
Mr

D
1

5r2

@

@r

�
�r4˝U .r/

�
C

1

r2

@

@r

�
�Dr4 @˝

@r

�
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where ˝.r/ is the mean angular velocity at level r, U .r/ the vertical component
of the meridional circulation velocity, and D the diffusion coefficient due to the
sum of the various turbulent diffusion processes (convection, shears, and other
rotation-induced instabilities apart from meridional circulation). Note that angular
momentum is conserved in the case of contraction or expansion. The first term on the
right hand side, corresponding to meridional circulation, is an advective term. The
second term on the right hand side, which corresponds to the diffusion processes,
is a diffusive term. The correct treatment of advection is very costly numerically
because Eq. 8 is a fourth-order equation (the expression of U .r/ contains third-
order derivatives of ˝; see Zahn 1992). This is why some research groups treat
meridional circulation in a diffusive way (see, e.g., Heger et al. 2000) with the risk
of transporting angular momentum in the wrong direction (in the case meridional
circulation builds gradients).

2.3.2 Transport of Chemical Species
The transport of chemical elements is also governed by a diffusion–advection
equation like Eq. 8. However, if the horizontal component of the turbulent diffusion
is large, the vertical advection of the elements (but not that of the angular
momentum) can be treated as a simple diffusion (Chaboyer and Zahn 1992) with
a diffusion coefficient Deff,

Deff D
j rU .r/ j2

30Dh

; (9)
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where Dh is the coefficient of horizontal turbulence (Zahn 1992). Equation 9
expresses that the vertical advection of chemical elements is severely inhibited
by the strong horizontal turbulence characterized by Dh. The change of the mass
fraction Xi of the chemical species i is simply

�
dXi

dt

�
Mr

D

�
@

@Mr

�
t

�
.4�r2�/2Dmix

�
@Xi

@Mr

�
t

�
C

�
dXi

dt

�
nuclear

; (10)

where the second term on the right accounts for composition changes due to nuclear
reactions. The coefficient Dmix is the sum Dmix D D C Deff, where D is the
term appearing in Eq. 8 and Deff accounts for the combined effect of advection and
horizontal turbulence.

2.3.3 Interaction Between Rotation and Magnetic Fields
Circular spectro-polarimetric surveys have obtained evidence for the presence of
magnetic fields at the surface of OB stars (see, e.g., the review by Walder et al.
2011, and references therein). The origin of these magnetic fields is still unknown.
It might be fossil fields or fields produced through a dynamo mechanism.

The central question for the evolution of massive stars is whether a dynamo
is at work in internal radiative zones. This could have far reaching consequences
concerning the mixing of the elements and the loss of angular momentum. In
particular, the interaction between rotation and magnetic fields in the stellar interior
strongly affects the angular momentum retained in the core and thus the initial
rotation rate of pulsars and which massive stars could die as long and soft gamma-
ray bursts (GRBs) see Vink et al. (2011) and the discussion in Sect. 6 in Georgy
et al. (2012, and references therein).

The interplay between rotation and magnetic field has been studied in stellar
evolution calculations using the Tayler–Spruit dynamo (Maeder and Meynet 2005;
Spruit 2002). Some numerical simulations confirm the existence of a magnetic
instability; however the existence of the dynamo is still debated (Braithwaite 2006;
Zahn et al. 2007).

The Tayler–Spruit dynamo is based on the fact that a purely toroidal field
B'.r; #/, even very weak, in a stably stratified star is unstable on an Alfvén time
scale 1=!A. This is the first magnetic instability to appear. It is non-axisymmetric
of type m D 1 (Spruit 2002), occurs under a wide range of conditions, and
is characterized by a low threshold and a short growth time. In a rotating star,
the instability is also present; however the growth rate �B of the instability is, if
!A � ˝,

�B D
!2

A

˝
; (11)

instead of the Alfvén frequency !A, because the growth rate of the instability is
reduced by the Coriolis force (Spruit 2002). One usually has the following ordering
of the different frequencies, N � ˝ � !A. In the sun, one has N 	 10�3 s�1,
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Fig. 2 Left: evolution of the angular velocity ˝ as a function of the distance to the center in a 20
Mˇ star with vini = 300 km s�1. Xc is the hydrogen mass fraction at the center. The dotted line
shows the profile when the He–core contracts at the end of the H-burning phase. Right: rotation
profiles at various stages of evolution (labelled by the central H content Xc) of a 15 Mˇ model with
X D 0:705; Z D 0:02, an initial velocity of 300 km s�1 and magnetic field from the Tayler–Spruit
dynamo (Taken from Maeder and Meynet 2005)

˝ D 3 � 10�6 s�1, and a field of 1 kG would give an Alfvén frequency as low as
!A D 4 � 10�9 s�1 (where N is the Brunt–Väisälä frequency).

This theory enables us to establish the two quantities that we are mainly
interested in for stellar evolution: the magnetic viscosity �, which expresses the
mechanical coupling due to the magnetic field B, and the magnetic diffusivity �,
which expresses the transport by a magnetic instability and thus also the damping of
the instability. The parameter � also expresses the vertical transport of the chemical
elements and enters Eq. 10, while the viscosity � determines the vertical transport
of the angular momentum by the magnetic field and enters the second term on the
right-hand side of Eq. 8.

Figure 2 shows the differences in the internal ˝–profiles during the evolution of
a 20 Mˇ star with and without magnetic field created by the Tayler–Spruit dynamo.
Without magnetic field, the star has a significant differential rotation, while ˝ is
almost constant when a magnetic field created by the dynamo is present. It is
not perfectly constant, otherwise there would be no dynamo. In fact, the rotation
rapidly adjusts itself to the minimum differential rotation necessary to sustain the
dynamo. One could then assume that the mixing of chemical elements is suppressed
by magnetic fields. This is, however, not the case since the interplay between
magnetic fields and the meridional circulation tends to lead to more mixing in
models including magnetic fields compared to models not including magnetic fields
(Maeder and Meynet 2005). Fast-rotating models of GRB progenitors calculated
by Yoon et al. (2006) also experience a strong chemical internal mixing leading
to the stars undergoing quasi-chemical homogeneous evolution. The study of the
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interaction between rotation and magnetic fields is still under development (see,
e.g., Potter et al. 2012, for a different rotation-magnetic field interaction theory, the
˛ � ˝ dynamo, and its impact on massive star evolution), and the next 10 years will
certainly provide new insights on this important topic.

2.3.4 Other Input Physics
The other key input physics that are essentials for the computation of stellar
evolution models are nuclear reactions, mass loss prescriptions (discussed above),
the equation of state, opacities, and neutrino losses. Stellar evolution codes are
now able to include larger and more flexible nuclear reaction network (see, e. g.,
Frischknecht et al. 2010, for a description of the implementation of a flexible
network in GENEC). Nuclear physics and other inputs are described for other codes,
for example, in Paxton et al. (2011) and Chieffi et al. (1998).

3 Evolution of Massive Stars and Key Abundances

In this section, we review the general evolution of massive stars at solar metallicity.
The models and plots presented in this chapter are taken from Hirschi et al. (2004)
unless otherwise stated. In that study, stellar models of 12, 15, 20, 25, 40, and
60 Mˇ at solar metallicity, with initial rotational velocities of 0 and 300 km s�1,
respectively, were computed, thus covering most of the massive star range. Other
recent grids of models at solar metallicity can be found in Ekström et al. (2012),
Chieffi and Limongi (2013), and Sukhbold and Woosley (2014). Models for lower-
mass and higher-mass massive stars can be found in, e.g., Jones et al. (2013) and
Yusof et al. (2013), respectively.

3.1 Evolution of Surface Properties (HR Diagram) and Lifetimes

For many aspects discussed in this chapter, we will focus on the 20 Mˇ non-rotating
and rotating models. Figure 3 (left) shows the evolutionary tracks of different 20 Mˇ

models in the HR diagram and thus how the surface properties of these stars evolve.
The non-rotating model is representative of the lower end of massive stars, which
keep an extended hydrogen-rich envelope, end as red supergiant, and produce type
II supernovae. The 300 km s�1 model is representative of the higher end of massive
stars, for which most or all of the H-rich envelope is lost via stellar winds and the star
ends as a hot star, generally a Wolf–Rayet star and produce a type Ib or Ic supernova
depending on how much helium is left. These two models also show the impact of
rotation on the evolution of massive stars. The additional models with intermediate
rotation (vini= 100 and 200 km s�1) show the smooth transition from non-rotating to
fast-rotating models. HR diagrams covering the full IMF can be found in Ekström
et al. (2012).

As mentioned in the Introduction, massive stars go through six burning stages:
H, He, C, Ne, O, and Si burning. The lifetimes of these stages are plotted in Fig. 3
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Fig. 3 Left: HR diagram for 20 Mˇ models: solid, dashed, dotted–dashed, and dotted lines
correspond, respectively, to vini= 0, 100, 200, and 300 km s�1. We also indicate the position of
the progenitor of SN 1993J. Right: Burning lifetimes as a function of the initial mass and velocity.
Solid and dotted lines correspond, respectively, to rotating and non-rotating models. Long dashed
and dotted–dashed lines are used for rotating and non-rotating Ne-burning lifetimes to point out
that they are to be considered as estimates (See text)

(right). Whereas H- and He-burning stages last for roughly 106�7 and 105�6 years,
respectively, the lifetimes for the advanced phases is much shorter. This is due to
neutrino losses dominating energy losses over radiation from C burning onward. C-,
Ne-, O-, and Si-burning phases last about 102�3, 1, 1, and 10�2 years, respectively.
Concerning the effects of rotation and mass loss, there is a mass range where
rotational mixing (M . 30Mˇ) or mass loss (M & 30Mˇ) dominates over
the other process. For M . 30Mˇ, rotation-induced mixing extends the H-
burning lifetime and as a consequence shortens slightly He-burning lifetimes. For
the advanced phases, rotation makes star behave like more massive stars. This is
clearly seen for C-burning lifetimes, which are shorter for rotating models. For M &
30Mˇ, strong mass loss leads to degeneracy in the lifetime and final properties.

3.2 Evolution of Central Properties in the Log Tc–Log �c Diagram

Figure 4 (left) shows the tracks of the 15 and 60 Mˇ models throughout their
evolution in the central temperature versus central density plane (Log Tc–Log �c

diagram). Figure 4 (right) zooms in the advanced stages of the 12, 20, and 40 Mˇ

models. It is also very instructive to look at Kippenhahn diagrams (Fig. 8) in order
to follow the evolution of the structure. We again identify two categories of stellar
models: those for which the evolution is mainly affected by mass loss (with an
inferior mass limit of about 30 Mˇ) and those for which the evolution is mainly
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Fig. 4 Log Tc vs Log �c diagrams. Left: evolutionary tracks for the 15 and 60 Mˇ models. Right:
evolutionary tracks zoomed in the advanced stages for the 12, 20, and 40 Mˇ models. Solid lines
are rotating models and dashed lines are nonrotating models. The ignition points of every burning
stage are connected with dotted lines. The additional long dashed line corresponds to the limit
between nondegenerate and degenerate electron gas (P el

perfect gas D P el
degenerate gas)

affected by rotational mixing (already identified in Sect. 3.1). We can see that for the
12, 15, and 20 Mˇ models, the rotating tracks have a higher temperature and lower
density due to more massive convective cores. The bigger cores are due to the effect
of mixing, which largely dominates the structural effects of the centrifugal force. On
the other hand, for the 40 and 60 Mˇ models, mass loss dominates mixing effects,
and the rotating model tracks in the Log Tc–Log �c plane are at the same level or
below the non-rotating ones.

In order to understand the evolutionary tracks in the Log Tc–Log �c plane, we
need to look at the different sources of energy at play. These are the nuclear energy,
the neutrino and photon energy losses, and the gravitational energy (linked to
contraction and expansion). The different energy production rates at the star center
are plotted in Fig. 5 as a function of the time left until core collapse. Going from the
left to the right in Fig. 5, the evolution starts with H burning where "H dominates.
In response, a small expansion occurs ("g negative and very small movement to
lower densities in the 15 Mˇ model during H burning in Fig. 4). At the end of H
burning, the star contracts non-adiabatically (T � �1=3, every further contraction is
also non-adiabatic). The contraction increases the central temperature. This happens
very quickly and is seen in the sharp peak of "g between H- and He-burning
phases. When the temperature is high enough, He burning starts, "He dominates, and
contraction is stopped. Note that during the H- and He-burning phases, most of the
energy is transferred by radiation on a thermal time scale. After He burning, neutrino
losses ("� < 0) overtake photon losses. This accelerates the evolution because
neutrinos escape freely. During burning stages, the nuclear energy production stops
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Fig. 5 Log of the energy production rate per unit mass at the star center as a function of the
time left until core collapse for the nonrotating (left) and rotating (right) 20 Mˇ models. Nuclear
energy production rates during H and He burnings are shown in dotted ("H ) and dashed ("He)
lines, respectively. The solid line corresponds to the nuclear energy production rate in absolute
value during the advanced stages ("C –"Si ). Black crosses are drawn on top of the line whenever
the energy production rate is negative. The thick long dashed line is the energy loss rates due
to neutrinos multiplied by -1 (�"�). Finally the gravitational energy production rate in absolute
value is plotted in the dotted–dashed line ("g). Blue squares are plotted on top when this energy is
negative. Note that negative gravitational energy production corresponds to an expansion

the contraction if "nucl � �"� (see C burning for the rotating model) or even
provokes an expansion when "nucl > �"� (most spectacular during Si burning).
Central density decreases when the central regions expand (see Fig. 4). Once the
iron core is formed, there is no more nuclear energy available, while neutrino losses
are still present and the core collapses.

3.2.1 Transition Between Massive and Intermediate Stars (8–12 Mˇ

Stars)
Recent models for the transition between massive and intermediate stars can be
found in Jones et al. (2013), Takahashi et al. (2013), and Woosley and Heger (2015),
and older models can be found in Nomoto (1984, 1987) and Ritossa et al. (1999). We
will base our discussion on the models presented in Jones et al. (2013) and shown in
Fig. 6. Similar trends and conclusions are found in the other studies. The evolution
and fate of stars in this mass range are sensitive to convective boundary mixing
(CBM) treatment (e.g., overshooting), mass loss, and CO core growth. Different
choices of CBM lead to the transition mass being shifted up and down, but we
expect the same transitions and regimes to take place for different choices of CBM.
The fate of super-AGB stars (SAGB, AGB stars that undergo carbon burning but not
neon or subsequent burning stages) is highly sensitive to the mass loss prescription
on the SAGB and the rate at which the core grows (Poelarends et al. 2008). Mass
loss and core growth compete against each other.
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Ne
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Si

URCA

Fig. 6 The divergence of the models following C burning in the log10.�c/ � log10.Tc/ plane;
the cross shows from where the evolution of the 8.8 Mˇ model was continued with the AGILE-
BOLTZTRAN 1D hydro-code (taken from Jones et al. 2013)

At solar metallicity, mass loss often wins, and only a very narrow mass range at
the top of the SAGB mass range will end as electron-capture supernovae (ECSN).
The 8.7 and 8:75 Mˇ models represent models in this narrow mass range. The
8:2 Mˇ model represents models in the SAGB mass range for which mass loss wins,
and this model will end as a one white dwarf (WD). Previous studies (see Nomoto
1984, and references therein) show that the core mass limit for neon ignition is very
close to 1:37 Mˇ, which recent models confirm. Indeed, in all models with initial
mass greater than 8:8 Mˇ, a CO-core develops, with a mass that exceeds the limit for
neon ignition, MCO.8:8 Mˇ; 9:5 Mˇ; 12:0 Mˇ/ D 1:3696; 1:4925; 1:8860 Mˇ.
A temperature inversion develops in the core following the extinction of carbon
burning in both the 8:8 Mˇ and 9:5 Mˇ models. The neutrino emission processes
that remove energy from the core are (over)compensated by heating from gravita-
tional contraction in more massive stars. However in these lower-mass stars, the
onset of partial degeneracy moderates the rate of contraction, and hence neutrino
losses dominate, cooling the central region. As a result, the ignition of neon in the
8.8 and 9.5 Mˇ models takes place off center. These two models then go through
neon(/oxygen; oxygen also burns via fusion in this situation) flashes followed by
the development of a neon(/oxygen) flame. Owing to the high densities in the cores
of these stars, the products of neon and oxygen burning are more neutron rich than
in more massive stars. This results in an electron fraction in the shell of as low
as Ye 	 0:48. Due to its higher degeneracy, Ye decreases faster in the 8:8 Mˇ,
and it contracts faster than the time needed for the neon/oxygen flame to reach the
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center of the star, both processes being helped by URCA pair processes. The core
of the 8:8 Mˇ model continuously contracts until the center reaches the critical
density for electron captures by 24Mg, quickly followed by further contraction to
the critical density for those by 20Ne (see Fig. 6), and this model results in core
collapse. The 8:8 Mˇ model produces a ECSNe as for the 8:75 Mˇ model but
via a new evolutionary path named “failed massive star” rather than via the SAGB
evolutionary path. The “failed massive star” path is also expected to take place for
a narrow mass range, but it does not critically depend on the uncertainties linked
to mass loss, which is the case for the SAGB progenitors of ECSNe. Similarly
to the 8:8 Mˇ model starting neon burning off center, the 9:5 Mˇ model starts
silicon burning off center in a shell that later propagates toward the center. This
is another example of the continuous transition toward massive stars, in which all
the burning stages begin centrally. Although we have not evolved this model to its
conclusion, we expect that silicon burning will migrate to the center, producing an
iron core, and that it will finally collapse as an iron core-collapse SN (FeCCSN).
The canonical massive star evolution (igniting C, Ne, O, and Si burning centrally)
leading to FeCCSN is expected to take place for stars with masses above 10 Mˇ.
This mass range is represented by the 12 Mˇ in Fig. 6.

At the other end of the IMF, very massive stars evolve far away from degeneracy.
Very massive stars may encounter instead the pair-creation instability at very high
temperatures (see Yusof et al. 2013, and references therein).

3.3 Angular Velocity, ˝ , and Momentum, j, Evolution

Figure 7 (left) shows the evolution of ˝ inside a 25 Mˇ model from the ZAMS until
the end of the core Si-burning phase. The evolution of ˝ results from many different
processes: convection enforces solid body rotation, contraction and expansion,
respectively, increases and decreases ˝ in order to conserve angular momentum,
shear (dynamical and secular) erodes ˝ gradients, while meridional circulation
may erode or build them up, and finally mass loss may remove angular momentum
from the surface. If during the core H-burning phase, all these processes may be
important, from the end of the MS phase onward, the evolution of ˝ is mainly
determined by convection, by the local conservation of the angular momentum
and, during the core He-burning phase only for the most massive stars, by mass
loss.

During the MS phase, ˝ decreases in the whole star. When the star becomes a
red supergiant (RSG), ˝ at the surface decreases significantly due to the expansion
of the outer layers. Note that the envelope is gradually lost by winds in the 25
Mˇ model, whereas in lower mass stars, a very slowly rotating envelope remains
until the pre-supernova stage. In the center, ˝ significantly increases when the core
contracts and then the ˝ profile flattens due to convection. ˝ reaches values of the
order of 1 s�1 at the end of Si burning. It never reaches the local breakup angular
velocity limit, ˝c , although, when local conservation holds, ˝r=˝c / r�1=2.
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Fig. 7 Angular velocity (left) and local specific angular momentum (right) profiles as a function
of the Lagrangian mass coordinate, mr inside the 25 Mˇ model (vini= 300 km s�1) at various
evolutionary stages

Figure 7 (right) shows the evolution of the specific angular momentum, jr D

2=3 ˝rr2, in the central region of a 25 Mˇ stellar model. The specific angular
momentum remains constant under the effect of pure contraction or expansion but
varies when transport mechanisms are active. One sees that the transport processes
remove angular momentum from the central regions. Most of the removal occurs
during the core H-burning phase. Still some decrease occurs during the core He-
burning phase, and then the evolution is mostly governed by convection, which
transports the angular momentum from the inner part of a convective zone to the
outer part of the same convective zone. This produces the teeth seen in the figure.
The angular momentum of the star at the end of Si burning is very similar to what it
was at the end of He burning. More recent models including the effects of magnetic
fields (see, e.g., Heger et al. 2005) lead to slower rotation at the pre-supernova
stage, especially if the star goes through a red supergiant phase. These slower
pre-supernova rotation rates better reproduce the observed rotation rate of pulsar.
The general evolution of the angular velocity and momentum remains, however,
qualitatively similar to the models above. Furthermore, some stars, especially if
they remain compact throughout their evolution, may retain fast rotation in their
core (Yoon et al. 2006) and lead to exotic explosions such as gamma-ray bursts.

3.4 Structure and Abundance Evolution and Pre-supernova
Properties

Figure 8 shows the evolution of the structure (Kippenhahn diagram) for 20 Mˇ

models. The y-axis represents the mass coordinate and the x-axis the time left until
core collapse. The black zones represent convective zones. The abbreviations of the
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Fig. 8 Kippenhahn diagrams for the non-rotating (left) and vini= 300 km s�1 (right) 20 Mˇ

models. The black zones correspond to convective regions (see text). Note that these plots are
produced by drawing black vertical lines for a subset of the time steps of the model and thus the
vertical white lines around log(time left until collapse) � 3 are only due to the drawing technique
and the models remain convective in between neighboring black vertical lines

various burning stages are written below the graph at the time corresponding to the
central burning stages. We note the complex succession of the different convective
zones during the advanced phases. Sukhbold and Woosley (2014) study in detail the
complex convective history in massive stars. In particular, their Fig. 13 shows how
the location in mass of the lower boundary of carbon-burning convective shells plays
a key role in determining the compactness (Ertl et al. 2016; O’Connor and Ott 2011)
at the pre-supernova stage. It is worth to note that a few physical ingredients of the
stellar models influence carbon burning in general and thus the exact location of
the convective shells and the compactness for a given initial mass. Carbon burning
is sensitive to the amount of carbon (relative to oxygen) left at the end of helium
burning. This in turn is influenced by the 12C.˛; �/16O rate relative to the triple-˛
rate (Tur et al. 2009). Convective boundary criteria and mixing prescriptions also
affect the carbon left over at the end of helium burning. Using Ledoux rather than
Schwarzschild generally leads to smaller helium-burning cores and more carbon
leftover. Extra mixing, especially toward the end of He burning brings fresh ˛

particles that can capture on 12C and reduce its left over abundance. Finally rotation-
induced mixing, as is clearly seen in Fig. 8, leads to significantly larger helium cores
and less leftover carbon and leads to radiative core carbon burning (right panel). The
other differences between non-rotating and rotating models are the following. We
can see that small convective zones above the central H-burning core disappear in
rotating models. Also visible is the loss of the hydrogen-rich envelope in the rotating
models. The non-rotating 20 Mˇ model is representative of the stars below 20 Mˇ,
while the rotating 20 Mˇ model is representative of the non-rotating and rotating
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models above 30 Mˇ. Above 30 Mˇ, all have very similar convective zones history
after He burning, having all lost their H-rich envelope and all undergoing core C
burning under radiative conditions. The main difference between stars above 30
Mˇ and the rotating 20 Mˇ model is that stars above 30 Mˇ have one large carbon
convective shell that sits around 3 Mˇ and thus does not influence much the final
stages and the compactness at the pre-supernova stages. The complex history of
convective zones and the uncertainties in the input physics mentioned here make it
very hard to predict the exact explosion properties of a star of a given initial mass.
Nevertheless, it is likely, as in the case of SAGB stars, that the same transitions
would occur (e.g., from convective to radiative core carbon burning) even if the input
physics changes. Convective boundary mixing during carbon burning (and other
stages), if able to change the extent of convective burning shells, might affect the
compactness of supernova progenitor significantly. 3D hydrodynamic simulations
of convective boundary mixing (see, e.g., Cristini et al. 2017) will hopefully help
constrain the 1D prescriptions used in stellar evolution codes, in the near future
(Arnett et al. 2015).

3.5 Abundances Evolution

Figures 9 and 10 show the evolution of the abundances of the main isotopes inside
the non-rotating (left) and rotating (right) 20 Mˇ models at the end of each central
burning episode. As hydrogen burns via the CNO and 14N.p; �/ is the slowest
reaction in the cycle, most of the 12C and 16O is transformed into N in the convective
core. At the end of H burning, we notice the smoother profiles in the rotating
model, consequence of the rotational mixing. During He burning, triple-˛ and (˛; � )
reactions produce mostly 12C and 16O with traces of heavier multiple ˛-elements
20Ne and 24Mg. Double ˛-captures on 14N leads to a significant production of 22Ne.
Toward the end of He burning, 22Ne undergoes both (˛; � ) and (˛; n). This last
reaction is the neutron source for the weak s-process discussed in Sect. 6. At the
end of He burning, we can see that rotating models have larger core sizes and a
lower total mass due to extra mixing and mass loss, respectively. We also notice the
lower C/O ratio for rotating models mentioned above. The main burning products
of carbon burning are 20Ne, 23Na (not shown here), and 24Mg. The main products of
Ne burning are 16O, 23Na, and 24Mg. The main products of O burning are elements
around 28Si and 32S. At the end of O burning, we can see that the rotating model
produces much more oxygen compared to the non-rotating model (by about a factor
of two). At the end of Si burning, the iron (represented by 56Ni) and Si cores are
slightly bigger in the rotating model. The yields of oxygen increase significantly
with rotation as discussed below.

Comparing Figs. 11 and 10 shows that even though the 60 Mˇ model has a larger
CO core (between about 3 and 11 Mˇ), its inner and outer structure is quite similar
to that of the rotating 20 Mˇ star. This is due to mass loss pealing 3/4 of the initial
mass of the star before the end of He burning for the 60 Mˇ model. This means that
stars with M > 30 Mˇ have a significant stellar wind contributions as we shall see
below.
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Fig. 9 Variation of the abundances in mass fraction as a function of the Lagrangian mass at the
end of central hydrogen (top), helium (middle), and carbon (bottom) burnings for the nonrotating
(left) and rotating (right) 20Mˇ models
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Fig. 10 Variation of the abundances in mass fraction as a function of the Lagrangian mass at the
end of central neon (top), oxygen (middle), and silicon (bottom) burnings for the nonrotating (left)
and rotating (right) 20Mˇ models. Note that the abundance of 44Ti (dotted–long dashed line) is
enhanced by a factor 1000 for display purposes



72 Pre-supernova Evolution and Nucleosynthesis in Massive Stars and. . . 1901

Fig. 11 Variations of the abundance (in mass fraction) as a function of the Lagrangian mass
coordinate, mr , at the end of central Si burning for the rotating 60 Mˇ. Note that the 44Ti
abundance (dotted–long dashed line) is enhanced by a factor 1000 for display purposes

3.6 Pre–supernova Properties

Figure 12 shows the core masses as a function of initial mass for non-rotating
(dotted lines) and rotating (solid lines) models. Since rotation increases mass loss,
the final mass, Mfinal, of rotating models is always smaller than that of nonrotating
ones. Note that for very massive stars (M & 60Mˇ), mass loss during the WR
phase is proportional to the actual mass of the star. This produces a convergence
of the final masses (see, for instance, Meynet and Maeder 2005). We can again
see a general difference between the effects of rotation below and above 30 Mˇ.
For M . 30 Mˇ, rotation significantly increases the core masses due to mixing.
For M & 30 Mˇ, rotation makes the star enter the WR phase at an earlier stage.
The rotating star spends therefore a longer time in this phase characterized by
heavy mass loss rates. This results in smaller cores at the pre-supernova stage. We
can see on Fig. 12 that the difference between rotating and nonrotating models is
the largest between 15 and 25 Mˇ. As explained above, this will have an impact
on the compactness in this sensitive mass range. Improvements in input physics
may reconcile model predictions with observationally determined masses of type
II supernova, with a maximum below 20 Mˇ, named the RSG problem by Smartt
(2009) if the mass range of high compactness ends up covering the mass range
between about 17 and 22 Mˇ, while more massive stars explode as type Ib or Ic
supernova or fail to explode.
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Fig. 12 Core masses as a
function of the initial mass
and velocity at the end of core
Si burning

Fig. 13 Profiles of the radius, r ; density, �; temperature, T ; and pressure P at the end of core
Si burning for the nonrotating (left) and rotating (right) 20 Mˇ models. The pressure has been
divided by 1010 to fit it in the diagram

As well as the chemical composition (abundance profiles and core masses) of
the pre-supernova star, other parameters, like the density profile, the neutron excess
(not followed in our calculations), the entropy, and the total radius of the star, play an
important role in the supernova explosion. Figure 13 shows the density, temperature,
radius, and pressure variations as a function of the Lagrangian mass coordinate at
the end of the core Si-burning phase. Since the rotating star has lost its envelope,
this truly affects the parameters toward the surface of the star. The radius of the
star (BSG) is about 1% that of the nonrotating star (RSG). As said above, this
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modifies strongly the supernova explosion. We also see that temperature, density,
and pressure profiles are flatter in the interior of rotating models due to the bigger
core sizes.

4 Stellar Wind Contribution to Galactic Chemical
Enrichment

Before reviewing the contribution of stellar wind to nucleosynthesis, it is useful to
summarize the dependence on the initial mass of mass loss and various core masses:

Mass loss: Is very small for stars less massive than 20 Mˇ. It then quickly increases
and becomes the dominant physical process for non-rotating stars more massive
than 40 Mˇ. Rotation reduces the mass at which mass loss dominates to less than
30 Mˇ. Mass loss takes place mostly during H- and He-burning phases so stellar
wind can only enrich the ISM with H- and He-burning products (elements up to
silicon)

MfinalW Due to the strong mass loss experienced by massive stars, there is no simple
relation between the final mass and the initial one. The important point is that a
final mass between 10 and 15 Mˇ can correspond to any star with an initial mass
above 15 Mˇ.

M˛W The core masses increase significantly with the initial mass. For very massive
stars, these core masses are limited by the very important mass loss undergone by
these stars: typically M˛ is equal to the final mass for M & 20 Mˇ for rotating
models and for M & 40 Mˇ for the non-rotating ones.

MCO W The mass of the carbon–oxygen core is also limited by mass loss for M &
40 Mˇ for both rotating and non-rotating models.

What is the relative importance of the wind and pre-SN contributions? Figure 14
displays the total stellar yields divided by the initial mass of the star, ptot

im, as a
function of its initial mass, m, for the non-rotating (left) and rotating (right) models.
The total stellar yields, mptot

im D mp
pre�SN
im C mpwind

im (to be used for chemical
evolution models using Eq. 2 from Maeder 1992), plotted in this figure are given
in Tables 6 and 7 in Hirschi et al. (2005). The different shaded areas correspond
from top to bottom to ptot

im for 4He, 12C, 16O, and the rest of the heavy elements. The
fraction of the star locked in the remnant and the expected explosion type are shown
at the bottom. The dotted areas show the wind contribution for 4He, 12C, and 16O.

For 4He, and for other H-burning products like 14N and 26Al , the wind contri-
bution increases with mass and dominates for M & 22Mˇ for rotating stars and
M & 35Mˇ for non-rotating stars, i.e., for stars which enter the WR stage. For
very massive stars, the (pre-)SN contribution is negative, and this is why the dotted
area is higher than the purple area for 4He. In order to eject He-burning products, a
star must not only become a WR star but must also become a WC star. Therefore
for 12C, the wind contributions only start to be significant above the following
approximative mass limits: 30 and 45 Mˇ for rotating and non-rotating models,
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Fig. 14 Stellar yields divided by the initial mass, ptot
im, as a function of the initial mass for the

nonrotating (left) and rotating (right) models at solar metallicity. The different total yields (divided
by m) are shown as piled up on top of each other and are not overlapping. 4He yields are delimited
by the top solid and long dashed lines (top shaded area), 12C yields by the long dashed and short–
long dashed lines, 16O yields by the short–long dashed and dotted–dashed lines, and the rest of
metals by the dotted–dashed and bottom solid lines. The bottom solid line also represents the
mass of the remnant (M int

rem=m). The corresponding SN explosion type is also given. The wind
contributions are superimposed on these total yields for the same elements between their bottom
limit and the dotted line above it. Dotted areas help quantify the fraction of the total yields due to
winds. Note that for 4He, the total yields are smaller than the wind yields due to negative SN yields
(see text). Preliminary results for masses equal to 9, 85, and 120 Mˇ were used in this diagram
(See Hirschi 2004)

respectively. Above these mass limits, the contribution from the wind and the pre-
SN are of similar importance for carbon. Since at solar metallicity, no WO star are
expected (Meynet and Maeder 2005), for 16O, as for heavier elements (expect for
elements produced during H burning like 26Al), the wind contribution remains very
small.

4.1 Comparison Between Rotating and Non-rotating Models and
Convolution with the IMF

For H-burning products, the yields of the rotating models are usually higher than
those of nonrotating models. This is due to larger cores and larger mass loss.
Nevertheless, between about 15 and 25 Mˇ, the rotating yields are smaller. This
is due to the fact that the winds do not expel many H-burning products yet and more
of these products are burnt later in the pre-supernova evolution (giving negative SN
yields). Above 40Mˇ, rotation clearly increases the yields of 4He.

Concerning He-burning products, below 30 Mˇ, most of the 12C comes for the
pre-SN contribution. In this mass range, rotating models having larger cores also
have larger yields (factor 1.5–2.5). We notice a similar dependence on the initial
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Fig. 15 Product of the stellar yields, mptot
im by Salpeter’s IMF (multiplied by an arbitrary constant:

1000�M�2:35), as a function of the initial mass for the nonrotating (left) and rotating (right) models
at solar metallicity. The different shaded areas correspond from top to bottom to mptot

im � 1000 �
M �2:35 for 4He, 12C, 16O, and the rest of the heavy elements. The dotted areas show for 4He, 12C,
and 16O the wind contribution. Preliminary results for masses equal to 9, 85, and 120 Mˇ were
used in this diagram (See Hirschi 2004)

mass for the yields of non-rotating models as for the yields of rotating models but
shifted to higher masses. Above 30 Mˇ, when mass loss dominates, the yields from
the rotating models are closer to those of the nonrotating models. The situation
for 16O and metallic yields is similar to carbon. Therefore 12C, 16O, and the total
metallic yields, Z, are larger for rotating models compared to non-rotating ones by
a factor 1.5–2.5 below 30 Mˇ.

Figure 15 presents the stellar yields convolved with the Salpeter initial mass
function (IMF) (dN =dM / M �2:35). This reduces the importance of the very
massive stars. Nevertheless, the differences between rotating and nonrotating
models remain significant, especially around 20 Mˇ.

5 Dependence on Metallicity

5.1 Metallicity Effects on General Evolution

The effects of metallicity on stellar evolution are described in several studies (see,
e.g., Chieffi and Limongi 2004; Heger et al. 2003; Meynet et al. 1994). A lower
metallicity implies a lower luminosity which leads to slightly smaller convective
cores. A lower metallicity also implies lower opacity and lower mass losses (as long
as the chemical composition has not been changed by burning or mixing in the part
of the star one considers). So at the start of the evolution, lower metallicity stars
are more compact and thus have bluer tracks during the main sequence. The lower
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metallicity models also have a harder time reaching the red supergiant (RSG) stage
(see Maeder and Meynet 2001, for a detailed discussion). Non-rotating models
around Z D 10�3 becomes a RSG only after the end of core He burning, and
lower metallicity non-rotating models never reach the RSG stage. At even lower
metallicities, as long as the metallicity is above about Z D 10�10, no significant
differences have been found in nonrotating models. Below this metallicity and for
metal-free stars, the CNO cycle cannot operate at the start of H burning. At the end
of its formation, the star therefore contracts until it starts He burning because the
pp chains cannot balance the effect of the gravitational force. Once enough carbon
and oxygen are produced, the CNO cycle can operate, and the star behaves like stars
with Z > 10�10 for the rest of the main sequence. Shell H burning still differs
between Z > 10�10 and metal-free stars. Metal-free stellar models are presented in
Chieffi and Limongi (2004), Umeda and Nomoto (2005), Ekström et al. (2008), and
Heger and Woosley (2010).

5.2 Effects of Rotation at Subsolar Metallicities

How does rotation change this picture? At all metallicities, rotation usually increases
the core sizes, the lifetimes, the luminosity, and the mass loss. Maeder and Meynet
(2001) and Meynet and Maeder (2002a) show that rotation favors a redward
evolution and that rotating models better reproduce the observed ratio of blue to
red supergiants (B/R) in the Small Magellanic Cloud. Rotating models around
Z D 10�5 become RSGs during shell He burning. This does not change the ratio
B/R but changes the structure of the star when the SN explodes. At even lower
metallicities (Z D 10�8 models presented in Hirschi 2007), the 20 Mˇ models do
not become RSG. However, more massive models do reach the RSG stage, and the
85 Mˇ model even becomes a WR star of type WO (see below). Maeder and Meynet
(2001) also find that a larger fraction of stars reach break-up velocities during the
evolution. This will be further discussed in Sect. 5.2.2).

5.2.1 Rotation-Induced Mixing and Production of Primary 22Ne
and 14N

Meynet and Maeder (2002a,b) and Hirschi (2007) find that rotating stars produce
important amounts of primary 14N and 22Ne via rotation-induced mixing. The
production of these nuclei originates from the transport of matter between the He-
burning core and the H-burning shell. If the He-burning products 12C and 16O reach
the proton-rich layers, they are burnt immediately into 14N via the CNO cycle. A
14N-rich zone is produced in this way at the lower edge of the H-burning shell as
shown in Fig. 16. Some of this nitrogen is transported back into the He-burning core,
where it is further transformed into 22Ne via two ˛-captures.

The transport of chemical elements is illustrated for the 25 Mˇ model with
rotation at Z D 10�5 in Fig. 16, which shows the abundance profiles in this model
during core He burning. The rotation-induced mixing, which leads to the production
of primary 14N and 22Ne, occurs in the region above the convective He core
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Fig. 16 Abundance profiles of the main light isotopes during central He-burning (Xc.He/ � 0:08)
for the 25 Mˇ model with rotation and Z D 10�5 (C25S4). The convective He-burning core
extends from the center to about Mr D 7:5 Mˇ (flat abundance profiles). The bottom of hydrogen-
shell burning is just above 10 Mˇ (sudden drop of hydrogen abundance). Rotation-induced mixing
brings freshly produced 12C and 16O from the core into contact with the hydrogen-burning shell,
where a peak a primary nitrogen (14N) develops. Further mixing (both convective and rotation
induced) brings the primary nitrogen down into the He-burning core where it is transformed into
22Ne, leading to primary production of both 14N and 22Ne Frischknecht et al. (Figure taken from
2016)

(Mr 	 7:5 � 10:5 Mˇ). The core itself is identifiable by the flat abundance profile
between Mr D 0 and 7:5 Mˇ. Differential rotation develops between the convective
He core and H shell mainly because of the core contraction and envelope expansion
at the end of the main sequence. The differential rotation induces secular shear
mixing in this radiative zone, in which no mixing would take place in nonrotating
models. Shear mixing, a diffusive process, brings primary 12C and 16O (blue dashed
and black continuous lines) into contact with the H-burning layer and creates a 14N-
pocket (Mr 	 7:5�10:5 Mˇ) via the CNO cycle as explained above. In our models,
the transport of 14N back to the center is mainly due to the growth of the convective
core, incorporating parts of the 14N-pocket. Indeed, the diffusive transport is not
fast enough to produce a 22Ne mass fraction, X.22Ne/, of 10�3 to 10�2 in the
core, necessary to boost the s-process significantly. Although the amount of mixing
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depends on the prescriptions used for rotation-induced mixing, Frischknecht et al.
(2012, 2016) find a production of significant amounts of both 14N and 22Ne in
models of various mass and metallicity. Rotational mixing also influences strongly
the mass loss of very massive stars as is discussed below.

5.2.2 Mass Loss Due to Critical Rotation and Rotation-Induced Mixing
Mass loss becomes gradually unimportant as the metallicity decreases in the 20
Mˇ models. At solar metallicity, the rotating 20 Mˇ model loses more than half
of its mass; at Z D 0:001, the 20 models presented in Hirschi (2007) lose less
than 15% of their mass; at Z D 10�5, less than 3%, and at Z D 10�8, less than
0.3%. Meynet et al. (2006) show that the situation can be very different for a 60 Mˇ

star at Z D 10�8. Indeed, their 60 Mˇ model loses about half of its initial mass.
About 10% of the initial mass is lost when the surface of the star reaches break-up
velocities during the main sequence. The largest mass loss occurs during the red
supergiant (RSG) stage due to the mixing of primary carbon and oxygen from the
core to the surface through convective and rotational mixing. The large mass loss is
due to the fact that the star crosses the Humphreys–Davidson limit and a high mass
loss is used in this phase.

In models from Hirschi (2007) with ini D 600–800 km s�1 and Z D 10�8, the
20 Mˇ model only reaches break-up velocities at the end of the main sequence (MS)
and therefore does not lose mass due to this phenomenon. However, more massive
models reach critical velocities early during the MS (the earlier the more massive the
model). The mass lost due to breakup increases with the initial mass and amounts
to 1.1, 3.5, and 5.5 Mˇ for the 40, 60, and 85 Mˇ models, respectively, in that
study. At the end of core H burning, the core contracts and the envelope expands,
thus decreasing the surface velocity and ˝=˝crit. The mass loss rates becomes very
low again until the star crosses the HR diagram and reaches the RSG stage. At this
point, the convective envelope dredges up CNO elements to the surface increasing
its overall metallicity. In general (see 2.2), the total metallicity, Z, is used (including
CNO elements) for the metallicity dependence of the mass loss for the RSG phase.
Therefore depending on how much CNO is brought up to the surface, the mass
loss can become very large again. The CNO brought to the surface comes from
primary C and O produced in He burning. As described in the above subsection,
rotational and convective mixing brings these elements into the H-burning shell.
A large fraction of the C and O is then transformed into primary nitrogen via the
CNO cycle. Additional convective and rotational mixing is necessary to bring the
primary CNO to the surface of the star. The whole process is complex and depends
on mixing.

Of particular importance is the surface convective zone, which appears when
the star becomes a RSG. This convective zone dredges up the CNO to the surface.
For a very large mass loss to occur, it is necessary that the star becomes a RSG in
order to develop a convective envelope. It is also important that the extent of the
convective envelope is large enough to reach the CNO-rich layers. Finally, the star
must reach the RSG stage early enough (before the end of core He burning) so that
there will be time remaining to lose mass. Models up to about 40 Mˇ in Hirschi



72 Pre-supernova Evolution and Nucleosynthesis in Massive Stars and. . . 1909

(2007) reach the RSG stage only after the end of helium burning, so too late for a
large mass loss. The 60 Mˇ model reaches the RSG stage during He burning. It
would therefore have time to lose large amounts of mass. However, the dredge up
is not strong enough. The 85 Mˇ model becomes a RSG during He burning earlier
than the 60 Mˇ model. The dredge-up is stronger for this model, and the surface
CNO abundance becomes very high (see Fig. 17 bottom).

The dependence on mixing of the lower initial mass for a large mass loss to occur
can be estimated by comparing the 60 Mˇ model calculated in Hirschi (2007) and
the one presented by Meynet et al. (2006). The model calculated by Meynet et al.
(2006), which does not include overshooting and uses a different prescription for
the horizontal diffusion coefficient, Dh (Maeder 2003), loses a large fraction of
its mass (and becomes a WR star with high effective temperature) just before the
end of core helium burning (see Fig. 4 from Meynet et al. 2006). The Dh used in
Meynet et al. (2006), compared to the Dh used in Hirschi (2007), tends to allow a
larger enrichment of the surface in CNO-processed elements. This different physical
ingredient explains the differences between the two 60 Mˇ models. The fact that,
out of two 60 Mˇ models, one model does not lose much mass and the other model
with a different physics just does, means that the minimum initial mass for the star
to lose a large fraction of its mass is probably around 60 Mˇ.

This means that despite expectations that stars at low metallicities have negligible
stellar wind contribution to nucleosynthesis, rotation-induced mixing changes the
picture and may lead to a significant contribution from stellar winds (due to critical
rotation and CNO enrichment of the surface). As at higher metallicities, the stellar
wind contribution is limited to H- and He-burning products, in particular CNO
elements. This contribution is interesting to explain carbon-enhanced extremely
metal-poor stars (see Hirschi 2007, for a discussion on this topic).

6 Weak s-Process

The classic view of the s-process nucleosynthesis in massive stars is that it occurs
in He- and C-burning regions of the stars, producing only the low mass range of
the s-process elements, typically the elements with an atomic mass number below
about 90–100 (see Käppeler et al. 2011, for a review of the topic). It has also
been shown that in the regions where the s-process occurs, the fact that, when
the metallicity decreases, (1) the neutron source, mainly the 22Ne(˛; n/ reaction,
decreases; (2) the neutron seeds (Fe) also decreases; and (3) the neutron poisons
as for instance 16O remain independent of the metallicity implies that the s-process
element production decreases with the metallicity and that there exists some limiting
metallicity below which the s-process becomes negligible. This limit was found to
be around Z/Zˇ=10�2 (Prantzos et al. 1990), and the process has a metallicity
dependence that is even steeper than for secondary processes (see, e.g., Raiteri
et al. 1992). The models and plots presented in this section on the weak s-process
are taken from a large grid of models including a comprehensive nuclear network
of about 700 isotopes from hydrogen to bismuth calculated with GENEC and
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Fig. 17 Abundance profiles for the 40 (top), 60 (middle), and 85 (bottom) Mˇ models. The pre-
SN and wind (yellow-shaded area) chemical compositions are separated by a red dashed line
located at the pre-SN total mass (Mfinal), given below each plot (Figure taken from Hirschi 2007)
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published in Frischknecht et al. (2012) (25 Mˇ models at various metallicities) and
Frischknecht et al. (2016) (15 to 40 Mˇ models at various metallicities). Unless
otherwise stated, figures in the section as taken from Frischknecht et al (2012, 2016)

6.1 Standard Weak s-Process in (Nonrotating) Massive Stars

Before discussing the impact of rotation, we first review the standard weak s-process
in massive stars at various metallicities and then present recent models in which
rotation-induced mixing leads to a strongly enhanced production of s-process at
subsolar metallicities compared to nonrotating models.

6.1.1 He Core Burning
The CNO cycle transforms most of the initial C C N C O into 14N. At the
beginning of the core He-burning phase, this 14N is converted into 22Ne via two
alpha-particle captures. Near the end of helium burning, 22Ne is destroyed by the
two reactions 22Ne.˛; n/25Mg and 22Ne.˛; �/26Mg. When the temperatures for an
efficient activation of 22Ne.˛; n/25Mg are reached, some 22Ne has already been
destroyed by the (˛; �/26Mg reaction. More quantitatively, when T8 	 2:8 is
reached (temperature, at which the .˛; n/-channel starts to dominate), massive stars
in the mass range 15–40 Mˇ have a mass fraction X.22Ne/ D 10�2 �5:0�10�3 left
in the core. Important well-known aspects of the s-process during core He burning
are the following:

• Because only a small helium mass fraction, X.4He/, is left when 22Ne C ˛ is
activated (less than 10% in mass fraction), the competition with other ˛-captures
as the 12C.˛; �/ and 3˛ is essential at the end of He burning and will affect the
s-process efficiency in core He burning. Note that 22Ne C ˛ reactions are also
critical to determine the final 12C at the end of helium burning, which in turn
is important to the development of carbon burning (convective or radiative core;
see discussion in Sect. 3.4). It is thus very important to include ˛-captures on
22Ne in massive star calculations, even if one only focuses on the evolution of
the structure of massive stars.

• The low amount of X.4He/, when the neutron source is activated, means also that
not all of 22Ne is burned and a part of it will be left for the subsequent C-burning
phase. This depends on the stellar core size. The more massive the core, the more
22Ne is burned and the more efficient is the s-process in core He burning, as can
be seen from the increasing number of neutron captures per seed nc in Table 4
in Frischknecht et al. (2016). This is a well-known behavior already found in
previous works (Baraffe and Takahashi 1993; Baraffe et al. 1992; Prantzos et al.
1990; Pumo et al. 2010; Rayet and Hashimoto 2000; The et al. 2000, 2007).

• During the late He-burning stages, the bulk of the core matter consists of 12C
and 16O, which are both strong neutron absorbers. They capture neutrons to
produce 13C and 17O, respectively. 13C will immediately recycle neutrons via
13C.˛; n/ in He-burning conditions. Instead, the relevance of 16O as a neutron
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Fig. 19 Isotopic abundances normalized to solar abundances of 25 Mˇ models with with Z D
10�3 after He exhaustion. The rotating model (circles) has much higher factors than the nonrotating
model (diamonds)

poison depends on the 17O.˛; �/ and 17O.˛; n/ rates. In particular, the strength of
primary neutron poisons, like 16O, increases toward lower metallicities, because
of the decreasing ratio of seeds to neutron poisons.

The s-process production in the 25 Mˇ models at solar metallicity is shown in
Fig. 18. We will call this production the standard weak s-process in the rest of
this section. The s-process production for the 25 Mˇ models are shown in Fig. 19
at Z D 10�3. Comparing the production of nuclei between A D 60 and 90

in nonrotating models between these two metallicities highlights the very strong



72 Pre-supernova Evolution and Nucleosynthesis in Massive Stars and. . . 1913

metallicity dependence of the standard weak s-process. As explained above, this is
due to the secondary nature of both the neutron source (22Ne.˛; n/25Mg) and the
seeds (mainly iron) (see, e.g., Pignatari and Gallino 2008; Prantzos et al. 1990;
Raiteri et al. 1992). During helium burning, the neutron poisons are a mixture
of secondary (mainly 20Ne, 22Ne, and 25Mg) and primary (mainly 16O) elements.
The s-process production thus becomes negligible below Z=Zˇ D 10�2 (Prantzos
et al. 1990), which is already visible in Fig. 19. The decreasing production with
decreasing mass is due to the fact that lower mass stars reach lower temperature at
the end of He burning. Thus less 22Ne is burnt during He burning (see Table 4 in
Frischknecht et al. 2016).

6.1.2 He-Shell Burning
Shell He burning, similarly to the other burning shells, appears at higher tem-
peratures and lower densities than the equivalent central burning phase. High-
temperature conditions of T8 	 3:5-4:5 and � 	 3-5:5 � 103 g cm�3 cause
an efficient 22Ne(˛,n) activation for the s-process in shell He burning. However,
the highest neutron densities are generally reached only in the layers below the
convective shell helium burning. Therefore only a narrow mass range, extending
over about 0:2 Mˇ in nonrotating models, at the bottom of the He shell is strongly
affected by neutron capture nucleosynthesis. The contribution of the s-process in
the He shell amounts to at most � 5% of the total s-process yields for the solar
metallicity 25 Mˇ (or heavier) model. For less massive stars, the He shell gains
more weight and produces in 15 Mˇ models with rotation up to 50% of the total
s-process-rich SN ejecta. For 15–20 Mˇ stars, the He-shell s-process contribution
has to be considered (see also Tur et al. 2009).

6.1.3 C-Shell Burning
Shell C burning occurs in the CO core after central C burning. Temperatures and
densities at the start of C-shell burning show the same trend with stellar mass as the
core burning conditions, i.e., the temperature increases and the density decreases
with stellar mass. They vary between T9 	 0:8, � 	 2 � 105 g cm�3 in 15 Mˇ

models and T9 	 1:3, � 	 8 � 104 g cm�3 in 40 Mˇ models. These temperatures
are higher than in the central C burning, where T9 D 0:6 � 0:8.

The efficiency of the s-process mainly depends on the remaining iron seeds and
22Ne left after He burning, Xr.

22Ne/, in the CO core. All the remaining 22Ne is
burned quickly with maximal neutron densities between 6�109 and 1012 cm�3. The
time scale of this s-process is of the order of a few tens of years in 15 Mˇ stars to a
few tenth of a year in 40 Mˇ.

A striking difference between the s-process in the He shell and in the C shell is
the neutron density, which is much higher in the C shell than in the He shell. The
activation of 22Ne.˛; n/ at the start of C-shell burning leads to a short neutron burst
with relatively high neutron densities (typically nn � 1010 � 1012 cm�3; see The
et al. 2000, 2007), compared to He burning (nn � 105 � 107 cm�3).
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Fig. 20 Ratio of abundances after shell C burning to the abundances after core He burning,
XC=XHe, in a nonrotating 25 Mˇ star at Z D Zˇ. It illustrates the modification of the abundances
by s-process in shell C burning

This leads to a different s-process nucleosynthesis than during the He-shell
burning. The ratio of abundances after shell C burning to the abundances after
core He burning, XC=XHe is plotted for the nonrotating 25 Mˇ model at Z D Zˇ

in Fig. 20. We can see an overproduction of most isotopes from Zn to Rb. The
overproduction during C-burning shell is also found in models of other initial mass,
which have both Xr.

22Ne/ � 10�3 and X.56Fe/ � 10�4, at the start of shell
C burning. Mostly 15–25 Mˇ stars at solar Z have a strong C-shell contribution
in terms of neutron exposure.

In the mass range A D 60–90, there are several branching points at 63Ni, 79Se,
and 85Kr, respectively. The high neutron densities modify the s-process branching
ratios, in a way that the neutron capture on the branching nuclei are favored over
the ˇ�decay channel (see, e.g., Pignatari et al. 2010, and references therein).
As a consequence of this, isotopic ratios like 63Cu=65Cu, 64Zn=66Zn, 80Kr=82Kr,
79Br=81Br, 85Rb=87Rb, and 86Sr=88Sr are lowered. Overall, stars with different initial
masses show very different final branching ratios. For instance, stars with 15 Mˇ and
with 20 Mˇ (without rotation) produce 64Zn, 80Kr, and 86Sr in the C shell, while in
heavier stars, these isotopes are reduced compared to the previous He core.

The impact of the high neutron densities during C shell can be seen in Fig. 20.
It causes up to three orders of magnitude overproduction of some r-process nuclei,
such as 70Zn, 76Ge, 82Se, or 96Zr, compared to the yields of the “slower” s-process
during He burning. However, the production of r-only nuclei in carbon burning
compensates only the destruction in the He-core s-process when looking at the final
yields. Only for the 40 Mˇ model is 96Zr weakly produced.

During C burning, the main neutron poisons are 16O, 20Ne, 23Na, and 24Mg,
which are all primary. Thus the C-shell contribution to the s-process will vanish at
low metallicities even faster than during He burning. In nonrotating stellar models
with Z < Zˇ, the C-burning shell has a small contribution (< 10%).
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Many aspects of this phase depend on the rates of a few key nuclear reactions.
First, how the shells proceed depends on whether central C burning takes place
in a radiative or a convective core. It is thus sensitive to the C/O ratio in the
core after He burning and therefore to the 12C.˛; �/ rate. The uncertainty of this
rate and its impact on the stellar structure evolution were studied, for example,
in Imbriani et al. (2001), El Eid et al. (2004), and Tur et al. (2009). Second, the
s-process nucleosynthesis depends on the number of free ˛ particles present in
the shell that can trigger neutron production by 22Ne.˛; n/ (Raiteri et al. 1991)
or 13C.˛; n/ (Bennett et al. 2012; Pignatari et al. 2013). In carbon burning, ˛

particles are released by the 12CC12 C ˛-channel. The following studies by Limongi
et al. (2000), Rauscher et al. (2002), The et al. (2007), and Pignatari et al. (2010)
confirmed that 22Ne.˛; n/ is the only important neutron source in C-shell burning,
where the remaining 22Ne left after central He burning is consumed in a very short
time (time scale �1 year). At shell C-burning temperatures (T9 � 1), the ratio of the
22Ne.˛; n/ to 22Ne.˛; �/ rates is about 230. In these conditions, the main competitor
is the 22Ne.p; �/, where protons are made by the C-fusion channel 12C.12C; p/23Na.
Alternatively, Bennett et al. (2012) and Pignatari et al. (2013) showed that for
12C C12 C larger than about a factor of 100 compared to the CF88 rate at typical
central C-burning temperatures, the 13C.˛; n/16O reaction activated in the C core
may strongly affect the final s-process yields. The 12C C12 C rate needs to be better
constrained by experiments (e.g., Wiescher et al. 2012). Other neutron sources such
as 17O.˛; n/ and 21Ne.˛; n/ recycle most of the neutrons absorbed by 16O and 20Ne,
respectively (e.g., Limongi et al. 2000).

6.2 Impact of Rotation on the s-Process

Rotation significantly changes the structure and pre-SN evolution of massive stars
(Hirschi et al. 2004) and thus also the s-process production. Rotating stars have
central properties similar to more massive nonrotating stars. In particular, they have
more massive helium burning and CO cores (see Sect. 3), respectively, which is
an effect of rotation also found by other studies (e.g., Chieffi and Limongi 2013;
Heger and Langer 2000). Our models with rotation show typically 30%–50% larger
He cores and CO cores than the nonrotating models. A 20 Mˇ star with rotation has
thus a core size which is almost as large as the one of a 25 Mˇ nonrotating star. The
higher core size means higher central temperatures at the same evolutionary stage
and consequently the 22NeC˛ is activated earlier. In these conditions, the He-core
s-process contribution increases at the expense of the C-shell contribution. Since
in He-burning conditions the amount of neutrons captured by light neutron poisons
and not used for the s-process is lower compared to C-burning conditions, an overall
increase of the s-process efficiency is obtained (see also Pignatari et al. 2010). Early
investigations of the possible role of rotational mixing on the s-process production
in massive stars have shown that this classic picture could be significantly revised
(Hirschi 2007; Hirschi et al. 2008; Pignatari et al. 2008). Following these initial
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studies, the impact of rotation on the s-process nucleosynthesis in low-Z massive
rotating stars was studied in detail by Frischknecht et al. (2012, 2016).

In addition to rotating models having higher core masses and thus higher core
temperature, s-process production is also increased due to additional production
of 22Ne via rotation-induced mixing. Rotational mixing allows the production of
large amounts of 14N in the H-burning shell, 14N, which, once engulfed into the He-
burning core, is transformed into 22Ne via two ˛�captures (see Frischknecht et al.
2016; Hirschi 2007, for details). Increasing the quantity of 22Ne favors s-process
production since the main neutron source is the 22Ne(˛; n/ reaction. The amount of
iron seeds and neutron poisons is not affected by rotation. Thus rotation acts mainly
on one of the aspects of the s-process nucleosynthesis, the neutron source via the
amount of 22Ne.

At solar metallicity, the difference between rotating and nonrotating stars is
mainly found in the core size, but not in the amount of available 22Ne. The difference
in s-processing between rotating and nonrotating stars is the smallest at 25 Mˇ,
when comparing 15–25 Mˇ models. It is related to the saturation of the s-process
toward higher core/initial masses, which was already found by Langer et al. (1989).
In Fig. 18, the overproduction factors of 25 Mˇ rotating and nonrotating models
at solar metallicity after the end of He burning are shown. The rotating model
(circles) shows only a moderate increase of the s-process production with respect to
the nonrotating model (diamonds). Both models produce heavy isotopes from iron
seeds up to the Sr-peak (A 	 90). The varying overproduction factors (¤ 1) beyond
A D 90 are the signature of a local redistribution of pre-existing heavy nuclei.
This figure therefore illustrates that not only the s-process quantitative production is
similar but also the abundances pattern of rotating and nonrotating models at solar Z

are almost identical. The difference in the efficiency is mostly caused by the larger
core size in the rotating models.

6.2.1 Impact of Rotation on the s-Process at Low Metallicities
At subsolar metallicities, the differences between rotating and nonrotating models
are much more striking. Rotating models have much higher neutron exposures
compared to nonrotating stars, which is due to the primary 22Ne produced and
burned during central He burning. In the models published in Frischknecht et al.
(2016), 3–270 times higher amount of 22Ne burned in rotating stars up to central
He exhaustion, depending on the initial mass (or MCO) and metallicity. The large
production of neutrons by 22Ne is partially compensated by the larger concentration
of 25Mg and 22Ne itself, which become primary neutron poisons in rotating massive
stars (Pignatari and Gallino 2008). Figure 19 shows the abundance normalized to
solar in the CO core of 25 Mˇ stars with Z D 10�3 just after central He exhaustion,
each for a rotating (circles) and a nonrotating model (diamonds). Corresponding
plots for Z D 10�5 and Z D 10�7 can be found in Frischknecht et al. (2016).
Going from Z D Zˇ (Fig. 18) to Z D 10�3 (Fig. 19) and lower Z, the production
of nuclei between A D 60 and 90 vanishes in the nonrotating models, which is what
is expected from the combination of secondary neutron source, secondary seeds,
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Fig. 21 Production factors (ejected mass divided by the initial mass of the element) for the 25 Mˇ

models with Z D 10�5 after the end of core He burning. The model without rotation (triangles)
does not produce s-process efficiently, whereas the rotating models (circles, B1 and diamonds, B3)
do. The additional rotating models with reduced 17O.˛; �/ rates (stars, B4, CF88/10) highlight the
uncertainty for the neutron poison 16O

and primary neutron poisons. On the other hand, the rotating models at subsolar
Z produce efficiently up to Sr (Z D 10�3), Ba (Z D 10�5) and finally up to
Pb (Z D 10�7). At the same time, the consumption of iron seeds increases from
74% at Z D Zˇ to 96%, 97% and 99% at Z D 10�3, Z D 10�5, and Z D 10�7,
respectively, for 25 Mˇ. Also with the standard rotation rate ini=crit D 0:4, around
90% of initial Fe is destroyed in models with 25 Mˇ and Z < Zˇ. Hence already
from the s-process in He burning, one can conclude that the primary neutron source
in the rotating models is sufficient to deplete all the seeds and the production is
limited by the seeds (not the neutron source any more). The other stellar masses
show similar trends with Z.

This explains why the s-process yields are much larger in the rotating model,
by up to a factor of 1000. Nevertheless, at Z D 10�3 (or ŒFe=H� D �1:8),
rotating models produce elements in large quantities only up to the Sr peak. We
hence expect that the rotation-enhanced s-process to be qualitatively similar the
normal s-process (production of elements with A D 60–90) for ŒFe=H� > �2

but with higher production factors. At Z D 10�5 (or [Fe/H]D �3:8; see Fig. 21
showing production factors at the pre-SN stage), elements up to Sr are still strongly
produced in the rotating model (circles in Fig. 21), whereas in the nonrotating
model, the overproduction is very small. Depending on the initial rotation rate
and the 17O.˛; �/ rate used, elements up to Ba start to be efficiently produced
(see discussion below). At Z D 10�7 (or ŒFe=H� D �5:8), both the rotating and
nonrotating models produce and burn enough 22Ne to deplete all the iron seeds. At
this very low Z, the main limitation is the seeds, and, given the low initial iron
content, the s-process production remains very modest.
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It is interesting to look at the metallicity dependence of the rotation-enhanced
s-process production in rotating models. As said above, the production is limited
mainly by the iron seeds. Even at the lowest metallicities in a very fast-rotating
model (ini=crit D 0:6 instead of the standard 0.4), and thus with a larger primary
neutron source, there is no additional production of s-process elements starting from
light element seeds like 22Ne. Instead, what happens is that not only iron is depleted
but elements up to Sr are partially destroyed (after being produced) and heavier
elements like Ba are produced ([Sr/Ba]�0). Indeed, going from [Fe/H]D �3:8

to [Fe/H]D �5:8, the Sr yield decreases by a factor of � 9, while the Ba yield
increases by a factor of 5 (see Table 1 in Frischknecht et al. 2012). We therefore
have a different metallicity dependence for the production of elements belonging
to the different peaks: there is a roughly secondary production of elements up to
Sr, but the Z dependence for heavier elements like Ba is milder. The secondary-
like behavior of Sr/Y/Zr in the metallicity range covered makes the nonstandard
s-process in massive rotating stars an unlikely solution for the LEPP (light element
primary process) problem at low Z (Travaglio et al. 2004).

Apart from the seeds, the s-process is strongly dependent on the neutron source
and neutron poisons. Both are still quite uncertain at present. The neutron source,
22Ne, depends on rotation-induced mixing and thus on the initial velocity of stars at
very low Z. In models calculated with a higher initial velocity (ini=crit D 0:5–0:6

instead of 0.4), the increase in the production of 22Ne is about a factor of 4.
This leads to a higher neutron capture per seed (nc) and thus to a production of
elements like Ba at the expense of elements like Ge, but the total production (sum
of all isotopes heavier than iron) is still limited by the iron seeds as said above.
A major uncertainty concerning neutron poisons is the importance of 16O as a
neutron poison. At low Z, 16O is a strong neutron absorber during core He burning.
The neutrons captured by 16O.n; �/17O may either be recycled via 17O.˛; n/20Ne
or lost via 17O.˛; �/21Ne. The impact of the 17O.˛; �/21Ne uncertainty can be seen
by comparing the diamonds and stars (models with the CF88 rate divided by a
factor of 10) in Fig. 21. The impact of a change of even a factor of 10 in this rate
is strong. Given the differences between models with the CF88 and CF88/10 rate,
the experimental determination of the 17O.˛; �/-rate and the 17O.˛; n/ is crucial to
give a more accurate prediction for the s-process in massive rotating stars at low
metallicity. Note the more precise determination of 22Ne.n; �/ and 22Ne.˛; �/ is
also important (Nishimura et al. 2014).

6.2.2 Relative Contributions and Total Yields
The following points can be derived concerning the relative contributions from for
He-core, C-shell, and He-shell burning to the total yields (see Fig. 13 in Frischknecht
et al. 2016, for the production of 68Zn):

1. In general, the contribution from He-core burning dominates over the other two
phases overall.

2. Shell carbon burning is, compared to the other two sites, only efficient at solar
metallicity. The weak contribution from the C shell at low-Z is due to the
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low amount of 22Ne left, the smaller amount of seeds, and the primary neutron
poisons, which have an increased strength toward lower Z in C-shell conditions.
The only mass-metallicity range for which the C shell dominates is at solar Z

with M . 25 Mˇ for nonrotating models and with M . 20 Mˇ for rotating
models. Such a dominant contribution from C shell was not seen in previous
literature (e.g., The et al. 2007). This may be due to the high 22Ne.˛; �/ rate
of NACRE, which is in strong competition to the neutron source during central
He burning and dominates for stars with M . 20 Mˇ. This inhibition during
He-core burning is weaker for rotating stars since they have higher central
temperatures.

3. Shell He burning contributes only a small fraction but typically 5% to the final
yields. The exceptions are the rotating 15–25 Mˇ stars at low Z and rotating
15–20 Mˇ stars at solar Z. It is the effect of decreasing contribution from the
He core toward lower masses and the higher burning temperatures in the shell
compared to the He core, which allows an efficient activation of 22Ne.˛; n/ in the
15 Mˇ models. Additionally the He shell is not limited by the diminished iron
seeds consumed by s-process in He core but occurs in a region still containing its
initial iron content.

In Fig. 22, the dependence of total 88Sr yields on the mass and metallicity are
displayed for rotating stars with standard rotation rate (ini=crit D 0:4) (right)
and for nonrotating stars (left). The red circles display the location of the models
computed in the mass-metallicity space. The values in between the data points are
interpolated linearly in log.m/. This plot for the neutron-magic isotope 88Sr shows
the dependence of the Sr-peak production on rotation (86Sr, 87Sr, 89Y, and 90Zr
show the same trends as 88Sr). Several differences between the standard and rotation
boosted s-process can be seen:
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1. Rotating models clearly produce more s-process elements at all metallicities.
2. Whereas the s-process production in nonrotating model decreases steeply with

metallicity (dependence steeper than linear, e.g., Pignatari and Gallino 2008),
the 68Zn yields (discussed above as a typical weak s-process element) of rotating
stars show a secondary-like behavior, going from reddish to blueish colors toward
lower Z. While the 68Zn yields of nonrotating stars drop by five orders of
magnitude when the metallicity goes down by a factor 103, the yields from
rotating stars drop only by a factor 103. The scaling with metallicity is less steep
for rotating models (see Fig. 13 in Frischknecht et al. 2016).

3. Furthermore, the Sr-peak isotopes do not show a secondary behavior for
stars with rotation and M > 15 Mˇ in the metallicity range between solar
(log.Z=Zˇ/ D 0) and about one hundredth (Z D 1:4�10�4, log.Z=Zˇ/ D �2)
of solar metallicity, but they eject maximal absolute yields around one tenth of
solar metallicity (dark red around log.Z=Zˇ/ D �1) for 20 to 30 Mˇ stars.

Galactic chemical evolution (GCE) models using the larger grid of models were
presented in Cescutti et al. (2013, 2015) (with some modifications explained in these
papers) and showed that rotation-induced mixing is able to explain the large scatter
for [Sr/Ba] observed in extremely metal poor stars. Furthermore, observations of
large s-process enhancements in one of the oldest globular clusters in the bulge
of our galaxy support the view that massive stars could indeed be also important
sources for these elements (Chiappini et al. 2011). The observations by Barbuy et al.
(2009) and Chiappini et al. (2011) were later updated by Barbuy et al. (2014) and
Ness et al. (2014). In particular, Barbuy et al. (2014) confirmed that at least part
of the stars in the globular cluster NGC 6522 are compatible with the s-process
production in fast-rotating massive stars at low metallicity.

7 Conclusions

In this chapter, we reviewed the stellar structure equations and pre-supernova
evolution of massive stars with a particular emphasis on the effects of rotation and
mass loss and the transition between intermediate-mass and massive stars. We then
presented the stellar wind contribution to nucleosynthesis and the production of
weak s-process at various metallicities. Rotation and mass loss both have a strong
impact on the evolution and nucleosynthesis in massive stars. There are broadly
two mass ranges, where either rotation-induced mixing dominates for M < 30Mˇ

or mass loss dominates for M > 30Mˇ over the other process (see Meynet and
Maeder 2003, for more details). Rotation affects the mass limits for the presence
of convection during central carbon burning, for iron core collapse supernovae,
and for black hole formation. The effects of rotation on pre-supernova models
are most spectacular for stars between 15 and 25 Mˇ. Indeed, rotation changes
the supernova type (IIb or Ib instead of II), the total size of progenitors (blue
instead of red supergiant), and the core sizes by a factor � 1:5 (bigger in rotating
models). For Wolf–Rayet stars (M > 30Mˇ) even if the pre-supernova models are
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not different between rotating and nonrotating models, their previous evolution is
different (Meynet and Maeder 2003).

The very strong radiation field of massive stars leads to strong mass loss. Thus
massive stars near solar metallicity lose a large fraction of their initial mass, more
than half their initial mass for stars more massive than 20 Mˇ. Most of the mass
loss takes place during hydrogen- and helium-burning phases. This implies that the
stellar wind contribution to nucleosynthesis consists mostly of hydrogen-burning
products and to a smaller extent helium-burning products, i.e., elements up to
aluminum. Observations from the Integral gamma-ray satellite (Diehl et al. 2006)
confirm that massive stars in our galaxy produce significant amounts of 26Al, a
radioactive element with half-life of � 7:2 � 105 years and emitting photons at
1808.65 keV. Rotating models have larger stellar wind contribution to yields than
the nonrotating ones because of the extra mass loss and mixing due to rotation.
For the pre-SN yields and for masses below � 30 Mˇ, rotating models have larger
yields. The 12C and 16O yields are increased by a factor of 1.5–2.5 by rotation in the
present calculation. When we add the two contributions, the yields of most heavy
elements are larger for rotating models below � 30 Mˇ. Rotation increases the total
metallic yields by a factor of 1.5–2.5. As a rule of thumb, the yields (and evolution)
of a rotating 20 Mˇ star are similar to the yields of a nonrotating 30 Mˇ star, at
least for the light elements. When mass loss is dominant (above � 30 Mˇ) rotating
and nonrotating models give similar yields for heavy elements. Only the yields of
H-burning products are increased by rotation in the very massive star range.

At low and very low Z, one expects mass loss and the production of secondary
elements like 14N to decrease and gradually become negligible. Rotation changes
this picture. During the course of helium burning, rotation-induced mixing mixes
12C and 16O into the hydrogen-burning shell where the CNO cycles transform most
of the C and O into 14N leading to the production of large amounts of primary
nitrogen. For the most massive models (M & 60 Mˇ), primary production of CNO
elements raises the overall metallicity of the surface drastically, and significant
mass loss occurs during the red supergiant stage assuming that CNO elements are
important contributors to mass loss. This mass loss is due to the surface enrichment
in CNO elements via rotational and convective mixing. Current models predict the
production of WR stars for an initial mass higher than 60 Mˇ even at Z D 10�8.
Therefore SNe of type Ib and Ic are predicted from single massive stars at these low
metallicities. The stellar yields of rotating models were used in a galactic chemical
evolution model and successfully reproduce the early evolution of CNO elements
(Chiappini et al. 2006). Furthermore, fast-rotating massive stars are candidates to
explain CEMP-no stars in the early universe (Maeder et al. 2015). (For further
discussion of CEMP and CEMP-no stars see �Chap. 73, “Nucleosynthesis in
Hypernovae Associated with Gamma Ray Bursts” by Ken’ichi Nomoto in this
book.)

The production of primary 14N and also 22Ne in rotating massive stars at low
Z opens the door to produce s-process elements at low Z. Large grids of rotating
massive star models were recently completed to determine the impact of rotation on

https://doi.org/10.1007/978-3-319-21846-5_86
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slow neutron captures from solar down to very low metallicities (Frischknecht et al.
2016). The main results of these studies are the following:

• Rotation not only enables the production of primary nitrogen but also of
important quantities of primary 22Ne at all metallicities. Whereas the neutron
source for the s-process in non-rotating models is secondary, the neutron source
is primary in rotating models.

• At solar metallicity, rotation-induced mixing increases the weak s-process
production but its impact is modest (within a factor of 2) and the production
in rotating models stops at the strontium peak as in standard models.

• As the metallicity decreases, the amount of iron seeds decreases, and the iron
seeds are the main limitation to the production of heavier elements in rotating
models, in which the neutron source is primary. The decreasing amount of seeds
does not prevent the production of heavier elements though. On the other hand,
the lack of seeds means that not only the seeds get depleted, but elements in the
mass range A D 60–80 also get depleted as the production peak shifts to the
strontium peak by Z D 10�3 and elements up to the barium peak are efficiently
produced at that metallicity and very low metallicities. The final [Sr/Ba] ratio
obtained in the models covers the range between roughly �0:5 and 2.1.

• The strong dependence of production of the barium peak on metallicity and initial
rotation rate means that rotating models provide a natural explanation for the
observed scatter for the [Sr/Ba] ratio at the low metallicities.

• The general decrease with metallicity of the [Sr/Ba] ratio in rotating models also
matches the decreasing ratio observed in the small current sample of CEMP-no
stars at extremely low [Fe/H].

• Although they are challenging to measure, isotopic ratios, for example, for
magnesium isotopes, have a great potential for constraining stellar models.

There are important uncertainties that affect the results presented in this chapter.
On the nuclear side, the dominant uncertainties for the weak s-process are the exit
channel ratios between n and � for alpha captures on 17O and 22Ne. The first ratio
determines whether 16O is a strong neutron poison or only a strong absorber, while
the second determines the strength of the neutron source 22Ne.˛; n/. 12C.˛; �/16O
and its competition with triple-˛ and 22Ne.˛; �/ are key to determine the final
abundance of carbon at the end of helium burning. This abundance is a key quantity
that affects the evolution throughout the advanced phases.

On the stellar side, the interplay of mean molecular weight and magnetic fields
with rotation-induced instabilities and mixing is the main uncertainty. It is not
fully clear yet whether magnetic fields would increase or decrease rotation-induced
mixing (see Maeder and Meynet 2005; Meynet et al. 2013; Woosley and Heger
2006; Yoon and Langer 2005). The dependence of the mass loss rates on the
metallicity, especially in the RSG stage, needs to be further studied to see how
the results of van Loon et al. (2005, mass loss in the RSG phase independent of
metallicity) can be extrapolated to very low metallicities. The reader is referred
to the review by Langer (2012) concerning the evolution of binary stars. Finally,
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convective boundary mixing (CBM) is still uncertain, and many studies have
focused on this uncertainty recently taking advantage of the significant increase
in computing power. Important improvements are thus expected in the modelling
of massive stars in the years ahead (see Arnett et al. 2015 for more details).
Nevertheless, the results presented in this chapter show that a lot of progress has
already been made in the modelling of the pre-supernova evolution of massive stars.
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